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In the meantime, every today, with only tentative understanding and in the face of uncertainty and change, how can we live gloriously and act decisively ? [...] How well we can commit our lives to ideas which we recognize in principle as only tentative represents a real test of mind and emotions.

-Charles H. Townes THINK, IBM Magazine " "S'i' era sol di me quel che creasti novellamente, amor che 'l ciel governi, tu 'l sai, che col tuo lume mi levasti.

Quando la rota che tu sempiterni desiderato, a sé mi fece atteso con l'armonia che temperi e discerni, Parvemi tanto allor del cielo acceso de la fiamma del sol, che pioggia o fiume lago non fece alcun tanto disteso.

La novità del suono e 'l grande lume di lor cagion m'accesero un disio mai non sentito di cotanto acume.

Résumé

Ce travail de thèse porte sur l'étude des étoiles jeunes et de leur disque protoplanétaire à l'échelle de l'unité astronomique par interférométrie infrarouge. Il inclut à la fois des aspects observationnels et instrumentaux. Dans la partie observationnelle, nous nous concentrons sur les sursauts d'accrétion intervenant dans la formation des étoiles jeunes, à travers l'analyse de 20 ans de données d'observations interferométriques de l'étoile FU Orionis, afin d'apporter des contraintes sur le mécanisme d'instabilité à l'oeuvre dans son disque d'accrétion. Bien que l'interferométrie soit une technique puissante pour contraindre les parties internes des objets jeunes, sa capacité de reconstruction d'images de disques protoplanétaires est encore limitée. Dans la partie instrumentale de ce travail, nous explorons la capacité d'étendre la technique d'interférométrie infrarouge à un grand nombre de télescopes et des lignes de bases kilométriques dans le moyen-infrarouge, comme proposé dans le cadre de l'initiative internationale "Planet Formation Imager" (PFI). Dans cette perspective, la technique d'interferométrie hétérodyne présente un potentiel intéressant, malgré ses limites de sensibilité intrinsèque. Dans ce travail, nous proposons de revoir l'architecture d'un système interferométrique hétérodyne à la lumière des récents progrès dans le domaine des technologies moyen-infarouge. D'un point de vue théorique, nous analysons les performances en sensibilité attendues d'un système intégrant ces progrès techniques récents, et proposons de clarifier les limites de sensibilité fondamentales de cette technique dues au bruit quantique inhérent à ce schéma de détection. Parmi les différents défis technologiques de l'interferométrie hétérodyne, nous proposons d'aborder le problème de la limitation en bande-passante et de corrélation d'un grand nombre de signaux radio-fréquences (RF) à large bande passante, en introduisant l'utilisation d'un schéma de corrélation analogique photonique. Nous commencons par décrire le fonctionnement et l'implémentation d'un corrélateur analogique (double-sideband) simple. Nous présentons ensuite l'extension de ce concept à un corrélateur multi-délai de signaux RFs à grande bande passante, reposant sur une architecture de boucle à décalage de fréquence bi-directionnelle. Dans une dernière partie, nous présentons l'implémentation d'un démonstrateur de laboratoire à 10 µm dédié à la validation de la chaîne complète de détection et de corrélation proposée dans cette thèse. Pour finir, nous décrivons le concept d'un instrument pouvant combiner les 8 télescopes de l'interferomètre du Very Large Telescope (VLTI) à 10 µm. Nous discutons l'application potentielle de ce concept à l'imagerie d'étoiles jeunes brillantes, et les implications de ce concept dans la perspective d'un grand interferomètre destiné à l'imagerie de la formation planétaire tel que le Planet Formation Imager.
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Introduction

Can we understand the processes leading to the diversity of stars and their planetary systems ? This question is at the heart of our understanding of the formation of planetary systems, and of the physical conditions that set their birth. This implies that we are capable of obtaining details of the spatial structure of these objects with an unprecedented angular resolution, and requires the implementation of dedicated high-angular resolution instruments.

In the past few years, following decades of research in instrumentation, the advent of large (sub)-millimetric arrays and extreme adaptive optics on large telescopes have profoundly changed our vision of these objects, producing in particular the image of their structures at large spatial scales. This revolution will continue with the advent of extremely large telescopes, enabling to reach ultimately a few astronomical units of resolution in the next decade. However, the systematic study of essential physical processes of star and planet formation, including the physics of disk accretion and mass ejection, the process of disk migration or the formation of planetary embryos, occurs at even smaller spatial resolutions, of the order of the astronomical unit and below, beyond the ultimate diffraction limit of these facilities. Infrared interferometry, which consists in the recombination of separated telescopes in order to reach a higher angular resolution, is a powerful technique in this perspective. However, due to its complex implementation, its ability to reconstruct images is still limited. The long-term development of a future interferometer capable of producing the image of young stars will imply the recombination of a large number of telescopes, with kilometric baselines, and a high contrast imaging capability. This represents a considerable challenge for current astronomical instrumentation, and requires to reconsider deeply the architecture of a future infrared interferometers.

The founding motivation of this thesis is the exploration of the practical path that could enable to make the image of young stars environment with sub-astronomical unit resolution in the infrared. This begins with the understanding of these objects by the observation with current interferometers, which provides both state of the art astrophysical information and a good understanding of the limitations of current facilities. As initially proposed by the Planet Formation Imager (PFI) initiative, two possible complementary schemes can be envisioned in the perspective of an interferometer combining a large number of telescopes and kilometric baselines : direct interferometry and heterodyne interferometry. The first one consists in the extension of current infrared interferometers, based on the direct interference of astronomical light. Although it is the most sensitive and most widespread interferometric scheme in the infrared, its extension to kilometric baselines and a large number of telescopes is difficult, in particular due to the complex infrastructure that this scheme necessitates. The second possible architecture is based on the use of a coherent -so-called heterodyne -detection, where the electric field of the light is detected at the level of each telescope, and transported in the form of a radio-frequency or a digitalized signal, before being processed. This scheme, usually used in radio-astronomy, was demonstrated as soon as the 70s at 10 µm at U.C. Berkeley by the team of C.H.Townes (M A [START_REF] Johnson | 10-/zm Heterodyne Stellar Interferometer[END_REF], inventor of the maser and Nobel Prize in physics, where it was the first technique enabling to combine two telescopes in an interferometric mode in the mid-infrared. However, this technique suffers from known limitations in sensitivity and bandwidth coverage, highly dependent on the available technology, which limits the use of this scheme. In this context, the recent rise of the mid-infrared technologies and the constant breakthroughs in this field considerably modify the previous limitations considered for heterodyne interferometry.

In this thesis, we will focus on the application of infrared heterodyne interferometry to the study of the environment of young stars and protoplanetary disks at the astronomical unit scale. Building on the profound and pioneering ideas led by C.H. Townes and his team, the goal of this work is to evaluate the feasibility and to propose a renewed approach of infrared heterodyne interferometry to the study of young stars through aperture synthesis, at the light of the recent progresses in mid-infrared technologies.

In Part I, we give a general introduction on Young Stellar Objets (YSOs) and protoplanetary disks (Chapter 1) and on the principles of infrared interferometry (Chapter 2). In Chapter 3, we focus on the problematic of accretion in YSOs, through the observational study of the inner astronomical units of FU Orionis outburst with existing near-infrared interferometric facilities. In Part II, in Chapter 4 we revisit the architecture of a mid-infrared heterodyne interferometer and its subsystems at the light of the recent developments in mid-infrared technologies, and precise the typical sensitivity expected in this framework. In Chapter 5, we try to clarify the fundamental origin of the quantum noise of heterodyne interferometry. In Part III, we focus on one challenge associated to these subsystems, the correlation of wideband RF signals. In Chapter 6, we describe the principle and the implementation of photonic schemes at telecom wavelengths in order to obtain an analog double-sideband simple correlator. In Chapter 7, we describe the extension of this concept to a wideband analog correlator at multiple delays, along with its experimental implementation. In Part IV, we propose a path to validate the key technological building blocks of an infrared heterodyne interferometer. In Chapter 8, we describe the design of a preliminary laboratory demonstrator at 10 µm combining two heterodyne channels and including a simple photonic correlator. Finally in Chapter 9, we describe the concept of a pathfinder instruments combining the 8 telescopes of the VLTI in the N band, and discuss its potential in the perspective of PFI.
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Part I

Protoplanetary disks through infrared interferometry

" What is going on inside a thunderstorm ? We will describe this insofar as it is known. As we get into this marvellous phenomenon of real nature -instead of the idealized spheres of perfect conductors inside of other spheres that we can solve so neatly -we discover that we don't know very much. Yet it is really quite exciting. Anyone who has been in a thunderstorm has enjoyed it, or has been frightened, or at least has had some emotion. And in those places in nature where we get an emotion, we find that there is generally a corresponding complexity and mystery about it. It is not going to be possible to describe exactly how a thunderstorm works, because we do not yet know very much. But we will try to describe a little bit about what happens.

-Richard Feynman Lectures on Physics (Vol II), Lecture 91 Protoplanetary disks and the environment of young stars (Introduction Pt. I)

Formation of young low mass stars

Stars form inside dense cores resulting from the gravitational collapse of molecular clouds. Inside these cores, thermonuclear reactions are eventually triggered as the temperature and the pressure of the gas increase, leading to the birth of a star. In the whole process, the angular momentum of the initial cloud has to be conserved. This angular momentum is in fact much larger than the angular momentum of the final star. The collapse thus leads to the formation of a massive rotating disk of gas around the newly formed star, in order to conserve the total angular momentum of the system, in about 10 4 -10 5 yrs. This disk is known as the protoplanetary disk, in which planet formation take place in 10 6 -10 7 yrs.

The ensemble of a star and its surrounding disk is designated as a Young Stellar Object (YSO). Depending on the mass regimes of the pre-main sequence star, YSOs are divided in different categories :

• T Tauri stars : initially discovered by [START_REF] Joy | T Tauri Variable Stars[END_REF], these young stars have a mass similar to the Sun (< 3 M ), with a spectral type between F and M. These stars show photometric variability and large surrounding nebulosity.

• Herbig Ae/Be stars : first classified by (George H. [START_REF] Herbig | The Spectra of Be-and Ae-Type Stars Associated with Nebulosity[END_REF], these intermediate mass stars (3 M < M < 8 M ) are more massive than T Tauri stars. They correspond to a spectral type A or B.

• massive young stars : these massive objects (> 8 M ) evolve quickly to the main sequence. They have a spectral type O or B.

The classification of the different stages of evolution of a YSO was established by [START_REF] Lada | Star formation: from OB associations to protostars[END_REF], and revised by [START_REF] Andre | From T Tauri Stars to Protostars: Circumstellar Material and Young Stellar Objects in the rho Ophiuchi Cloud[END_REF]. This classification is based on the Spectral Energy Distribution (SEDs) of these objects. This classification is divided in four classes (the timescale associated to each class is indicated in Fig 1.1) :

• Class 0 : the SED is dominated by the flux of the infalling envelope and peaks in the far-IR and mm part of the spectrum (∼ 100µm). This corresponds to the initial phase of accretion of the star, which is buried in its envelope.

• Class I : The infalling envelope is partly accreted in the form a disk which radiates energy, visible as a mid-infrared counterpart in the SED.

• Class II : The envelope is optically thin and the SED is dominated by the contribution of the optically thick accretion disk, which peaks in the near-infrared. An ultraviolet (UV) excess due to the accretion of gas on the star can be seen, and the star contributes to the part of the spectrum in the visible. This class corresponds to the classical T Tauri phase.

• Class III : The accretion disk is optically thin or has simply vanished, with little or no infrared excess in the SED. This phase corresponds to the so-called weak line TTauri phase.

Protoplanetary disks 1.2.1 Accretion & angular momentum transport

The conservation of the angular momentum in actively accreting disk can be performed in two ways :

• by the redistribution of angular momentum i.e. the transport of material in the external part of the disk. This requires that some friction forces or viscosity exist in the disk.

• by the loss of material through ejection processes. The main mechanism imagined in this case is the existence of a magnetically driven disk wind.

Steady accretion disk

Viscous accretion

The viscosity of molecular origin yields a typical accretion time scale of the order of 10 13 yrs, obviously incompatible with the typical evolution time scale (10 6 -10 7 yrs) of protoplanetary disks (Armitage, 2020). Hence, the molecular viscosity can not explain accretion in disks. Instead, it is supposed that turbulence can provide an effective viscosity much larger than molecular viscosity. This is the origin of the standard α-disk model (Shakura and Sunyaev, 1973), where the viscosity ν is parametrized as a function of the basic parameters of the disk, c s the speed of sound in the disk, h the typical scale height of the disk, and α, a dimensionless constant which encloses the effect of turbulence :

ν = αc s h (1.1)
Observationally, the typical lifetime of a disk (a few Myr) indicates a value α of the order of 10 -2 (Lee [START_REF] Hartmann | Accretion and the Evolution of T Tauri Disks[END_REF]Armitage, 2020). This parametric description is however [START_REF] Lada | Star formation: from OB associations to protostars[END_REF][START_REF] Andre | From T Tauri Stars to Protostars: Circumstellar Material and Young Stellar Objects in the rho Ophiuchi Cloud[END_REF]. Figure from A. de Valon (2021).

completely agnostic to the origin of turbulence. In this picture, describing and constraining observationally the exact physical mechanism behind the parameter α is one of the most important challenges in the study of accretion disks. Dullemond and J. Monnier, 2010). Bottom : Physical regimes relevant to angular momentum transport in disks (from [START_REF] Armitage | Dynamics of Protoplanetary Disks[END_REF]). In the inner region of the disk and for high accretion rates, viscous accretion dominates the transport of angular momentum. The temperature of ionization of alkali metals provide the range where MRI can be activated. In the outer part, the disk is gravitationally unstable (Q<1). The overall conditions of the disk set the environment where planet formation occurs e.g. location of the snowline.

Different scenarii are identified to drive the turbulence and transport angular momentum in the disk, in particular Magneto-Rotational Instability (MRI) in the ionized parts of the disk, hydrodynamical instability, and self-gravitational instability in the outer part [START_REF] Kratter | Gravitational Instabilities in Circumstellar Disks[END_REF][START_REF] Turner | Transport and Accretion in Planet-Forming Disks[END_REF]. The exact regions where these instabilities are efficient depend on the physical properties of the disk, and are summarized in part in Fig 1 .2.

In the following, we will focus only on MRI and disk winds, as they are considered as the most efficient processes to provide the bulk of the angular momentum transport.

Magneto-Rotational Instability (MRI)

MRI is a magneto-hydrodynamic process that leads to turbulence in the ionized part of disk [START_REF] Balbus | A Powerful Local Shear Instability in Weakly Magnetized Disks. I. Linear Analysis[END_REF]. The classical analogy in order to present MRI consists in considering two particle cells of fluid placed on the same vertical line of the magnetic field.

In order to understand the effect of an instability, let us consider that these two particle are slightly separated from each other radially, as shown in Fig 1.3. The outer particle cell is decelerated and the inner cell is accelerated due to the conservation of angular momentum, so that these two cells move apart from each other azimuthally. In the case of a conducting (ionized) fluid, the magnetic field will act as a restoring force between these those cells moving apart azimuthally. The inner cell is decelerated by this restoring force, and thus moves to inner regions of the disk due to the loss of its angular momentum. Conversely, the outer cell is accelerated and moves to outer regions. The initial radial separation of the two cells leads to a larger radial separation, so this is indeed an unstable configuration. We note that this mechanism supposes that the magnetic restoring force is sufficiently weak not to stabilize completely the system. MRI is sustained only in the ionized parts of the disk. The primary sources are the thermal ionization, only effective in the innermost regions of the disk since it is the only part that reaches the activation temperature of MRI T MRI ≈ 800 -1000 K (few tenths of AU, alkali metal ionization in Fig 1 .2), and the ionization by X/far-UV radiations and cosmic rays, mostly effective in the surface layer of the disk. In the case of disk regions at sufficiently large radii not to reach T MRI , and sufficiently dense to be shielded from highenergy radiation, ionization will be too low to sustain MRI : this is the dead-zone [START_REF] Gammie | Layered Accretion in T Tauri Disks[END_REF]. MHD turbulence is damped in this region, and accretion only occurs at the surface layer of the disk, or is even totally suppressed [START_REF] Turner | Transport and Accretion in Planet-Forming Disks[END_REF]. We will come back later on this point when introducing the layered-disk model 

Wind

The second mechanism enabling accretion is the loss of angular momentum through a magnetically driven disk wind [START_REF] Blandford | Hydromagnetic flows from accretion disks and the production of radio jets[END_REF][START_REF] Ferreira | Which jet launching mechanism(s) in T Tauri stars?[END_REF]. The mechanism powering disk winds is based on the coupling of the disk rotation with the magnetic field. In the case of vertical magnetic field lines crossing the disk midplane, the field lines are bended due to the rotation of the disk. This magnetic tension slows down the disk rotation and generates radial accretion. The angular momentum lost during accretion is converted in magnetic pressure through a Lorentz force with a poloidal component (magnetocentrifugal force), which ejects matter from the surface of the disk to the outer regions, thus removing angular momentum out of the disk. There are now increasing observational evidences of disk winds, in particular through the study of gas kinematics through CO with ALMA in Class II objects [START_REF] Louvet | The HH30 edge-on T Tauri star. A rotating and precessing monopolar outflow scrutinized by ALMA[END_REF][START_REF] Valon | ALMA reveals a large structured disk and nested rotating outflows in DG Tauri B[END_REF].

Layered disk model

The application of these ideas and the different regimes where MRI can be sustained have led to the introduction of a model of accretion in a layered structure [START_REF] Gammie | Layered Accretion in T Tauri Disks[END_REF]. In this model, three different zones can be distinguished in the disk :

• an inner zone (< 0.1 -1 AU typically), where the temperature is sufficiently high (T = 800 -1000 K) to ionize the disk and for MRI to be active.

• an outer zone (> 3 -10 AUs typically) where MRI is activated by non-thermal sources of ionization (X, UV), due to the lower surface density which is not sufficient to provide an efficient shielding of the disk. Gravitational instability also occur in this outer region if the disk is massive enough (Toomre Q<1 in Fig 1.2).

• an intermediate zone (1)(2)(3)(4)(5)(6)(7)(8)(9)(10), where the surface density is high enough to provide an efficient shielding from the radiation, and where the disk temperature is not high enough to thermally activate MRI. MRI is not effective in this region of the disk, even in surface in layers probably [START_REF] Turner | Transport and Accretion in Planet-Forming Disks[END_REF], where disk wind may appear as the main source of accretion. This intermediate zone is called the dead-zone, and plays an important role in the structure and the evolution of the disk.

More observational constraints are needed in order to confirm or infirm this current model of accretion in protoplanetary disk. The layered structure of a protoplanetary disk and in particular the presence of a dead-zone have potentially major ramifications in the scenario of planet formation, in particular on the formation of planetesimals in this region (1)(2)(3)(4)(5)(6)(7)(8)(9)(10) of the disk [START_REF] Chiang | Forming Planetesimals in Solar and Extrasolar Nebulae[END_REF], and in providing a potential mechanism for massive accreting outbursts in young objects.

The problem of accretion in T Tauri stars

Thus far, we have considered a standard disk steadily accreting gas onto the star. Assuming a steady accretion rate, the accretion luminosity of T Tauri stars can be compared to their bolometric luminosity. This comparison shows that the bolometric luminosity of T Tauri stars is about one order of magnitude smaller than the luminosity expected from a star [START_REF] Armitage | Dynamics of Protoplanetary Disks[END_REF], and initially proposed in [START_REF] Gammie | Layered Accretion in T Tauri Disks[END_REF]).

formed during the Class I phase, with an estimated accretion rate in the disk of typically 10 -7 M .yrs -1 (Nuria Calvet, [START_REF] Calvet | Evolution of Disk Accretion[END_REF]. This fundamental difficulty, known as the luminosity problem of Class I sources, and first identified by (Kenyon and L. W. Hartmann, 1990), necessitates that accretion should occur through massive episodic events rather than a steady process, in order for the star to form in the time-scales observed through disk evolution surveys [START_REF] Calvet | Evolution of Disk Accretion[END_REF].

As suggested by (Kenyon and L. W. Hartmann, 1990), these episodes could potentially be explained by FU Orionis events (abbrev. FUors), where the luminosity of the star increases by several magnitudes in only a few years, due to a massive accreting event in the disk with typical accretion rate ∼ 10 -4 M .yrs -1 during ∼ 100 yrs, adding ∼ 0.01 M onto the central star during the outburst(Lee Hartmann and Nuria Calvet, 1995a). However, the exact mechanism powering FU Orionis outburst, which is tightly linked to our knowledge of the physics of turbulence and to the supposed physical structure of the disks, is still poorly understood.

In Chap 3, we make use of more than twenty years of near-infrared interferometric observations to constrain the mechanisms at the origin of FU Orionis outbursts.

Planet formation

So far, we have described the structure of the protoplanetary disk during the phase of accretion in Class I/II. During its evolution, the dust contained in the disk will also progressively coagulate to form planetesimals, and ultimately, planets. In this section, we detail the mechanisms put forward to explain the transition from a disk made of gas and dust to the formation of planets.

Planet formation scenarii

Rocky core formation

The first step to go from dust particles to planetesimals is the dust settling : due to the relative motion of dust relative to gas, dust particles experienced a drag force and settle in the midplane [START_REF] Weidenschilling | Aerodynamics of solid bodies in the solar nebula[END_REF]. In this regime, small grains are strongly coupled to the gas so that the relative velocity between grains is relatively small, which favours their coagulation. This increase in mass favours their decoupling from the gas and settling towards the disk midplane. Inversely, turbulence occurs in the disk mid-plane and tends to mix the grains, whose signature at the surface is visible in the mid-infrared for example (tracing micrometric grains). At the same time, dust experiences radial drift, due to the friction with gas : this radial drift is maximum for cm to m-size bodies, with a typical fall time on the star much smaller than the time needed for grains to coagulate in m-size body. This problem is known as the meter size problem, whose exact solution still remains unclear [START_REF] Weidenschilling | Aerodynamics of solid bodies in the solar nebula[END_REF]. The existence of gravitational instability (Peter [START_REF] Goldreich | The Formation of Planetesimals[END_REF], or pressure maxima due to turbulence (MRI), that would act as traps for dust, or vortices at the edge of the dead zone due to Rossby instabilities, are invoked as potential solutions to these problems [START_REF] Lyra | The baroclinic instability in the context of layered accretion. Selfsustained vortices and their magnetic stability in local compressible unstratified models of protoplanetary disks[END_REF]. Beyond this m-size barrier, planetesimals accrete the dust in their neighbourhood through gravitational focusing and pebble accretion [START_REF] Lambrechts | Rapid growth of gas-giant cores by pebble accretion[END_REF]. The typical characteristic scale in which accretion on planetesimal occurs is given by the Hill radius, which defines the region where the gravity of the planetesimals dominates :

r H = M p 3M * 1/3 a (1.2)
with M p the mass of the planetesimal and a its semi-major axis. The accretion on planetesimals go through a phase of runaway, followed by a phase of oligarchic growth between the planetesimals, and ends with the phase of collision between the proto-planets. The final evolution of the planetary system is then shaped by the availability of gas and the migration torques induced by massive gas giants, which we will present later in this section.

The scenario described so far explained the formation of rocky cores, which can either constitute rocky planets or the core of gas giant planets. Two competing mechanisms are put forward to explain the formation of gas giant planets : core-accretion model and gravitational instability model, that we are going to present briefly. It is however possible that these two models co-exist in the same disk (Armitage, 2020), as they occur in relatively different regimes.

Core-accretion model

The core accretion starts from an initial rocky core, but unlike rocky planets, as core grows it becomes massive enough to hold an envelope of gas, this accretion of gas being favoured in the external part of the disk. The core continues to accrete gas and dust via planetesimal and pebble accretion, up to a critical mass beyond which the envelope can not remain in hydrostatic equilibrium. It follows that the core contracts and accretes even more gas from its environment. The proto-planet radiates a large fraction of energy during this phase, released from gravitational and core accretion energy, as shown in Fig 1.5, which makes planets more 1.2 Protoplanetary disks easily detectable during this period. This process continues up until the proto-planet has depleted the gas in its neighbourhood and opened up a gap in the disk. The core accretion model is the most widely accepted theory of planet formation and is known in its broad outline, but its detailed scenario is still sensitive to key characteristics : the initial conditions of the disk (surface density in particular), the opacity assumed for the calculation of the critical mass, or the effect of planet migration, in particular in the formation of hot Jupiters.

In that respect, observational constraints are crucial in order to provide a complete picture of the formation of proto-planets.

Gravitational instability model

The alternative formation scenario of gas giant planets is the gravitational instability (GI) model. In outer and sufficiently massive regions, a disk can become gravitationally unstable, resulting either in the transport of angular momentum or fragmentation. The idea at the basis of GI model is that giant planets could form directly and very rapidly from disk fragmentation, without requiring the initial formation of a core. The question of whether the required conditions to form planets through GI are met is still debated. This model could potentially provide a formation scenario of gas giant planets observed at very large separation 50 AU -100 AU (e.g. HR8799 in [START_REF] Marois | Direct Imaging of Multiple Planets Orbiting the Star HR 8799[END_REF], although the formation of brown dwarfs and stellar companions from GI fragmentation is more likely than the formation of planets [START_REF] Kratter | Gravitational Instabilities in Circumstellar Disks[END_REF]. Type II migration, with the opening of a gap and the apparition of disk Lindblad resonances (Armitage, 2020).

Migration

In their formation and evolution, proto-planets exchange angular momentum with their environment : dust, planetesimals, gas, or other planets. In turn, this leads to the modification of the orbit of these proto-planets, a process described as the migration process. Migration is particularly important in planetary formation, as it is now clear that a large fraction of the planets currently observed (in particular hot-jupiters) could not have formed at the initial location predicted by planet formation scenarii [START_REF] Lin | Orbital migration of the planetary companion of 51 Pegasi to its present location[END_REF]. In the following, we will focus only on the interaction of the forming planet with the protoplanetary disk i.e. migration in gaseous disks.

The exchange of angular momentum between a planet and the disk is done through a gravitational torque. Following the presentation done in (Armitage, 2020), this idea can first be understood in the simplified impulse approximation [START_REF] Lin | Diagnosing 0.1-10 au Scale Morphology of the FU Ori Disk Using ALMA and VLTI/GRAVITY[END_REF], by considering the perturbation due to gravitation of a portion of gas passing by a planet. In the case of the interaction with gas exterior to its orbit, the angular momentum of the gas increases while the angular momentum of the planet decreases, so that the planet moves inwards. Conversely, considering gas interior to the orbit, the gas loses angular momentum while the angular momentum of the planet increases. The computation of the total torque shows that the typical timescale for a forming planet at 5AU with earth mass to migrate on a star is ∼ 1 Myr, and a few ∼ 0.1 Myr in the case of a planet with Jupiter's mass, which shows that migration should have an important impact during the timescale in which a planet forms.

The detailed treatment of the gas-disk interaction (P. [START_REF] Goldreich | The excitation of density waves at the Lindblad and corotation resonances by an external potential[END_REF] shows that the total torque is in fact the result of the torques exerted at resonant locations, known as Lindblad resonances 1 , co-orbital resonances, and thermal torques. Depending on the mass of the planet, these resonant interactions have been defined as Type I and Type II migration, the transition occurring for a planet mass of the order of Saturn approximately.

• Type I : in this regime, the local surface density of the disk is almost unperturbed by the planet, the most visible sign of interaction being the presence of a spiral wave which exerts a torque.

• Type II : in this regime, the mass of the planet is sufficiently large to open a gap in the disk and to deplete the gas in the resonances close to the planet. Once the gap is opened, the planet migrates at the same rate as the radial flows of the disk due to accretion.

The modelling of planet migration has seen considerable progresses in the recent years. Its comparison with observations remains however difficult and different models can reproduce the same observations, as different physical processes (migration, accretion, etc.) occurs at the same time and are sensitive to the initial conditions of the problem. This motivates the direct observation of planet forming systems during planet migration over a significant sample of planet-forming system. 1.2.3 Imaging the astronomical unit-scale (AU) and sub-AU scale of protoplanetary disks

The astronomical unit (AU) and sub-AU scales are the natural scales at which the physics of planet formation occurs. In the following, we summarize the general driving questions related to planet formation occurring at these scales and which will motivate this work :

• What is the structure of the protoplanetary disks in the inner AU and what is the mechanism driving accretion in this region of the disk ? This mechanism is necessary to understand the the luminosity problem in young stars.

• What are the physical conditions (temperature, surface density, dust composition) of the protoplanetary disk in the inner AU ? Planet formation scenario are particularly sensitive to these initial conditions.

• How do planets interact their disk and migrate, and how does migration impact their formation scenario ? What is the image of a typical planetary system in formation, as it is happening now, and with AU and sub-AU resolution ? This picture is for the moment limited to few tens of AU resolution typically.

1.3 The inner AUs of protoplanetary disks 1.3.1 The large scale picture of protoplanetary disks studies

The past few years have seen a revolution in the observational study of protoplanetary disks. This revolution has been made possible by the advent of high-angular resolution instruments.

The current part of planetary system of which we can reconstruct a proper image are primarily the thermally heated dust in the equatorial plain of disks and the CO lines emission of the gas with ALMA, and micrometric dust in surface with high-contrast imaging. These observations reach typically a maximum resolution of 10 milli-arcsecond (mas), thus focusing on the region of the disk ranging from 10 AU to 1000 AU typically [START_REF] Andrews | The Disk Substructures at High Angular Resolution Project (DSHARP). I. Motivation, Sample, Calibration, and Overview[END_REF]. In the mm and sub-mm domain, ALMA observations, tracing the mm-size grains of the disk, revealed the presence of large disk structures [START_REF] Andrews | Observations of Protoplanetary Disk Structures[END_REF], such as gaps (ALMA Partnership et al., 2015), spirals [START_REF] Perez | Spiral density waves in a young protoplanetary disk[END_REF], or cavities in almost every young objects. The observations of large samples of objects now enables to place constraints on the spatial segregation of grains and the time-scale of dust settling. The study of CO lines emission, which gives access to the kinematics of the gas in the disk, also revealed the existence of powerful disk winds in some Class II objects [START_REF] Valon | ALMA reveals a large structured disk and nested rotating outflows in DG Tauri B[END_REF]. In the infrared domain, observations with high-contrast imaging (VLT/SPHERE, GEMINI/GPI, Subaru/HiCiao), probes dust particles at the surface layers of the disk, revealing dust structures that are or not infrared counterpart of ALMA's structures [START_REF] Andrews | Observations of Protoplanetary Disk Structures[END_REF], and could be related to large-scale dynamical spiral structures possibilty originating from the trail of a forming planet [START_REF] Boccaletti | Possible evidence of ongoing planet formation in AB Aurigae. A showcase of the SPHERE/ALMA synergy[END_REF]. Extreme adapative optics and submm interferometry have also proven to be powerful techniques to observe young giant planet forming at large separation. In the case of ALMA, the study of gas kinematics enable to detect proto-planets by the deviation of the disk dynamics from keplerian velocity [START_REF] Pinte | Nine Localized Deviations from Keplerian Rotation in the DSHARP Circumstellar Disks: Kinematic Evidence for Protoplanets Carving the Gaps[END_REF]. Moreover, high-contrast imaging in the infrared gives access to the direct emission of young planets at large separation [START_REF] Chauvin | Direct Imaging of Exoplanets at the Era of the Extremely Large Telescopes[END_REF], including proto-planets still embedded in their forming disk e.g. in TTauri star PDS 70 [START_REF] Keppler | Discovery of a planetary-mass companion within the gap of the transition disk around PDS 70[END_REF]. In this latter case, this detection can be complemented in the visible with integralfield spectrograph (VLT/MUSE) with the observation of the accretion luminosity of these proto-planets in the Hα line [START_REF] Haffert | Two accreting protoplanets around the young star PDS 70[END_REF].

Overall, submm interferometry and high-contrast imaging now enable to add constraints on the physical properties of the disk (dust distribution, dynamical structures, kinematics of gas) and to detect most massive young planets (10 M J typically) at large separation. However, these observations are ultimately limited to imaging resolution of the order of approximately 10 AU on average. Essential physical process of planet formation occurs at much smaller scales, which elude current direct detection capabilities. 

The inner AU of protoplanetary disks with infrared interferometry

Infrared and optical interferometry are the only technique able to spatially resolve the inner AU of protoplanetary disks. First, these observations have enabled to refine the geometry of the infrared emission arising from the inner astronomical unit [START_REF] Millan-Gabet | Spatially Resolved Circumstellar Structure of Herbig AE/BE Stars in the Near-Infrared[END_REF]. The comparison of the typical size of the disk emission measured by 1. 3 The inner AUs of protoplanetary disks interferometry in the near-infrared with the luminosity of the star + disk is consistent with a disk model with an optically thin innermost gaseous cavity and an inner rim composed of heated dust in direct sight of the star. In the case of T Tauri stars the observed infrared emission is significantly higher than the size-luminosity relations. Several explanations can be invoked including the additional contribution of accretion luminosity, a stronger dust backwarming, dust truncation by the magnetic field. (C. Dullemond and J. Monnier, 2010). Infrared interferometry also enabled to complement our picture of the accretion and ejection processes at stake in the inner AU of the disk. At a few stellar radii, spectro-interferometry observations with VLTI/GRAVITY have been able to locate the compact emission in Brγ arising from magnetospheric funnel flows [START_REF] Bouvier | Probing the magnetospheric accretion region of the young pre-transitional disk system DoAr 44 using VLTI/GRAVITY[END_REF]Gravity Collaboration et al., 2020). At larger radii, the study of Brγ (S. [START_REF] Kraus | The origin of hydrogen line emission for five Herbig Ae/Be stars spatially resolved by VLTI/AMBER spectro-interferometry[END_REF] enables to constrain the keplerian dynamics of the inner gaseous cavity in young stellar objects through Brγ or CO lines (Collaboration et al., 2020). At AU scale, the study of Brγ emission also revealed the presence of bipolar winds during massive ExOr accretion event [START_REF] Benisty | The 2008 outburst in the young stellar system Z CMa. I. Evidence of an enhanced bipolar wind on the AU-scale[END_REF]. Finally, in the mid-infrared, at larger spatial scales (few AUs typically), interferometric observations enabled to study the evolution of the radial distribution of disk mineralogy [START_REF] Boekel | The building blocks of planets within the 'terrestrial' region of protoplanetary disks[END_REF], providing direct evidences that crystallization should occur in a large fraction of the disk and early in its evolution, during the phase of accretion.

In each cases, the power of infrared interferometry resides in its capability to spatially resolve astrophysical objects with milli-arcsecond resolution. Recently, the combination of a large number of observations enabled for the first time to reconstruct images of Herbig Ae/Be stars with sub-AU resolution [START_REF] Lazareff | Structure of Herbig AeBe disks at the milliarcsecond scale . A statistical survey in the H band using PIONIER-VLTI[END_REF][START_REF] Kluska | A family portrait of disk inner rims around Herbig Ae/Be stars: Hunting for warps, rings, self shadowing, and misalignments in the inner astronomical units[END_REF], adding constrain on the morphology of the inner-rim, and highlighting the presence of non-axisymmetric and temporally variable structures in the region of the inner rim. However, these images are ultimately limited by the dynamical range and the image complexity that can be reached by current infrared interferometers. As we will see in the next chapter, interferometry with a small number (<6) of telescopes is best suited for morphological and spectroscopic studies of photocenter position (spectro-astrometry), but is restricted to a sparse baseline coverage and thus low image reconstruction capability, in particular when compared to single telescope observations or radio-submm interferometry. This severely limits the capability of infrared interferometers to restore the emission of the inner AUs of disks in their full complexity.

1. 4 The image of protoplanetary disks with sub-AU resolution : science case of the Planet Formation Imager

The image reconstruction of a disk with sub-AU resolution would provide a complementary and still missing access to the physical processes of planet formation that occur at these essential scales. In 2014, the Planet Formation Imager (PFI) initiative proposed to explore the fundamental questions in planet formation that could be addressed by a dedicated midinfrared interferometric infrastructure producing an image with sub-AU resolution [START_REF] Monnier | The Planet Formation Imager[END_REF]. The choice for mid-infrared is guided by the imaging of the thermal emission of the warm dust (µm-sized grains) of the disk, the detection of the accretion luminosity of proto-planets, and the higher angular resolution compared to mm-wavelength. This initial reflection of a PFI also included how this infrastructure would complement current and future observatories e.g. ALMA, ELT, JWST in terms of angular resolution and imaging capability. The fundamental questions that could be addressed by a PFI are summarized below (Stefan [START_REF] Kraus | Viscous Heating and Boundary Layer Accretion in the Disk of Outbursting Star FU Orionis[END_REF][START_REF] Ireland | Status of the Planet Formation Imager (PFI) concept[END_REF]. These points have to be seen has long-term driving axis :

• protoplanetary disk physics : trace warm µm-sized dust located in the disk surface layer, constrain disk temperature and density profile, resolve the spatial distribution of disk mineralogy, put constrain on the position of the snow-line

• circum-stellar and circum-planetary structures : resolve disk substructure (gaps, spirals,..) and kinematics tracing on-going planet formation, resolve accretion process down to the circum-planetary disk scale

• proto-planets detection & migration : detect thermal emission of accreting planets, reconstruct system architecture during its formation and constrain its migration process

As we have seen previously, these properties of disks are not yet within reach of current infrastructures. The initial proposition of the Planet Formation Imager is to examine the infrared interferometric facility which would be capable of addressing these questions by producing an image of protoplanetary disks with sub-AU resolution. This major facility would require the recombination of a large number of telescopes, with kilometric baseline, and calls for a renewed architecture of an infrared interferometer. In the next chapter, we present how these scientific questions convert into technical requirements of a future PFI, and we introduce the general principles at the basis of infrared interferometry.

" ... d'où, pour le dire en passant, il est peut-être permis d'espérer qu'en s'appuyant sur ce principe et en formant [...] des franges d'interférence au foyer de grands instruments destinés à observer les étoiles, il deviendra possible d'obtenir quelques données nouvelles sur les diamètres angulaires de ces astres.

-Hippolyte Fizeau Note aux Comptes rendus de l'Académie des sciences (1864) 2 Infrared Interferometry (Introduction Pt. II)

Instrument science requirements for a Planet

Formation Imager (PFI)

Interferometry is the only technique capable of reaching milli-arcsecond resolution in the infrared. Existing infrastructures lack the angular resolution, surface brightness sensitivity and the ability to restore a complex astrophysical scenery (due the limited number of baselines). The long-term development of an infrared interferometer in the perspective of an imaging array of planet formation will be based on three main science requirements [START_REF] Monnier | The Planet Formation Imager[END_REF] : high-contrast capability, image reconstruction fidelity, and kilometric baselines

• Imaging arrray : Image the dust distribution of the disk in the mid-infrared i.e. reconstruct an image with an ultimate brightness temperature sensitivity of 150K

• Kilometric baseline : Resolve the details of planet accretion at its typical scale, the Hill sphere i.e. with 0.3 AU for a Jupiter-mass planet at 5 AU, equivalent to 2 mas resolution at a typical distance d=140 pc (Taurus)

• High-contrast : Directly detect the thermal emission of accreting protoplanets with Jupiter mass

These points translates in the technical requirements given Tab. 2.1, extracted from [START_REF] Monnier | The Planet Formation Imager[END_REF]. These requirements will be at the basis of the research work on interferometric instrumentation carried out in this thesis. In this work, we will focus primarily on the instrumental development required for the case of dust imaging in the N band.

In the following, we introduce the basic principles of infrared interferometry, and introduce two interferometric architectures -amplitude interferometry and heterodyne interferometryenvision in the perspective of a PFI. 

Interferometry and coherence

Image formation as an interferometric process

In order to introduce the principles of interferometry and of interferometric imaging, it may be helpful to take a step back and first introduce the formation of an image through a single-dish optical system. The impulse response I(θ θ θ) of a telescope (with θ θ θ the angular coordinate in the sky) is the Fourier Transform of the field E(r, t) in the pupil of the telescope [START_REF] Born | Principles of Optics Electromagnetic Theory of Propagation, Interference and Diffraction of Light[END_REF][START_REF] Lena | Observational Astrophysics[END_REF], with r the position vector in the pupil :

I(θ θ θ) = pup E(r, t) exp -2iπ r θ θ θ λ dr 2 (2.1) 
In that respect, according to the basic properties of the Fourier Transform, the transfer function of an optical system1 at a spatial frequency f is the auto-correlation of the electrical field with a physical separation w = λf in the pupil :

I(f ) ≡ FT [I(θ θ θ)] = pup E(r, t)E * (r + λf , t)df (2.2)
This impulse response function contains all the information of the spatial content of the image observed (filtered) through the optical system. In particular, it gives the maximum spatial frequency reached by the system, inversely proportional to the angular resolution of the optical system. In the case of a single-dish telescope with a circular aperture, the maximum spatial frequency of the optical system is naturally given by the diameter of the telescope.

The practical resolution criteria used for single dish telescope, the Rayleigh criteria, provides the typical resolution limit of a telescope :

∆θ = 1.22 λ D (2.
3)

The relation Eq 2.2 can be viewed from another point of view, as pointed out by [START_REF] Goodman | Statistical Optics[END_REF]. Considering the left term of Eq 2.2, the image through the optical system -more specifically, its content at a given spatial frequency f -is equal to the sum of the spatial coherence function of the field with a physical separation w = λf . In the following, the spatial coherence is defined as :

C (r, t); (r + λr, t) = E(r, t)E * (r + λf , t) dr (2.4) In that sense, the image formed by a single-dish telescope can be viewed as the sum of large number of two hole Young interferometers, with separations probing all the possibilities provided by the pupil dimension. This is equivalent to an interferometric combinations, in which, however, a lot of redundant baselines are superimposed to each other. On the other hand, a Young interferometer, which indeed measures the coherence of two electrical fields, can be seen as an imager which measures only one spatial frequency. In between, the auto-correlation of a different set of apertures can be seen as an imaging system which paves a certain portion of the spatial frequency space. Interferometric arrays, including nonredundant aperture masking, infrared long baseline interferometers or radio-interferometers, can all be seen as this particular form of optical system. The essential features of these systems is their ability to measure the spatial coherence of an electric field.

Fig. 2.2:

Left : Pupil-plane of an optical system : the pupil can be seen as the decomposition of a multiple two element Young interferometer. Right : Frequency space of the image (so-called UV plane), in which one separation corresponds to the measurement of one spatial frequency.

As an example, the visibility function of an arbitrary object was generated using Aspro2 (developed by JMMC).

Zernike van-Cittert theorem

An imaging system is essentially an optical system that measures the spatial coherence of light, as we have seen in the previous paragraph. The amplitude of the coherence evaluated for a given separation of two apertures is related to the measurement of a certain spatial frequency by the system, and should thus be related to the measurement of a given component of the spatial spectrum of the observed object. More rigorously, this relation between the normalized coherence γ(u, v) -also called the complex visibility -and the brightness distribution of the object I o (α, β) is exactly described by the Zernike van-Cittert theorem (Zernike, 1938;[START_REF] Lena | Observational Astrophysics[END_REF] : 2iπ(αu+βv) dαdβ I o (α, β)dαdβ (2.5) where we have introduced the angular coordinates θ θ θ = (α, β) and the spatial frequency coordinates f = (u, v) = ∆x λ , ∆y λ . This corresponds to the measurement of the first order spatial coherence. In the same manner as in the previous paragraph, we can see that by cumulating a sufficient amount of coherence measurements over different spatial frequencies, the image of the initial object can be reconstructed. More rigorously, this image can be reconstructed by the inversion of Eq 2.5, which constitutes on its own the domain of image reconstruction in interferometry (J.-P. [START_REF] Berger | Imaging the heart of astrophysical objects with optical long-baseline interferometry[END_REF]. In the following, the spatial frequency space will be designated as the (u,v)-plane, in which the interferometric measurement are usually performed. An essential aspect of interferometers is that, even if they show less redundancy of the spatial content of an image, and as a consequence are less sensitive at a given spatial frequency than what would be an equivalent full aperture dish, their maximum spatial frequency -or conversely, their smallest angular resolution -is no more limited by the maximum telescope diameter, but by the separation of the apertures. We will come back on this point in Sec 2.3.1.

γ(u, v) = I o (α, β)e -

Interferometric observables

The essential observable extracted from the measurement of coherence is the complex visibility of an object, as we have seen in Sec 2.2.2. In practice, there is a diverse family of observables that are usually used, due both to the practical limitations when measuring this spatial coherence, and depending on the exact spatial and/or spectral property of interest in the astrophysical object. These observables are listed in Tab. 2.1.

Temporal coherence & delay compensation

Thus far, we have considered that the measurement of the coherence of the field gives access directly to the spatial coherence of the source. This supposes either that the sources are perfectly monochromatic, or that the optical path difference (OPD) between each interferometric channel is perfectly matched. In the more general case, the coherence of the field is the product of the spatial and the spectral coherence of light 2 . In the following, the temporal coherence is defined as : C (r, t), (r, t + ∆τ ) = E(t)E * (t + ∆τ ) (2.6) where the bracket refer to the temporal average. The exact expression of the measured spectral coherence is given by the Wiener-Khintchin theorem, and depends on the filtering

Complex visibility γ(u, v) = V (u, v) = |V |e φv
General observable, contains the information on the coherence (amplitude and phase).

Coherent flux F (u, v) = |F |e φv = I o (α, β)e -2iπ(αu+βv) dαdβ Non-normalized complex visibility, can be used when the photometric calibration can not be easily done or is too noisy

Squared visibility V 2 = |V (u, v)| 2
Modulus squared of the complex visibility ; used when the interferometric phase can not be exploited due atmospheric phase fluctuations. The morphology of the object (disk, binary, etc.) can be constrained using the Zernike van-Cittert theorem.

Bispectrum

B(uv 1 , uv 2 , uv 3 ) = γ(u 1 , v 1 ) • γ(u 2 , v 2 ) • γ * (u 3 , v 3 )
Product of the complex visibility over a triangle Closure phase

φ CP = φ v (u 1 , v 1 ) + φ v (u 2 , v 2 ) + φ v (u 3 = -(u 1 +u 2 ),v 3 =-(v 1 +v 2 ))
Sum of the interferometric phase over a closed triangle of 3 telescopes, equivalent to the phase of the bispectrum. In theory, this observable is immune to the atmospheric phase fluctuations. This observable is much more noisy, as this is a moment of order of the field (R. [START_REF] Lachaume | On marginally resolved objects in optical interferometry[END_REF].

Tab. 2.1: Interferometric observables obtained from the measurement of the spatial coherence of light.

of the interferometric channel. A convenient order of magnitude is the typical width of this coherence function is given by the coherence length :

l c = Rλ = λ 2 ∆λ = c ∆ν (2.7)
with ∆λ the spectral width of the detection channel (i.e. a bandwidth ∆f = c λ 2 ∆λ), and R = λ ∆λ ) the spectral resolution.

The major consequence is that the relative delays of an interferometer have to be precisely matched, within the coherence length, in order to preserve the contrast of the fringes. This requires the introduction of a fundamental element of an astronomical interferometer, the delay lines, in order to compensate for this relative delay. This delay has also to be compensated in real time, given that it is continuously varying due to the rotation of the sky.

We will come back later on this point when presenting the practical implementation of an interferometer.

Introduction to infrared interferometry

The function of an interferometer is to extract the coherence of an incident astronomical field.

As mentioned in the last section, this consists in measuring:

g (1) ∝ E(r, t)E * (r + λf , t)

This quantity is proportional to the first order of coherence of the light [START_REF] Goodman | Statistical Optics[END_REF], related to the distribution of intensity of the object (the image) through the Zernike van-Cittert theorem. More generally, higher degrees of coherence of light can be measured, such as the second order of coherence g (2) ∝ I 1 (t)I 2 (t) (Hanbury [START_REF] Hanbury Brown | A Test of a New Type of Stellar Interferometer on Sirius[END_REF], and linked to the distribution of intensity of the object [START_REF] Goodman | Statistical Optics[END_REF]. Unlike the first order of coherence, second-order of coherence is not sensitive to the interferometric phase. In practice, higher degree of coherence than order 2 are not considered, because leading to too small signal-to-noise ratio. 

Interferometric technique

Degree of coherence Wavelength

Principle Reference Amplitude g (1) 0.45µm to ∼ 13µm

Direct combination of light to form interference fringes. [1,2,3] Heterodyne g (1) ∼ 11µm to radio-domain Coherent detection scheme: astronomical signal is mixed with a local oscillator, converted to the RF domain, and correlated. [4,5,6] Upconversion g (1) 1.55µm and 3.39µm

Upconversion of the photon frequency through its mixing with a laser pump in a non-linear medium (crystal). [7,8] Intensity g (2) Visible / near-IR (0.780µm) Detection of the intensity of the light, and cross-correlation the detected signals [9,10] Tab. Townes, 1974 ;(5): J. [START_REF] Gay | Heterodyne detection of blackbody radiation[END_REF][START_REF] Labeye | Composants optiques integres pour l'Interferometrie astronomique[END_REF]: Thompson, Moran, and Swenson, 2017 ;(7): [START_REF] Darré | First On-Sky Fringes with an Up-Conversion Interferometer Tested on a Telescope Array[END_REF](8): [START_REF] Szemendera | In-laboratory ALOHA midinfrared up-conversion interferometer in the photon counting regime at l = 3.39 m[END_REF](9): [START_REF] Hanbury Brown | A Test of a New Type of Stellar Interferometer on Sirius[END_REF][START_REF] Ravi | THE NON-UNIFORM, DYNAMIC ATMO-SPHERE OF BETELGEUSE OBSERVED AT MID-INFRARED WAVELENGTHS[END_REF]: [START_REF] Guerin | Spatial intensity interferometry on three bright stars[END_REF] In the perspective of a Planet Formation Imager, we are mainly interested in techniques sensitive to the interferometric phase, as they enable to reconstruct an image. In this way, we will primarily focus on the techniques sensitive to the first order of coherence. Amplitude interferometry and heterodyne interferometry represent two potential techniques to this end, and potentially offer complementary domains in terms of wavelength and operability for an infrared PFI. In the following, we will focus on these two techniques and introduce briefly the functioning principle of each of them3 . 

Amplitude interferometry

This scheme consists in the physical transport of light to a recombination unit, where the beams are superimposed and the resulting interference fringes are detected [START_REF] Michelson | Measurement of the Diameter of alpha Orionis with the Interferometer[END_REF]Labeyrie, 1975), as shown in Fig 2.5. The spatial coherence of the astronomical object is then extracted from the contrast of the fringes. Considering E 1 and E 2 the field of the astronomical light collected at the level of each telescopes (with

I 1 = |E 1 | 2 and I 2 = |E 2 | 2
the related intensity), the signal measured at the level of the combiner is :

E 1 + E 2 2 = |E 1 | 2 +|E 2 | 2 +2|E 1 ||E 1 |cos ( 2π λ B • σ σ σ) (2.8) = (I 1 + I 2 ) 1 + V ins • Re |V (u, v)|e iφ(u,v) (2.9) with V ins = 2 √ I 1 I 2
I 1 +I 2 the instrumental contrast, B the vector baseline and σ σ σ the angular vector position of the point source object in the sky. The coherence of light is then extracted from the amplitude and the phase of the fringes. In order to compensate for the relative delay between each telescope due to the elevation of the astronomical object, an additional delay is introduced at the level of optical delay lines.

In the case of an interferometer, the angular resolution ∆θ resolution depends of the baseline B between each pair of telescopes :

∆θ = λ B (2.10)
In this way, interferometers are prime instruments to probe the spatial content of astronomical images at the highest angular resolution possible. The sensitivity depends on the diameter of each individual apertures (collecting area) and on the redundancy of the array, and the image fidelity depends on the capability to recombine a sufficiently large number of separations to pave the frequency spaces. For a number of telescope N t , the number of baselines in the array is : 

N t 2 = N t (N t -1) 2 (2.11)

Atmosphere & fringe tracking

Atmosphere above the telescopes introduces relative phase difference between each arm of the interferometer, which constantly perturbs the phase of the interferometric signal. This phase perturbation is also called the atmospheric piston. The typical timescale during the atmospheric piston remains constant, thus allowing a coherent integration of the signal, is called the coherence time. In the infrared, the typical value of the coherence time is typically t 0 = 15 ms in good conditions (at λ = 1.6 µm). This implies that, without a mechanism which compensates for this perturbation, the measurement of an interferometric signal has to be performed in a integration time smaller than t 0 . This severely restricts the sensitivity of the measurement as the noise budget is generally limited by the read-out-noise of the detector. In addition, the phase measured in each coherence time can not be averaged together, and only the closure phase can be exploited, but is an intrinsically noisier observable.

There is thus a very strong motivation to compensate for this atmospheric phase perturbation. This is usually done by a second combiner, which measures the perturbation introduced the atmosphere and feed a control loop which stabilizes the fringes. This system is called a fringe-tracker.

Introduction to infrared interferometry
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Monomode interferometry and field of view

In the rest of this work, we will assume that all the incident astronomical fields are projected on a gaussian profile before the combination. In the case of amplitude interferometry, this filtering is usually done by monomode waveguides (optical fibers), whose dimension matches the Point Spread Function (PSF) of one telescope [START_REF] Shaklan | Coupling starlight into single-mode fiber optics[END_REF]. In this case, the typical extent of the field of view observed by an interferometer is thus given by the diffraction lobe of one telescope4 [START_REF] Mège | Interférométrie avec des guides d'ondes optiques : théorie et applications[END_REF][START_REF] Perrin | Single-mode interferometric field of view in partial turbulence correction. Application to the observation of the environment of Sgr A* with GRAVITY[END_REF]. The typical extent of the interferometric field of view is thus :

∆θ fov ≈ λ D (2.12)
In practice, as the measured signal has a limited coherence length, the relative OPD at the edge of the interferometric field of view has to remain smaller than the coherence length, otherwise decreasing the contrast of signal at the edge of the field of view. This effect is called the beam smearing. The typical angular extension in the sky corresponding to an OPD equal to one fringe is λ B , the number of fringes in one coherence length is R (spectral resolution), and the total angular field of view is λ D . As a consequence, the minimum spectral resolution required to avoid beam smearing is : 

R × λ B = λ D ⇒ R ∼ B D (2.13)

The Very Large Telescope Interferometer (VLTI) infrastructure

The Very Large Telescope Interferometer (VLTI) is an interferometric facility, located at the top of the Cerra Paranal, in the Atacama desert in Chile (Fig 2.5). It is composed of 4 Unitary Telescopes (UT) of 8.2m diameter, and 4 Auxiliary Telescopes (AT) with 1.8m diameter. Contrarily to the UTs, the ATs can be punctually moved on different stations, in order to target specific spatial frequency of the (u,v)-plane. After having been collected by the telescopes, the light is guided through tunnels, where the delay compensation is performed at the level of optical delay lines (6 available delay lines at VLTI). These delay lines, composed of curved mirror transported on moveable carriage, require a few tens of nanometer precision and are continuously moving to compensate for sky rotation. At the output of the delay lines, 3 different interferometric instruments are located in the VLTI laboratory, and can be chosen to recombine four ATs our four UTs. At the time of writing, 3 instruments are available at VLTI : PIONIER instrument in H band (Le [START_REF] Le Bouquin | PIONIER: a 4-telescope visitor instrument at VLTI[END_REF], GRAVITY in K band (Gravity Collaboration et al., 2017) and MATISSE which covers L-M-N band (Lopez et al., 2014).

The measurement over a large number of telescopes translates in an increasing combination complexity, as the number baselines to be measured is proportional to the square of the number of telescopes 5 . At the time of writing, the maximum number of telescopes combined in the infrared is 4 at VLTI, and 6 at the CHARA observatory (Center for High Angular Resolution) on the Mount Wilson.

Heterodyne interferometry

Heterodyne detection

Fig. 2.6: Schematic of a infrared heterodyne detection (from (Kingston, 1978)).

The heterodyne scheme relies on a different paradigma compared to amplitude interferometry. At the level of each telescope, the electric field of the incident astronomical signal is directly measured by the use of a coherent or so-called heterodyne detection. Heterodyne detection consists in the mixing on a diode of a very pure monochromatic signal with pulsation ω LO -the local oscillator -and the astronomical field, as shown on Fig 2.6. Assuming a monochromatic astronomical signal E s (t) = E s e i(ωst+φ) for the sake of simplicity, the resulting detected intensity is :

s(t) = E OL (t) + E s (t) 2 (2.14) = |E OL | 2 +|E s | 2 +2|E OL ||E s |cos (ω s -ω LO )t + φ = i OL + i s + 2 √ i OL i s cos (ω s -ω LO )t + φ (2.15)
with i LO the detected photocurrent of the LO, and i s the photocurrent of the signal. The beating signal at the output of the mixer is an RF signal which is a down-converted version of the incident astronomical field : its frequency is equal to the frequency difference of the field and the local oscillator, its phase is equal to the phase difference of the astronomical signal and of the local oscillator, and its amplitude is proportional to the amplitude of the astronomical field. This detection scheme is thus sensitive to the electric field of the astronomical signal : this is a coherent detection scheme. As the incident field is down-converted in the radiofrequency (RF) domain, the total bandwidth on which is detected is given by the RF bandwidth of the photodiode, hence requiring wideband detectors 6 .

Heterodyne interferometry

The heterodyne signals at the level of each telescope are sensitive to the electric field E(r, t) of the astronomical object. As a consequence, the degree of spatial coherence can be extracted by integrating in time the multiplication product of the RF heterodyne signal :

s 1 (t)s 2 (t) ∝ E(r, t)E(r + λf, t (2.16)
This operation is done at the level of a correlator, whose role is to extract the degree of coherence of the object. The relation Eq 2.16 is in fact a bit simplistic7 : the exact derivation of the correlation signal will be detailed given in more details in Sec 2.4.

As the incident signal is converted in the RF domain, the delay compensation can be performed in the RF domain, or even a posteriori by registering the RF signals and processing them afterwards, as it is done in Very Long Baseline interferometry (VLBI). In the correlation process, the relative phase of the local oscillator has to remain stable in time, as the phase of the heterodyne signal measures the phase difference of the astronomical signal with the phase of the local oscillator. This requires a relative phase-locking of the local-oscillator, which is achieved by dedicated stabilization loop (see Sec 2.3.3).

The general layout describing a heterodyne interferometer is shown in Fig. 2.7 . In the next section, we show how this scheme was implemented in practice in the mid-infrared, in particular on the Infrared Spatial Interferometer.

Implementation of infrared heterodyne interferometer

The first demonstrations of infrared heterodyne interferometry go back to early 70s (J. [START_REF] Gay | Heterodyne detection of blackbody radiation[END_REF][START_REF] Johnson | [END_REF], and were initiated simultaneously in two separate groups, in France with Jean Gay at Calern observatory (Soirdété, now C2PU, J. [START_REF] Gay | An infrared astrometric interferometer[END_REF], and in the USA in Pr. C.H. [START_REF] Gay | Heterodyne Interferometry in InfraRed at OCA-Calern Observatory in the seventies[END_REF].

The Infrared Spatial Interferometer (ISI)

The ISI provides one of the first astronomical interferometers operating in the infrared. The ISI was an interferometric array combining up to 3 telescopes at a wavelength λ = 11 µm, which observed routinely during more than ten years from the early 90s at Mount Wilson. Despite clear sensitivity limitations (50 -100 Jy in one hour incoherent integration time), the ISI was scientifically productive throughout all its existence, primarily focusing on the study of massive evolved stars. It was also the first interferometer observing in the N band (C. H. [START_REF] Townes | Quantum Nonlocality in Weak-Thermal-Light Interferometry[END_REF], and also the first instrument to measure closure phase in this wavelength range (David D. S. Hale et al., 2003). In the following, we give a brief description of the ISI system, which was an essential inspiration of the work presented in this thesis. The essential features of the architecture of the ISI could be listed as follows and are summarized in the block diagram of 2.8. We also refer the reader to a detailed description of the system in (D. D. S. Hale et al., 2000).

• telescopes : the array was composed of 3 siderostats with 1.65m diameter which could be moved (mounted on trucks), so that the array was easily re-configurable.

• local oscillator : a CO2 laser was located at each telescope to serve as a local oscillator. CO2 lasers were chosen for their very high stability and very high power. In order to act as a coherent array, the relative phase of the local oscillators were locked together.

To do so, part of the local oscillator were sent through periscope and interfered on a detector : the beating term was then locked on a stable frequency reference at 1 MHz (quartz oscillator) and fed a phase locked loop (PLL) acting on the cavity of the lasers. This scheme supposed a phase stabilization of the link on which were propagated the CO2 laser : this stabilization was ensured by a dedicated metrology with He-Ne lasers. Importantly, the exact frequencies of the CO2 lasers differ by exactly 1 MHz, a feature which will be used later in the fringe encoding.

• detectors : the detectors were MCT detectors (HgCdTe photodiode) whose bandwidth and IF circuitry were sensitive on 0.2 -2.8 GHz. Both sidebands of the system were detected (double sideband correlation, see below)

• correlators : the initial implementation was an analog correlator based on a wideband RF components and a hybrid mixer ("magic T"). This early correlator enables to extract the correlation product, integrated over the whole detection bandwidth of the photodiodes (see Chap 6 for a more detailed discussion on ISI's analog correlator). In a later version, this correlator was later equipped with a filterbank module [START_REF] Monnier | Infrared interferometry and spectroscopy of circumstellar envelopes[END_REF], in order to perform high-resolution spectroscopy. More recently, FPGA-based correlator (3 GHz bandwidth, 63 channels) were under development.

Heterodyne interferometry : correlation and interferometric signal

We describe the correlation of the signals of a heterodyne interferometer. This description is largely based on the introduction given in Thompson, Moran, andSwenson, 2017 and[START_REF] Monnier | Infrared interferometry and spectroscopy of circumstellar envelopes[END_REF].

The signal detected at the level of each telescope is the result of the down-conversion of the astronomical signal through a heterodyne detection. In the most general way, the heterodyne signal detected at the level of each telescope, originating from an angular direction θ with central mid-infrared frequency (or angular frequency ω s ), can be written : .17) with g k the total complex gain of the detection chain at telescope k (including the quantum efficiency of the detector), E LO,k the amplitude of the LO field (real scalar), E s (θ, ω s ) the astronomical field (real scalar), Φ k (θ, ω s , t) the phase of the down-converted signal at the entrance of the correlator, and c.c. the abbreviation of complex conjugate. The phase difference Φ k (t) takes into account the frequency and the phase of the signal after the down-conversion in the heterodyne detection, as well as the different delays introduced along its path, due both to the elevation of the object in the sky and additional delays in the instrumental chain. We describe this phase along the path of the interferometer, which is a fundamental step in order then to describe the correlation of the signals.

   s 1 (t) = g 1 • E LO,1 E s (θ, ω s )e iΦ 1 (θ,ωs,t) + c.c. s 2 (t) = g 2 • E LO,2 E s (θ, ω s )e iΦ 2 (θ,ωs,t) + c.c. ( 2 

Phase of the interferometric signals

The path of the interferometric signals, introduced in Fig. 2.7, is reproduced in a simple fashion in Fig. 2.9 for the sake of clarity. The phase at the different steps of the interferometer are the following:

(a) Propagation: the phase of the incident astronomical signal at telescope 1 is the phase of the astronomical signal ω S t, shared with telescope 2, delayed in time t → t -τ (θ, t), with τ (θ, t) the geometrical delay associated to the position of the object in sky. The phases of the electromagnetic field right before the heterodyne detection at the level of each telescope is thus:

   Φ 1,a (θ, ω s , t) = ω s (t -τ (θ, t)) Φ 2,a (θ, ω s , t) = ω s t (b)
Heterodyne detection: the signal is then detected at the level of each telescope by an heterodyne detection, which down-converts the incident infrared signal in the RF domain. Writing the instantaneous phase of each LO as ω LO,k t + φ k , and based on the previous description of a heterodyne detection in Sec 2.3.2, the phase in each interferometric channel becomes :

               Φ 1,b (θ, ω s , t) = ω s t -τ (θ, t) -ω LO,1 t + φ 1 = (ω s -ω LO,1 )t -ω s τ (θ, t) -φ 1 Φ 2,b (θ, ω s , t) = ω s t -ω LO,2 t + φ 2 = (ω s -ω LO,2 )t -φ 2
(c) Instrumental delay: in order to compensate 9 for the delay due to the elevation of the object in sky, a relative delay

τ d (t) is introduced in channel 2, which results in a change of t → t -τ d in channel 2:    Φ 1,c (θ, ω s , t) = (ω s -ω LO,1 )t -ω s τ (θ, t) -φ 1 Φ 2,c (θ, ω s , t) = (ω s -ω LO,2 ) t -τ d (t) -φ 2 (2.18)
The geometrical delay τ (θ, t) is related to the position of the object in sky. It can be described by introducing S 0 , which locates the center of the interferometric field of view, and the vector σ which corresponds to the angular position relative to the center of this field of view, see Fig. 2.9. The phase associated to this phase delay is:

ω s τ (θ, t) = ω s B c S 0 (t) + σ = ω s B c S 0 (t) ωsτ B (t) + ω s B c σ φ(θ,ωs) (2.19)
with τ B (t) the main delay associated to elevation of the object in the sky (i.e. the delay associated to the center of the field of view S 0 ), and φ(θ, ω s ) the astrophysical phase of the object, which will enter into account when describing the spatial coherence of light (see later, Eq. 2.27).

Finally, the frequency at which the incident signal is downconverted is usually called the intermediate frequency (IF) (Thompson, Moran, and Swenson, 2017), written ω if , which verifies the relation :

ω s = ω LO ± ω if (2.20)
The ± refers to the two possible incident optical frequency which can be folded on the same intermediate frequency ω if in the RF domain. The higher and lower frequency refer to the Upper-Sideband (USB) and the Lower Sideband (LSB) respectively.

Correlation product

The correlator performs the multiplication product of the heterodyne signals. For one incident frequency ω s of the intermediate frequency bandwidth and one angular direction θ in the interferometric field of view, this product is written : .21) where here the sum terms Φ 1 (t) + Φ 2 (t) vanished in the integration by the detector.

s 1 (t)s 2 (t) ωs,θ ∝ g 1 g * 2 |E s (ω s , θ)| 2 e i[Φ 1 (θ,ωs,t)-Φ 2 (θ,ωs,t)] + c.c. ( 2 
Based on the previous Eq 2. 18, we can compute the phase difference of the phase of each interferometric channels :

Φ 1 (θ, ω s , t) -Φ 2 (θ, ω s , t) = (ω s -ω LO,1 )t -(ω s -ω LO,2 )(t -τ d (t)) -ω s τ (θ, t) -(φ 1 -φ 2 ) = (ω s -ω LO,1 )t -(ω s -ω LO,2 )t + (ω s -ω LO,2 )τ d (t) -ω s τ (θ, t) -(φ 1 -φ 2 ) = (ω LO,2 -ω LO,1 )t + (ω s -ω LO,2 )τ d (t) -ω s τ (θ, t) -(φ 1 -φ 2 ) = (ω LO,2 -ω LO,1 )t -ω s (τ (θ, t) -τ d (t)) -ω LO,2 τ d (t) -(φ 1 -φ 2 ) (2.22)
By using the expression of τ (θ, t) in Eq.2.19 and the definition of the intermediate frequency Eq. 2.20, the terms related to the delays can be re-written:

-ω s (τ (θ, t) -τ d (t)) -ω LO,2 τ d (t) = -(ω LO,2 ± ω if )(τ B (t) -τ d (t)) -φ(θ, ω s ) -ω LO,2 τ d (t) = ∓ω if (τ B (t) -τ d (t)) -φ(θ, ω s ) -ω LO,2 τ B (t) (2.23)
By summarizing the different terms, the final phase difference is :

Φ 1 -Φ 2 = (ω LO,2 -ω LO,1 )t Frequency difference of LOs : ∆ω 21 ∓ω if (τ B (t) -τ d (t)) Delay difference ∆τ (t) -φ(θ, ω s ) Astrophysical Phase -ω LO,2 τ B (t) Natural Fringe Frequency + (φ 2 -φ 1 )
Phase difference of LOs

∆φ 21 = ∆ω 21 t ∓ ω if ∆τ (t) -φ(θ, ω s ) -ω LO,2 τ B (t) + ∆φ 21 (2.24)
At the level of the correlator, the correlation product Eq. 2.21 is then integrated over all the angular directions θ as well as all the frequencies ω s :

s 1 (t)s 2 (t) ∝ ω IF θ s 1 (t)s 2 (t) θ,ωs dθdω IF (2.25) ∝ ω IF θ g 1 g * 2 |E s (θ, ω s )| 2 e i[Φ 1 (θ,ωs,t)-Φ 2 (θ,ωs,t)] dθdω IF (2.26)
We can identify the complex coherent flux F c (B/λ, ω s ) from the integration over all the angular directions (Zernike van-Cittert theorem) :

|F c (B/λ, ω s )|e iφ V (B/λ,ωs) = θ |E s (θ, ω s )| 2 e -iφ(θ,ωs) dθ (2.27)
Using this expression of the coherent flux, and isolating the terms related to ω IF in order to perform the integration :

s 1 (t)s 2 (t) ∝ ω IF g 1 g * 2 |F c (B/λ, ω s )|e iφ V (B/λ,ωs) e ∓iω if ∆τ (t) e i[∆ω 21 t+∆φ 21 -ω LO,2 τ B (t)] +c.c. dω IF (2.
28) The signal is then integrated over the full RF bandwidth. The complex gains g 1 and g 2 of the instrumental chain can in fact depend on ω if , which can also be included in the total response of the chain. The total complex gain averaged over the bandwidth is (Thompson, Moran, and Swenson, 2017;[START_REF] Monnier | Infrared interferometry and spectroscopy of circumstellar envelopes[END_REF] :

|G(∆τ (t))|e iφ G e ±iωc∆τ (t) = ω IF g 1 (ω IF )g * 2 (ω IF )e -(∓iω IF ∆τ (t)) dω IF
where we have written ω c the central angular frequency of the detection bandwidth. We note that this terms is maximal when the delay difference is perfectly matched in the interferometer ∆τ = 0 (maximization of the contrast associated to the temporal coherence of the signal).

Finally, the expression of the correlation product integrated over the total bandwidth is : .30) In the following, this expression will give the basis to describe the output of the correlator.

s 1 (t)s 2 (t) ∝ |G(∆τ (t))|•|F c (B/λ, ω s )|e iφ V (B,ωs) e iφ G e ±iωc∆τ (t) (2.29) × e i[∆ω 21 t+∆φ 21 -ω LO,2 τ B (t)] + c.c. ( 2 

Fringe frequency & lobe rotation

The frequency of the fringes at the output of the correlator is related to the time-varying terms in Eq. 2.24, which includes different contributions:

• the frequency difference of the local oscillators ∆ω 21 t

• the term ω LO,2 τ B (t), which varies in time as the source crosses the sky, and is denominated the natural fringe frequency.

• the phase difference of the LOs ∆φ 21 (t) : in practice, this phase difference is indeed time-varying (intrisic phase fluctuations of the laser, relative path difference fluctuations between each LO, etc.), compared to the ideal case introduced previously (constant phase: φ 2 -φ 1 ). In addition, the term related to the additional time delay introduced in the RF domain ω c ∆τ (t) is also contributing to the total phase term: the goal however is to nullify this term in order to maximize the temporal coherence of the signal.

In this ensemble of terms, we can see that a small frequency difference between the midinfrared LOs can compensate for the natural fringe frequency, an operation usually called lobe rotation. This operation is commonly implemented at the level of the correlator, as it was done on ISI, so that the fringes can be encoded at a given frequency. In the following, we will write f 12 this frequency at which the fringes are encoded :

∆ω 21 t + ∆φ 21 (t) -ω LO,2 τ B (t) ± ω c ∆τ (t) = 2πf 12 t (2.31)
As mentioned above, it can be seen from Eq 2.31 that the relative phase difference of the LOs has to be stable in time. This relative phase stabilization of the LOs is exactly the operation that we designate as the phase stabilization of the LOs. We note that ∆Φ(t) has not necessarily to be set to zero, and can be locked on a frequency reference 10 .

Single-sideband (SSB) correlation

The response of the correlator written in Eq 2.25 is :

s 1 (t)s 2 (t) SSB = |F c (B/λ, ω s )|•|G(∆τ (t))|× cos 2πf 12 t + ω c ∆τ (t) + φ V (B/λ, ω s ) + φ G (2.32)
The expression Eq (2.32) represents the response of a correlator for a single sideband (upper or lower) separately, which provides the basis to describe the correlator response. In practice, these sidebands are not necessarily measured separately, which will require to introduce a distinction between single-sideband and double-sideband operation.

Double-sideband (DSB) correlation

In the case where the two signals are multiplied and integrated without additional operations, the upper-and the lower-sideband are added. In this case, the response of the correlator is :

s 1 (t)s 2 (t) DSB = |F c (B/λ, ω s )|e iφ V (B/λ,ωs) e 2iπf 12 t |G(∆τ (t))| × e +iφ G e +iωc∆τ (t) + e -iφ G e -iωc∆τ (t) + c.c. = |F c (B/λ, ω s )|•|G(∆τ (t))|cos ω c ∆τ (t) + φ G cos 2πf 12 t + φ V (B/λ, ω s ) (2.33)
In the following, in particular in Chap 6 and Chap 7, most of the operations considered here will correspond to DSB operation.

Delay and sky rotation

Delay compensation

As written in Eq 2.19, the elevation of the object in sky introduces a relative delay between each telescopes, which is written :

τ (t) = B c • S 0 = B c cos(θ 0 (t)) (2.34)
with θ 0 (t) the elevation angle of the star above the horizon. This delay has to be compensated in order to observe fringes within the coherence length c/∆ν. The minimum coherence length in the case of heterodyne detection is of the order of a cm (assuming ∆ν = 30 GHz), down to a few mm in the extreme case (assuming ∆ν = 30 GHz) : this is the advantage of narrow detection. In addition, this delay can be introduced after the detection stage, for example in the correlator.

Natural fringe frequency

As introduced in Eq. 2.31, and irrespective of the delay compensation τ d (t) introduced at the level correlator, an additional term, the natural fringe frequency (see paragraph "Fringe frequency & lobe rotation"), also varies in time as the source crosses the sky 11 . The typical order of magnitude of the maximum rate of these fringes (when the object is at zenith), is given by John [START_REF] Monnier | Infrared interferometry and spectroscopy of circumstellar envelopes[END_REF] :

ν F F ≤ d 100 m λ 10 µm
• 727 kHz (2.35) This relation gives the typical rate at which the fringes have to be corrected, as mentioned in Eq 2.31.

Atmospheric phase fluctuations

In the same way as for amplitude interferometry, atmosphere introduces relative phase fluctuations, which limits the coherent integration time and the sensitivity of the interferometer (see Sec 2.3.1). As for amplitude interferometry, the only way to correct it is to use a fringe-tracker.

In Chap 4 ("Technological challenges"), we discuss the possible technological option in this perspective.

Conclusion

Infrared interferometry is the only technique enabling the imaging of planetary environment with mas resolution in the mid-infrared. Its implementation requires the combination of a large number of telescopes, at high-contrast, with kilometric baselines. This problem represents a major open challenge of current astronomical instrumentation, which requires a profound reassessment of the architecture of infrared interferometer in this perspective, as proposed in the Planet Formation Imager initiative.

In this work, we propose to explore the application of heterodyne infrared interferometers to the recombination of a large number of telescopes and kilometric baselines in the mid-infrared (N band). Based on the initial proposition of (Swenson, 1986) and [START_REF] Ireland | A dispersed heterodyne design for the planet formation imager[END_REF], we propose to assess the feasibility of a renewed architecture of a heterodyne interferometer, based on the recent evolution of mid-infrared technologies in the field of detection, laser physics, and photonics. The reassessment of heterodyne interferometry in this perspective will be the object of Chap 4.

" C'est entendre le ciel sans y monter jamais.

-Marceline Desbordes-Valmore Les Séparés FU Orionis is a variable star, located at 450 parsec near the λ Orionis star forming region. It is the prototype of a small class of pre-main sequence (PMS) objects referred to as FU Ori objects (FUors). The main characteristic of FUors is to display an outburst of several magnitude at visible wavelengths over short timescales (1 year to 20 years typically), followed by a decay in luminosity over several decades, and more than 100 years in the case of FU Orionis (Lee Hartmann and Kenyon, 1996), as shown on Fig. 3.2 . In our current understanding of the phenomenon, FU Orionis is composed of an accretion disk, outshining the star by several order of magnitudes, and is surrounded by the remnant of large infalling envelope, feeding the accretion disk, and extending up to hundreds of AU. The favoured explanation for the FUors outbursts is that the disk experiences a considerable rise in the accretion rate, from 10 -10 -10 -7 M .yr -1 , typical for a T Tauri star, to 10 -4 M .yr -1 caused by a major instability within the disk, before returning to quiescence. As it is now clear that steady accretion rates deduced from T Tauri luminosity are not sufficient to build up a low-mass star over timescales of few million of years (Kenyon and L. W. Hartmann, 1990), it has been proposed that a large fraction of T Tauri stars must go through episodic accretion events, possibly several times during their early existence (N. [START_REF] Calvet | Evolution of Disk Accretion[END_REF]. FU Orionis may thus represent a crucial stage of the process of star and disk formation, although the exact mechanism at the origin of this phenomenon still remains elusive.

In particular, the origin of the instability is still poorly understood. [START_REF] Bell | Using FU Orionis outbursts to constrain self-regulated protostellar disk models[END_REF] have proposed thermal instabilities (TI) very close to the central star (≈ 0.1 AU) to be the main cause of the disk overheat. [START_REF] Armitage | Episodic accretion in magnetically layered protoplanetary discs[END_REF][START_REF] Zhu | Twodimensional Simulations of FU Orionis Disk Outbursts[END_REF][START_REF] Bae | Accretion Outbursts in Self-gravitating Protoplanetary Disks[END_REF] make the case for a gravitational instability on the external parts of the disk that cause pile-up of material in the inner disk (≈ 1 -2 AU), triggering massive Magneto-Rotational Instability and thus an accretion outburst (MRI-GI). In all theories, the return to quiescence corresponds to a state where the inner disk drains out and the physical conditions cannot longer sustain MRI, gravitational or thermal instabilities. We refer to [START_REF] Audard | Episodic Accretion in Young Stars[END_REF] for a complete review of the different scenarios for FU Orionis outbursts. This scenario was first supported by the presence of an infrared excess which can be modeled by a simple steady accretion disk in FU Orionis. In addition, spectroscopic features are well explained by a keplerian disk in rotation, in particular double-peaked line profiles, rotationally broadened CO bands, and increasing line broadening at shorter wavelength, probing inner regions of the disk with larger rotation velocity (Lee [START_REF] Hartmann | The FU Orionis Phenomenon[END_REF].

The only technique able to spatially resolve the inner AU (<2 mas) of FU Orionis, where the outburst takes place, is near-infrared interferometry. As a relatively bright object in the near-infrared, FU Orionis has been a prime target of interferometry, and was the first YSO to be spatially resolved (F. [START_REF] Malbet | FU Orionis Resolved by Infrared Long-Baseline Interferometry at a 2 AU Scale[END_REF], which gave a direct evidence of the presence of an accretion disk. The initial study by F. [START_REF] Malbet | FU Orionis Resolved by Infrared Long-Baseline Interferometry at a 2 AU Scale[END_REF] was then confirmed and refined in F. [START_REF] Malbet | New insights on the AU-scale circumstellar structure of FU Orionis[END_REF], which provided a first estimation of the temperature profile of the disk, and explored the potential detection of an embedded hot spot. This estimation was recently complemented by Labdon et al., 2020, based in particular on J-band interferometric data on CHARA/MIRC-X, which confirmed the T ∝ r -3/4 temperature profile expected in the case of a standard accretion disk. In addition, the presence of an extended flux as a general features of FUors in interferometric data, corresponding to the remnant of the infalling envelope, was first revealed by R. [START_REF] Millan-Gabet | Keck Interferometer Observations of FU Orionis Objects[END_REF] on a sample of three FUors. The properties of the dusty envelope of FU Orionis itself was examined in the mid-infrared by [START_REF] Quanz | FU Orionis: The MIDI VLTI Perspective[END_REF], and more recently by Liu et al., 2019 through ALMA and GRAVITY data, both of which inferred the presence of a cold envelope. However, at this time, none of these interferometric studies specifically focused on identifying the origin of the disk instability.

In this study, we propose to take advantage of more than 20 years of interferometric observations to perform a temporal monitoring of the outbursting region of FU Orionis. The goal of this work is to measure the typical size of the outbursting region of the disk and to put constrain on its variation of size in time. We compare these observations with the numerical simulations of a disk obtained with pure TI and MRI-GI models in order to distinguish between these different scenarios, and to add constrain on the value of the physical parameters of instability.

Section 3.2 describes the data set used in our study. The global geometrical modeling of FU Orionis, as well as the methodology used to analyze our data sample is presented in
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Section 3.3. The results of this analysis are presented in Section 3.4. Finally, in Section 3.5, we compare these results with MHD simulation of FU Orionis outburst, and we discuss the implications of these observations on the origin of the instability mechanism at play in FU Orionis. 

Observations

We based our analysis on three classes of data : archival data, dedicated observing programs on VLTI/PIONIER and GRAVITY, and additional archival data, for which data reduction has been redone. Given the heterogeneity of the dataset, a specific emphasis was put on the examination of the data quality, in order to identify potential sources of bias for each observation. The different information relative to the data as well as the acronym by which they will be designated in the following are provided in Tab.3.1.

Interferometric archival data

The majority of the archival data originates from the legacy study of F. [START_REF] Malbet | New insights on the AU-scale circumstellar structure of FU Orionis[END_REF] This dataset is essentially based on IOTA and PTI observations. These observations were carried between 1998 and 2003, which enables to add valuable constraints on the longer time scale in this study. These observations consist in 2 apertures observations, at low spectral resolution in H and K band. IOTA and PTI observations cover complementary spatial scales (respectively small baselines ∼ 30 m and large baselines ∼ 120 m). These observations were initially gathered as a unique temporal point in the original study of F. [START_REF] Malbet | New insights on the AU-scale circumstellar structure of FU Orionis[END_REF], in order to obtain the most complete coverage of the (u,v)-plane. In the present study, we have chosen to separate temporally the PTI observations for each year, and when IOTA data were available, to gather them with PTI data of the closest year in order to benefit simultaneously from constrain on small and high spatial scales. Given the specific format of these observations, the reduced data included in this analysis were provided by Regis Lachaume (private communication).

In addition to IOTA and PTI observations, we have included CHARA/CLIMB observations (PI : R.Millan-Gabet) which were conducted on 2 nights on 2010 -11-30 and 2011-10-27. Due to the larger number of telescopes and the larger baselines, these observations offer a more complete sampling of the (u,v)-plane in a single observation. In the case of CLIMB10 data, a large dispersion can be seen in the visibility data, as well as a significant discrepancy at high spatial scales (low visibilities) for the same baselines with respecti to CLIMB11 data. We will keep CLIMB10 and CLIMB11 in our sample in the following, as they enable to constrain the disk around year 2010 in the K band, however a higher level of confidence will be given
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on CLIMB11 in the analysis given its lower dispersion in visibility data. These observations were provided by A.Labdon and S.Kraus (private communication), and were reduced using J.D.Monnier's pipeline at University of Michigan.

Finally, we also include two CHARA/MIRCX observations, conducted on 2018 -11-27 and2019-10-03, andinitially published in Labdon et al., 2020. The data were reduced and provided by A.Labdon and S.Kraus (private communication) using the MIRC-X standard reduction pipeline1 .

Dedicated interferometric observing programs

In order to add two contemporary reference observations in H and K band respectively, we performed two dedicated observations of FU Orionis on PIONIER and GRAVITY instruments on VLTI.

The PIONIER observation was obtained through a specific DDT proposal awarded in winter 2019 (PI:Bourdarot), which was conducted on night 2019-02-20 (ESO run 2102.C-5036).

PIONIER observation with large configuration on the 1.8m Auxiliary Telescopes (ATs) was specifically chosen in order to reach the highest angular resolution and to obtain the most complete (u,v)-coverage on VLTI. Data were reduced using the standard pndrs pipeline (Le [START_REF] Le Bouquin | PIONIER: a 4-telescope visitor instrument at VLTI[END_REF] and exhibit a low statistical dispersion. GRAVITY observations were obtained on GTO time (ESO run 106.212G.004, PI:Perraut) on the 8.2m Unitary Telescopes (UTs) and reduced through the standard ESO pipeline. This dataset benefits from the exquisite low errorbars reached by the UTs, however the difference between AT and UT data is significantly higher than the errorbars of each dataset. This discrepancy is most likely originating from the different interferometric field of views [START_REF] Perrin | Single-mode interferometric field of view in partial turbulence correction. Application to the observation of the environment of Sgr A* with GRAVITY[END_REF], given the difference in terms of telescope diameter in each observations. This effect is made even more apparent given that FUors objects are embedded in large envelopes, which cover the whole field of view and contribute to a non-negligible fraction of the interferometric flux. This difference will be taken into account in the geometrical modeling of the interferometric visibility in Sec.3.3.

Data-reduction on archival data

We also include in our analysis different datasets for which it was possible to perform a new data reduction.

In the H band, two PIONIER observations were included. PION10 originates from commissioning observations, retrieved from the OIdB platform of the Jean-Marie Mariotti Center (JMMC) 2 . PIONIER 2017 data were retrieved from the publicly available ESO archive 3 (PI: Garcia-Lopez, ESO run ID 0100.C-0278(J) ). We reduced both datasets using the standard pndrs pipeline (Le [START_REF] Le Bouquin | PIONIER: a 4-telescope visitor instrument at VLTI[END_REF]. PION10 shows a relatively large dispersion, but visibility values consistent with other small baselines observations such as IOTA. On the contrary, relatively low data dispersion and small errorbars are seen on PION17 data, but with significantly higher visibility values than comparable PIONIER observations on ATs. Such high values in PION17 observation would correspond to an almost non-resolved object. A careful inspection of the calibrators did not show anomalies in the calibration procedure. However, intermediate products of the data reduction highlights strong phase variations during that night, which are likely to bias the visibility of the fringes. Surprisingly, these phase variations occur during particularly good seeing conditions <0.6". We postulate that these variations could originate from a dome-seeing effect, similar to the low-wind effect known on the UTs for high-contrast imaging [START_REF] Milli | Low wind effect on VLT/SPHERE: impact, mitigation strategy, and results[END_REF], which would explain such degradation specifically in very good atmospheric conditions. To the best of our knowledge, this effect was not reported in previous interferometric observations. In the following, we analyse PION17 dataset but we caution that data may be biased (see Tab.3.1).

In the K band, three additional archival datasets were included. We reduced VINCI observation originally included in F. [START_REF] Malbet | New insights on the AU-scale circumstellar structure of FU Orionis[END_REF] using the standard vndrs pipeline [START_REF] Kervella | Data reduction methods for single-mode optical interferometry. Application to the VLTI two-telescopes beam combiner VINCI[END_REF]. VINCI data were obtained on the UTs so that similar remarks concerning the difference of interferometric field of view apply here. We also reduce two GRAVITY datasets on the ATs. For both observations we used the fringe-tracker (FT) channel rather than scientific (SCI) channel of GRAVITY. In the case of GRAVI17, we used the fringe-tracker data only, due to insufficient SNR in the science channel in high-resolution mode (R ≈ 4000). Concerning GRAVI2016, a careful inspection of the intermediate product of data reduction highlights large discrete phase fluctuations of the fringe tracker away from the zero Optical Path Differrence (OPD) reference. This perturbation potentially creates or amplify the chromatic dependency seen in the visibilities : this point is discussed in more details in Sec.3.4.

Spectral Energy Distribution

In order to complement our analysis, we also provide a recent SED of FU Orionis using Gaia DR2, DR3 and TESS photometric data. A particular attention has been drawn to gather data originating from a limited range of time (2015)(2016)(2017)(2018)(2019)) in order to avoid potential temporal variation. These data are summarized in Appendix in Tab.3.6 .

Methodology of the geometrical modeling and of the temporal analysis

In this section, we describe the geometrical modeling of FU Orionis and the fitting strategy used in our temporal analysis. The final goal of this analysis is an estimation of the full-widthat-half-maximum (fwhm) size of the emission as a function of time. In addition, given the heterogeneity of the dataset, particular attention is paid to provide a reliable estimation of the statistical and systematics errors of the fwhm, in particular through a dedicated bootstrap analysis.

Geometrical modeling of FU Orionis

In order to introduce the geometrical modeling of FU Orionis, we present one observation which exhibits the archetypal features of our sample, as shown on Fig.3.3. In the following, the different components of the model are described from the largest spatial scale (i.e. smallest spatial frequency) to the smallest spatial scales (highest spatial frequency). Three main components can be identified in the visibility : a fully resolved component, designated as the extended envelope ; a resolved emission ; and a central unresolved component. This model is in fact very similar to the picture deduced from NIR interferometric observations over a large sample of Herbig Ae/Be stars [START_REF] Lazareff | Structure of Herbig AeBe disks at the milliarcsecond scale . A statistical survey in the H band using PIONIER-VLTI[END_REF]Gravity Collaboration et al., 2019).

Extended envelope

FU Orionis is embedded in a large extended emission, also visible on high-contrast images at very large spatial scales [START_REF] Takami | Near-infrared Highresolution Imaging Polarimetry of FU Ori-type Objects: Toward a Unified Scheme for Low-mass Protostellar Evolution[END_REF]. This emission corresponds to the large infalling envelope which feeds the disk in the classical picture of FUors (Lee [START_REF] Hartmann | The FU Orionis Phenomenon[END_REF]. In the case of interferometric observations, this extended flux fills the whole interferometric field of view, whose extension corresponds typically to the diffraction limit of one telescope [START_REF] Perrin | Single-mode interferometric field of view in partial turbulence correction. Application to the observation of the environment of Sgr A* with GRAVITY[END_REF], of the order of 250 mas ≡ 100 AU for an ATs in H band. Finally, in the visibility space, the extended component corresponds to a low spatial frequency object, fully resolved in our observations, which will be modeled as a dirac function with a certain amplitude f e , centered on zero spatial frequency. In Fig 3.3, this component appears indeed as an apparent offset between the maximum of the resolved visibility and the V 2 = 1 visibility at null spatial frequency. Given the apparent spectral dependency visible in GRAVITY data, also reported in (Liu et al., 2019) with the same dataset, f e will be modeled by a second order polynomial, with coefficients (f 0 ,f 1 ,f 2 ) (see Tab 3.2). The detailed of the visibility functions used in the models are given in Tab 3.2.

Resolved emission

The second component visible on the interferometric observations is a regularly decreasing visibility profile, whose extent is inversely proportional to the typical size of the emission zone. This component is marginally resolved on spatial frequencies 45Mλ ≡ 100 m in K band, and therefore will be modeled as a gaussian elongated disk V d (α, β), with a the full-width-athalf-maximum (fwhm) of the gaussian, θ the position angle of the disk and i the inclination angle of the disk (cf Tab 3.2) . The coordinates (α, β) are expressed in the reference frame of 

   α = u cos θ -v sin θ β = u cos θ + v sin θ cos i (3.1)
In the geometrical model, this component will be designated as the resolved emission. In the common picture of FU Orionis, this resolved component is associated to the inner disk of the inner disk surrounding FU Orionis that constitutes the brightest component of the object, where the instability at the origin of the outburst takes place. In this respect, the primary goal of the present study is to constrain the size of this emitting region as a function of time. A further physical interpretation of this component will be given in 3.5.

Central unresolved component

The last component of the object is associated to the smallest spatial scales i.e. highest spatial frequencies. The MIRC-X and CLIMB visibility data shows an asymptote in the visibility that betrays the presence of a component that can be considered as unresolved at the angular resolution of this facilities (150 Mλ). This unresolved component corresponds to a very compact emission in the inner part of the disk, below the resolution of the interferometer < 0.1 AU, which could originate from the natural peak of luminosity of a disk following a T -3/4 profile, or even from a boundary layer (see 3.4.3). In the following, we model this floor as a pure unresolved component i.e. a constant in visibility f uc (see Tab 3.2). This unresolved

Component

Visibility Model Fitted Parameters Extended envelope

f e (λ) = f 0 + f 1 (λ -λ 0 ) + f 2 (λ -λ 0 ) 2 • δ(0, 0) (f 0 , f 1 , f 2 ) Resolved emission exp - πa √ α 2 +β 2 4 log 2 a, θ, i Central unresolved component f c f c Tab. 3.2:
Components of the geometrical model used to fit FU Orionis visibility.

component is visible for the largest baselines (m = 150 Mλ 320) of MIRC-X observations in H band, as seen on Fig 3.3,and CLIMB observations in K band. Finally, the total visibility is written as the sum of the three individual components :

V (u, v, λ) = 1 -f uc -f e (λ) • V d (u, v) + f e (λ) • δ(0, 0) + f uc (3.2)
These three components are centered on the same reference position. In the following, the interferometric data consist in visibility squared, so that we will fit the modulus squared of Eq(3.2) to these observations.

Fitting strategy

The major constraint of this study arises from the large heterogeneity of the dataset, and in some cases from the sparsity of the uv-coverage of the oldest data (IOTA, PTI). These constraints call for a specific fitting procedure. We first present the global methodology used in this study to fit the interferometric data. We then detail this procedure for each particular datasets in H and K band.

General procedure

Our goal is to provide a robust estimation of a for each observation. For some observations, this estimation is degenerate, due for example to an insufficient coverage of the small spatial frequencies, which constrain the contribution of the extended envelope, or due to a limited coverage of the highest spatial frequencies, which constrain the contribution of the central unresolved component. Our general strategy consists in fitting the geometrical model to the most complete dataset, which provides an estimation of the whole set of parameters for these observations (Step 1), and to fix part of these parameters in order to fit the sparse datasets (Step 2) e.g. IOTA and PTI. In the latter case, the parameters that are assumed to be constant in time are typically : the position and inclination angles (θ and i), the spectral variation of the envelope (f 1 and f 2 coefficients, f 0 is fitted individually when small baselines are available), and the flux of the central unresolved component (f c ), which leaves only a and f 0 (when small baselines available) to be estimated. The validity of this approximation is discussed in Sec.3.4, and the exact parameters that are fixed depend on each particular dataset and will be detailed in the next paragraph. Finally, the errorbars of each parameters are obtained through a bootstrap analysis (Step 3) [START_REF] Efron | The Jackknife, the Bootstrap and other resampling plans[END_REF][START_REF] Kervella | Data reduction methods for single-mode optical interferometry. Application to the VLTI two-telescopes beam combiner VINCI[END_REF][START_REF] Lachaume | Towards reliable uncertainties in IR interferometry: the bootstrap for correlated statistical and systematic errors[END_REF] : for each observation, we draw with repetition a number of visibility points equal to the number of visibility points in the initial observation, and we fit the model to these points, in the same order (Step 1 and Step 2) than mentioned above. The fitted parameters are then registered, and the whole procedure is repeated from the start over a large number of trials (typically 1000). For each observation, the final parameters are estimated with the median value of the fitted parameters, and the upper and lower 1σ-errobars with respectively the 16% and 84% percentile of the distribution. At the end of the process, this method enables us to reconstruct the probability distribution of our fitted parameters and to evaluate their errorbars without any assumptions on their properties. In addition, it is possible to identify from the output probability distribution potential bi-modal or multi-modal results, which could trace potential biases or local minima in our parameter estimation.

The list of the fitted parameters, which shows also which parameters are fitted independently or fixed by an other observation, are summarized in Tab 3.3. The exact fitting procedure in each band is now detailed in the following section.

Fit of the H band data set

The whole set of parameters of the model are fitted in MIRCX19, PION19, MIRCX18 and PION17 independently (Step 1), considering the (u,v)-coverage and the spectral resolution available with this dataset. Given their limited baselines, PIONIER observations barely estimate the contribution of the unresolved component shown in Fig 3.3, so that f c parameter in PION19 and PION17 are fixed by MIRCX18. A bi-modal distribution can be seen at the output of MIRCX19 bootstrap, which may originate from an issue with the calibrator, so that we prefered to select MIRCX18 as a reference for the value of f c ; nevertheless, the values of f c obtained with MIRCX19 and MIRCX18 are consistent between each other. PION17 was both tested with independent and fixed parameters, but in both case this fit does not enable to obtain a reliable size estimation, for reasons explained in Sec 3.2. PION10, PTI00 and IOTA+PTI exhibit a sparse (u,v)-coverage, so that their parameters are fixed on a reference observation (Step 2). The fit on these three points was tested by choosing successively the parameters estimated in MIRCX19, MIRCX18 and PION19 as a reference. We finally chose the observation that minimizes the χ 2 of the fit of PION10, PTI00 and IOTA+PTI, which appears to be PION19. Due to the lack of small baselines, the contribution of the extended envelope in PION10 and PTI00 was fixed on PION19, and only the size a was fitted for these two observations. IOTA observations conducted in 1998 and PTI observations conducted in 1999 (Tab 3.1) were combined in the same point IOTA+PTI, as they enable to constrain both small and intermediate baselines respectively, at the price of a relatively low decrease in time resolution, which enables to provide an independent estimation of a and f c . The results of the bootstrap (Step 3) are computed after N = 1000 iterations, and are shown in Tab 3.3. The output of the bootstrap analysis of our reference observation PION19 is also provided in a corner plot in appendix (Fig 3.15).

Fit of the K band data set

In the K band, GRAVITY and CLIMB data provide independent fits of the whole set of parameters. The estimate of the position and inclination angles in K band appears to be more

Fitted parameters H Band a θ i f uc f 0 f 1 f 2 Obs [mas] [ • ] [ • ] [%] [%] [%]/µm [%]/µm 2 (1)
MIRCX19 0.46 1.9 sensible to their initial guess θ 0 and i 0 than in H band, so that the initial guess were chosen close to the output estimate in H band θ 0 = 50 • and i 0 = 35 • . In contrast to H band MIRC-X data, the contribution of the compact unresolved component is much less constrained in CLIMB data, due to a smaller number of visibility points at high spatial frequency (lower spectral resolution and lower number of baselines and spectral channels) and higher errorbars. As a consequence, f c parameter of GRAVI21, GRAVI17 and GRAVI16 were fixed to a value close to the estimate provided in H band (f c = 0.25). For CLIMB data, f c is let as a free parameter, but appears to almost not deviate from the initial guess, whatever the value of this guess, which is finally chosen equal to f c = 0.25. The parameters of PTI observations were fixed on GRAVI17, given the sparsity of these datasets, with only a let as a free parameter. GRAVI17 was preferred over GRAVI16 given the fringe-tracking issue in this observation (Sec 3.2), and over GRAVI21 given that the field of view of the ATs are closer to the field of view of PTI and IOTA observations. For the same reason, GRAVI21 was chosen as a reference for VINCI data, which were obtained on the UTs. In a similar fashion than data in H band, the IOTA and PTI observations conducted in 1998 were combined in a single point, which enables to provide an estimation of both a and f e . Finally, the results of the bootstrap in Tab 3.3 are also computed over N = 1000 iterations, and the corner plot of GRAVI17 is shown in Fig 3.16).

a θ i f uc f 0 f 1 f 2 Obs [mas] [ • ] [ • ] [%] [%] [%]/µm [%]/µm 2 ( 

54

Chapter 3 Temporal monitoring of FU Orionis with 20 years of near-infrared interferometry data

Results

In this section, we present the results of the temporal fitting, and we evaluate the validity of these results. The complete output of the fit can be found in Appendix 3.8,on Fig. 3.12,Fig. 3.13 and Fig. 3.14.

H band K band Mean fwhm

[AU] 0.33 

Size estimate of the resolved emission

The size a of the resolved emission as a function of time is shown in Fig 3.4. On average, the mean size a over all the observations is 0.33 +0.04 -0.08 AU in the H band and 0.34 +0.03 -0.03 AU in the K band, which are consistent with previous estimates based on comparable models ((Labdon et al., 2020)). The errorbars and the validity of each individual data point can be inspected through the output of the bootstrap. These output distributions follow overall a gaussian distribution in both H and K band, MIRCX19 and PION17 excepted, due to the above-mentioned observational biases. In the following, we will discard PION17, given that this size estimate is clearly inconsistent with the rest of the sample and that an observational bias is identified for this point. From Fig 3.4, the size estimate of the oldest datapoints in the the early 2000s differ significantly from the most recent points, in particular in K band. On the other hand, the errorbars of IOTA and PTI points tends to be underestimated by the bootstrap analysis, given that two parameters are fitted at the most. Hence, this temporal trend has to be considered with great caution. From this set of fwhm sizes, we estimate the temporal slope in H and K band. In order to provide a reliable estimate of the slope, we perform a bootstrap estimate of the temporal slope in each band, by drawing with repetition a subset of size estimate and by applying a linear fit on this subset. Given that the errorbars of the different points are not symmetric, we take into account the maximum errorbar of each point in the linear fit. This conservative approximation is consistent with the statistical distribution evaluated with bootstrap for almost all points. The temporal slopes resulting from the bootstrap are respectively -0.57 +0. 14 -0.33 AU/100yr and -0.30 +0.19 -0.19 AU/100yr in H and K band. These two values differ but remain in the 1σ range of each other. In H and K band respectively, the mean temporal slope is mostly constrained by the points with the smaller uncertainty i.e. MIRC-X and GRAVITY resp. Although the uncertainties of the first points in the 2000s are large, they contribute to draw the uncertainty contours of the temporal estimate, and are important to cover a large time span and to set upper and lower bounds on the size variation of the resolved emission. Finally, the overall consistency of this temporal slope with the mean estimate of a can be evaluated by comparing the points lying in the 1σ and 3σ estimate of the temporal slope in Fig.3.4. In K band, IOTA+PTI point lies outside the 3σ region, which confirms the caution to be taken with this point. (bottom). The temporal slope is estimated through bootstrap (dashed line : median of the bootstrap trials), the individual trials being over-plotted in the graph (green lines). Yellow and red regions highlight respectively the 1σ and 3σ contours of the fit. The red point in H band (PIONIER, 2017) is discarded from the estimation of the slope with bootstrap, due to an observational bias identified for this point.

Results

Chromatic dispersion of the extended envelope

The fit in the K band highlights a spectral dependency of the extended envelope in the GRAVI16 high-resolution data, as reported by Liu et al., 2019, who analyzed the same Gravity dataset. As pointed out in Sec 3.2, the raw interferometric data for this observation exhibit strong discrete shifts in OPD away from the zero OPD reference. These strong discrete shifts can translate into a chromatic decrease of the visibility, which could reproduce the chromatic effect observed in the visibility data (private communication with Jean-Baptiste Le Bouquin and Karine Perraut). No chromatic dependency of the extended envelope could be detected in GRAVI17 : however, only low-resolution was available for this dataset (fringe tracker channel), which can barely constrain such chromatic effect. GRAVI21 enables to shed a light on this ambiguity. Although the total contribution of the extended flux is smaller in GRAVI21, due to the smaller interferometric field of view of the UTs, we detect a comparable chromatic variation to that of GRAVI16 (see Tab 3.3). The fit of the extended flux as a function of wavelength is also shown in Fig 3.5. GRAVI21 tends to confirm that the flux of the extended envelope increases for longer wavelengths. Conversely, although we detect an extended flux contribution in H band, we do not detect any significant chromatic effect of this envelope in H band (see Tab3.3), neither in MIRC-X nor in PIONIER data. However, this lack of detection can also be attributed in part to the low spectral resolution at our disposal in these two bands (R < 50). The implication of the spectral dependency of the extended flux on the properties of the envelope will be discussed in Sec 3.5.6.

Compact unresolved component

The unresolved flux of the disk is better estimated in the CHARA/MIRC-X observations. The mean unresolved flux for these observations are f uc = 27.8 +0.3 -0.3 % and f uc = 29.1 +0.7 -0.8 % in the H band. This compact unresolved component thus represents a significant proportion of the total flux ∼ 30 %. All this flux should be encircled within a radius smaller than ∼ 0.1 AU (i.e within the inner disk), according to the maximum spatial frequency measured in MIRC-X observation.

Analysis

In this section, we compare our interferometric observations with two models of outburst, in order to put constraints on the accretion mechanism at play in FU Orionis. Two main scenarios have been put forward in the case of FUors : an outburst driven by Thermal Instability (TI) [START_REF] Bell | Using FU Orionis outbursts to constrain self-regulated protostellar disk models[END_REF], and an outburst driven by Magneto-Rotational Instability and triggered by Gravitational Instability (MRI+GI) in a magnetically layered disk model [START_REF] Armitage | Episodic accretion in magnetically layered protoplanetary discs[END_REF]. In the following, we compare the predictions of numerical simulations of the near-infrared emission spatial evolution for both mechanisms to our observations. These numerical simulations were provided by Geoffroy Lesur, with whom we collaborate on this project, and that will be described in the following section.

Thermal instability model

The first historical model is an outburst driven by TI [START_REF] Bell | Using FU Orionis outbursts to constrain self-regulated protostellar disk models[END_REF] : in this model, the outburst is triggered as the disk temperature increases up to the point where hydrogen is ionized, creating an abrupt change of opacity, which traps the thermal energy generated by the viscous disk and results in a thermal run-away of the disk. Since thermal instability requires a temperature ∼ 5000 K to be triggered, the instability starts at few stellar radii in the disk, and propagates outwards as the whole disk becomes unstable. Given that the accretion rate increases with the temperature in a standard accretion disk (Lynden- [START_REF] Lynden-Bell | The evolution of viscous discs and the origin of the nebular variables[END_REF], this large increase in temperature is equivalent to a large increase of the accretion rate. Ultimately, the instability front stops its propagation, and moves backwards onto the star. Once all the matter in the disk has been accreted onto the star (decrease of the accretion rate, and equivalently of the temperature), the disk returns to its lower state, until a new cycle begins. We note that TI instability is a general mechanism which can be applied to different type of astrophysical models, for example eruptions in dwarf novae. This instability model was implemented by Geoffroy Lesur in a 1D numerical model of standard disk, based on the model and the opacities prescription described in [START_REF] Bell | Using FU Orionis outbursts to constrain self-regulated protostellar disk models[END_REF] and assuming a star with a mass M = 0.5 M . This 1D model assumes that the disk is axisymmetric. To sample both inner and outer regions, a logarithmic radial grid is used, from 0.1 AU to 30 AU. The output of the simulation is radial profile of several parameters of the disk as a function of time (effective temperature, Toomre, parameter, surface density, etc.). In the following, we will use the effective temperature of the disk to simulate a visibility profile and a SED that we can then compare to our observations. The exact method used to compare this simulation with the observation is similar to MIR+GI simulation and will be described in more extent in Sec 3.5.3.

On a general basis, the comparison of TI models with the observations highlights two main difficulties. First, the size of the emission of the disk is typically < 0.1 AU in the TI model, compared to ∼ 0.3 AU measured in the interferometric observations. This smaller emission zone is inherent to thermal instability, which is triggered only in the innermost region of the disk, close to the star, where temperature is sufficiently high for hydrogen to be ionized. As seen on Fig 3.7, TI cannot sustain effective temperatures much higher than 4000 K up to a maximum extent of ∼ 0.1 AU. Second, as shown also in Fig 3.7, the instability fronts propagates inside-out, which should translate in a slow rise of magnitude over few tens to one hundred years, followed by a decay of luminosity over a similar timescale. This obviously contradicts the purely asymmetric profile in FU Orionis visible lightcurve, where a fast rise of magnitude (few years in the case of FU Orionis) is followed by a slow photometric decay (few hundred years). Different mechanisms have been proposed to trigger the instability in the outer edge of the disk, so that the instability can propagate outside-in and reproduce the lightcurve of the outburst. The most notable scenario is an instability triggered by an external perturbation, which could be compatible with the presence of a stellar companion FU Ori S at large separation [START_REF] Bonnell | A binary origin for FU Orionis stars[END_REF][START_REF] Cuello | Flybys in protoplanetary discs -II. Observational signatures[END_REF], or by an internal perturbation, in particular a planet of a few Jupiter mass (G. [START_REF] Lodato | Massive planets in FU Orionis discs: implications for thermal instability models[END_REF]. A review on these different models can be found in [START_REF] Audard | Episodic Accretion in Young Stars[END_REF] The implementation of such triggering perturbations in the code is out of the scope of this study. Finally, on a more fundamental level, an other difficulty of the TI model is related to physical justification of the value of α. The TI model implies a change of the value α between the hot state and the quiescent state, driven by the change in opacities. The values needed in this case have to be as low as 10 -3 in the hot state and 10 -4 in the cold state, in order to be compatible with the typical timescale of the eruption seen in FUors [START_REF] Bell | Using FU Orionis outbursts to constrain self-regulated protostellar disk models[END_REF], but the exact physical justification of these particularly low values of α remains problematic [START_REF] Hirose | Magnetic turbulence and thermodynamics in the inner region of protoplanetary discs[END_REF].

In view of these different elements, and following the advise of Geoffroy Lesur, we investigated a second instability model based on MRI+GI, in order to explain the outburst mechanism at play in FU Orionis.

MRI+GI in layered disk model

The second model considered in this work is a magnetically layered disk driven by MRI-GI [START_REF] Armitage | Episodic accretion in magnetically layered protoplanetary discs[END_REF]. In the lower state, the disk is structured with a thin surface layer, in which accretion occurs, and a dead zone from 0.1AU to 2AU [START_REF] Gammie | Layered Accretion in T Tauri Disks[END_REF], as shown in Fig 3.6. As a magnetically inactive region, the dead zone can not sustain MRI and is quiescent. Conversely, the outer region of the disk is considered as gravitationally unstable for radii larger than ∼ 3 AU. Material from the outer of the disk thus flows inwards and accumulates on the outer edge of the dead zone. As material piles up, the temperature pure TI model, based on the opacities provided in [START_REF] Bell | Using FU Orionis outbursts to constrain self-regulated protostellar disk models[END_REF].

increases, up to a point where it reached the activation temperature of MRI (T MRI ), which triggers the instability. This instability front propagates inwards and place the entire disk in a hot turbulent state. After the outburst, once all matter has been accreted onto the star, the inner disk returns to its initial quiescent state, until a new cycle is triggered. In addition to MRI, TI could locally be activated in the hottest and innermost region of the disk < 0.1 AU, although it is not essential in triggering and sustaining the outburst [START_REF] Armitage | Episodic accretion in magnetically layered protoplanetary discs[END_REF]. The MRI+GI was also implemented in a 1D numerical simulation by Geoffroy Lesur similar to the model described in Sec 3.5.1 (axisymmetric, logarithmic scale) , based on the model given in [START_REF] Martin | The Gravo-magneto Limit Cycle in Accretion Disks[END_REF]. The two parameters which are the least constrained in the models are T MRI and Σ crit [START_REF] Martin | The Gravo-magneto Limit Cycle in Accretion Disks[END_REF]. In the following, we provide a preliminary exploration of these parameters by comparing different simulations obtained with T crit = 800 K and 600 K, and Σ crit = 10 g.cm -2 and 40 g.cm -2 . The parameters of these different simulations are given in Tab 3.5, and the comparison of these simulations with our observations will be detailed in Sec 3.5.3.

Observables

SED, visibility and lightcurve from T eff

In order to compare the outputs of the simulations to our observations, we produced the SED, the interferometric visibility and the photometric lightcurve associated to each simulation.

The SED and the interferometric visibility are obtained following the method described in (F. [START_REF] Malbet | New insights on the AU-scale circumstellar structure of FU Orionis[END_REF], by integrating the flux of successive infinitesimal rings of the disk, whose effective temperature profile is given by the output of the numerical simulation. By doing so, the total flux as a function of time is : and the interferometric visibility :

F λ (i, t) = 2π d 2 cos i rmax r min rB λ [T eff (r, t)]dr (3.
V λ (B p , t) = 1 F λ (0) 2π d 2 rmax r min rB λ [T eff (r)]J 0 2π λ B p r d dr (3.4)
, with B λ the Planck function, J 0 the zeroth-order Bessel function, d the distance to FU Orionis, r max and r max the inner and outer radius of the simulation, and B p = B 2 u + B 2 v cos 2 i the projected baseline, where B u and B v are the coordinates (in [m]) of the baselines in the (u,v)-plane. Finally, the SED is corrected from interstellar extinction by a reddening the spectrum with A v = 1.4, as described in [START_REF] Pueyo | Constraining Mass Ratio and Extinction in the FU Orionis Binary System with Infrared Integral Field Spectroscopy[END_REF]. In addition to the visibility, the photometric lightcurves are constructed from the simulation by computing F λ (i, t).

Correction of T eff profile

The computation of the total SED and of the interferometric visibility is sensible to the temperature of the innermost regions of the disk, given that the temperature varies as a power-law of radius T ∝ r -q . The rigorous treatment of this inner region in FU Orionis requires a dedicated model of boundary layer [START_REF] Popham | Spectra and Line Profiles of FU Orionis Objects: Comparisons between Boundary Layer Models and Observations[END_REF], whose implementation in our numerical model of the outburst is out of the scope of this work. As a consequence, in the current simulation, the temperature profile in the innermost region of the disk (<0.03 AU) is likely to be underestimated. On the other hand, in order to correct the temperature down to a few stellar radii in the simulation, it could be reasonably approximated that the effect of a boundary layer is a corrective factor of the power-law temperature profile T ∝ r -q in the first 0.1 AU of FU Orionis, as also visible in [START_REF] Popham | Spectra and Line Profiles of FU Orionis Objects: Comparisons between Boundary Layer Models and Observations[END_REF]. In order to correct the temperature profile, we fitted the parameters q of the power law to the temperature profile of the inner region where the outburst occurs, so that the temperature profile in the innermost regions appears as the continuation of the profile given by the simulation. Given that this parameter appears to change slightly during the outburst in the simulation, q is fitted at each timestep of the simulation. We then extrapolate this profile down to an inner radius r in , the value of r in being set by fitting the observed SED of FU Orionis to the SED obtained with the corrected effective temperature profile. The values of r in and T (r in ) obtained from this procedure for each observation are given in Tab 3.5.

At this stage, we obtain the corrected SED, interferometric visibilities and photometric lightcurves, which can now be compared to the data. An example of the output of the model is given in Fig. 3.8 for one simulation in the MRI+GI scenario.

Fit of the simulated visibility profile

Finally, in order to provide a size estimate of the disk emission comparable to that of our interferometric observations, we fitted a geometrical model composed of a gaussian disk and a compact unresolved component to the visibility profile obtained from the simulations, at the central two central wavelengths of H and K band (λ = 1.65 µm and = 2.2 µm respectively). The estimation of a is sensible to the contribution of the compact component in this model. In order to provide consistent estimates between the simulation and the observations, we fixed the contribution of the compact flux during the fit of the simulated visibilities. We chose the value f c = 0.3 at λ = 1.65 µm and λ = 2.2 µm , which are close to the value obtained in the observations in H and K band (see Sec 3.4. Finally, the only free parameter in the fit is the size a of the resolved emission, which is fitted at each time-step of the simulation. This enables us to reconstruct the variation of the size of the disk emission as a function of time, which can be compared to our observations.

Size of the emission and temporal variation

The results of the fit of the simulated visibility profile described in the previous section is shown in Fig 3.9. The different estimates of the size of the emission in the interferometric observations range between 0.19 AU and 0.38 mas in H band, and between 0.25 AU and 0.46 AU in K band. These values are compatible with the different simulations in MRI+GI, but shows a significant discrepancy of about a factor 2 with pure TI model (Fig 3.9). In both TI and MRI+GI, the disk exhibits a theoretical profile T ∝ r -3/4 during the outburst. This profile is observed in interferometric observations presented (F. [START_REF] Malbet | New insights on the AU-scale circumstellar structure of FU Orionis[END_REF](Labdon et al., 2020). However, the sole knowledge of r -3/4 dependency does not differentiate these two models.

Simulation T MRI [K] Σ crit [g.cm -2 ] R * [R ] MRI+GI TI r in [R ] T (r in ) [K] 1 800 40 
The main difference between TI and MRI-GI arise from the maximum temperature that can be sustained by each type of instability, which reach respectively < 4500 K and ∼ 8500 K at the innermost truncation radius in the simulations, and translates in a difference of the typical extent of the emission zone in the disk, as observed here. In addition to this static view, the slope presented in Sec 3.4 is compatible with a constant size or a slow decrease. This slow decrease is better reproduced by the simulations labeled 1-2-4 in Tab 3.5. Simulations 3-5, where both MRI-GI and TI in the inner of the disk are included, are however better matched to the mean size observed in the sample. This plateau is in tension with the slow decrease observed in visible photometry, and very likely in K band photometry 4 . In that respect, this comparison should favour Simulation 2, which has the smallest size estimate among the simulations exhibiting a significant size variation (1-2-4).

In order to compare these simulations more objectively, we computed the χ 2 between the simulation and our estimated size samples. In H band and K band respectively, the simulation 5 and simulation 4 (resp.) have the lower χ 2 , but are mainly constrained by the recent points with low errorbars, and can not enable to reach a clear conclusion on the best estimate of MRI-GI parameters. The exact comparison between the different simulations and the data is still on-going at the time of writing. On the observational side, the exact differentiation between the models is made difficult by the large dispersion of the dataset, and in particular the most ancient data-points. On the simulation side, a better understanding is needed on the origin of the plateau when MRI-GI and TI instability are included in the same model, which contradicts the photometric data. In addition, in the case where TI is included in MRI-GI, very abrupt eruptions can be seen in the simulation as the outburst start to decrease, these eruptions being likely purely numerical artefacts.

Origin of the compact emission

As mentioned in Sec 3.4, the compact unresolved component observed in the interferometric data contributes to ∼ 30 % of the total flux in the H band, and is enclosed in a region smaller than 0.1 AU in the disk, this upper limit being set by the maximum angular resolution at our disposal. The physics of this region and of the boundary layer is not captured in the simulation discussed previously. As already mentioned in [START_REF] Malbet | Circumstellar Surroundings of Young Stellar Objectse[END_REF], a standard T ∝ r -3/4 profile naturally produces a steep increase of flux when going in the innermost region of the disk, so that an unresolved compact emission should naturally arise in the visibilities. However, given that this region is not spatially resolved, relative loose constraints on the geometry of this region can be drawn. In particular, these inner regions do not enable to distinguish a T ∝ r -3/4 from more elaborated models of boundary layers developed in [START_REF] Popham | Spectra and Line Profiles of FU Orionis Objects: Comparisons between Boundary Layer Models and Observations[END_REF]. Labdon et al., 2020 fitted a standard disk profile with T ∝ r -3/4 and deduced from it the existence of a boundary layer, although the typical extent of this boundary layer as defined in [START_REF] Popham | Spectra and Line Profiles of FU Orionis Objects: Comparisons between Boundary Layer Models and Observations[END_REF] ranges from up to ∼ 10 R * , one order of magnitude smaller than the maximum resolution in MIRC-X observations. In particular, other processes than a boundary layer could produce a large increase of flux at 0.1 AU, such as TI or accretion mechanisms close to the star, below the resolution of interferometric observations. More conservatively, we will restrict our conclusion by saying that a large fraction of flux is emitted within 0.1 AU, which could originate from both accretion processes such as TI close to the star and/or a boundary layer.

Extended envelope

Infalling envelope in FUors

The contribution of an extended flux was first revealed as a general feature of FUors by R. [START_REF] Millan-Gabet | Keck Interferometer Observations of FU Orionis Objects[END_REF] in near-IR interferometric data. This extended flux is the signature of a extended envelope covering the interferometric field of view, which can be clearly attributed to the remnant infalling envelope visible in high-contrast observations AO observations at larger spatial scales. Our interferometric datasets confirm the presence of this envelope in FU Orionis.

Spectral variation and temperature of the extended envelope

In addition, the presence of chromatic variation of the envelope, already put forward in (Liu et al., 2019), appears to be confirmed in new GRAVITY data in 2021. In the H band, no chromatic variation is detected, which could be attributed to the low spectral resolution available in our observations, as mentioned in Sec.3.4. Concomitantly, this lower spectral variation in H band would also be expected in the case of an extended envelope with a relatively low temperature of the order of few hundreds of Kelvin. In the following, we take into account the spectral variation in both H and K band to try to set a preliminary constrain on the temperature of the extended envelope.

We obtained the spectrum of FU Orionis in H and K band from publicly available observations of X-Shooter (ESO ID: 094.C-0233(A) ). We de-reddened this spectrum using the same interstellar extinction as described earlier, and multiplied the total spectrum by the proportion of extended flux in the interferometric field of view f e (λ) which is measured in our observation.

The resulting spectrum provides an estimation of the SED of the extended envelope, in the same way as (Liu et al., 2019), but including also the constraint by the H band data. Finally, we fit a black-body spectrum to the envelope. We finally estimate the temperature of the envelope by fitting a blackbody to the average of the extended flux contribution observed with GRAVI21 and GRAVI16. We obtain a temperature T env = 520 K, an estimation consistent with the value expected in the dust model discussed in (Liu et al., 2019). The uncertainty in our estimation of the temperature is certainly dominated by the uncertainty on the estimation of the slope in f e (λ) rather than data uncertainty in X-shooter spectrum. The uncertainty on the slope is itself probably larger than the uncertainty provided by the chi-squared. In order to provide an order of magnitude of the errorbars on the temperature, we fitted independently the extended envelope SED deduced from GRAVI16 and GRAVI21. We obtain respectively T env,16 = 578 K and T env,16 = 282 K (Fig. 3.10). The estimation of the spectral variation of f e (λ) shows a significant discrepancy between GRAVI16 and GRAVI21, which could be attributed in part to uncertainty in the slope estimation, but also to the fact that these two observations probe significantly different field of view, GRAVI21 being focused on much more closer region of the envelope than GRAVI16 (∼ 20AU and ∼ 100AU respectively). Consequently, a smaller fraction of the extended envelope is measured in GRAVI21, while the constrain of a zero flux in H band remains identical between GRAVI21 and GRAVI16, which leads to a smaller estimated temperature in GRAVI21. In principle, a higher temperature should be measured in GRAVI21, which is closer to the hot inner part of the disk. Such a temperature measurement would require the observation of the extended contribution in H band and K band with the field of view of the UTs, in order to measure the SED of the extended flux also in H band, rather than approximating this flux to zero. In the next paragraph, we propose some prospects to put more constrains on the physical properties of this extended envelope.

Conclusion and prospects

Results

In this chapter, we have presented the temporal monitoring of FU Orionis through more than 20 years of interferometric data in H and K band. First, this analysis has enabled us to complement the classical picture of FU Orionis, from 0.2 AU (maximum angular resolution) up to 20 AU (interferometric field of view of the ATs). Our modelisation leads us to distinguish three components in FU Orionis : an extended envelope, which corresponds to the remnant of the infalling envelope feeding the accretion disk ; a resolved emission in the accretion disk, where the outburst occur ; and a compact unresolved component below ∼ 0.1 AU which enclosed up to 30 % of the total flux of the accretion disk. Second, we evaluated the typical size of the resolved emission in the disk and put boundaries on its temporal variation.

We measured a typical fwhm size of the resolved emission of ∼ 0.3 AU, and a temporal slope between -0.55 AU/100yr and -0.3 AU/100yr, whose errorbars are compatible with a constant or slowly decreasing size of the emission in time. We then compared these measurements with the expectation of size variation obtained with two models of disk instability, based respectively on pure TI instability and a MRI-GI occurring in a magnetically layered disk. Our observations strongly favour MRI-GI model over pure TI instability, which predicts emission sizes significantly smaller than our observation, by approximately a factor 2.

We also explored different MRI-GI parameters in order to put preliminary constrains on the fundamental parameters of MRI. Our observations are compatible with T MRI ranging from 600 K to 800 K and Σ crit ranging from 10 g.cm -2 to 40 g.cm -2 , although the differentiation of these models remains difficult due to the heterogeneity of our interferometric sample. Finaly, our new observation on GRAVITY confirm the presence of an extended envelope, and tends to confirm the spectral variation of its flux in the K band, which would fit a temperature T ∼ 500 K for the envelope included below ∼ 20 AU.

Perspectives

Three main axis could be explored following this study. First, the temporal analysis could crucially benefit from the continuity of stable interferometric instruments in the next 15 years such as GRAVITY, PIONIER or MIRC-X, by performing observations of FU Orionis every year or 2 years with an homogeneous instrumental set-up. As shown in Sec 3.5.4, the comparison between the size predicted by the numerical model and the data is made difficult by the heterogeneity of the dataset. However, as seen for the most recent period in K band, regularly spaced measurements with comparable instruments on the same instrumental configuration enable to significantly refine these estimates, with a data dispersion potentially compatible with the distinction of different instability models (Fig 3.9), which are sensitive to the fundamental parameters driving accretion, in particular T MRI and Σ crit . Such observations would represent a crucial step in order to put constraints on the fundamental parameters of the MRI, on which only a few observational constrains exist. Importantly, this monitoring would have to include both small and large baselines, in order to simultaneously constrain the extended envelope of the disk, the resolved emission and the unresolved component, otherwise introducing potential biases in the estimation of the size of the emission. Second, the confirmation of a spectral variation of the extended flux observed in GRAVI21 would greatly benefit from new GRAVITY observations with the field of view of the ATs. In addition, the advent of MATISSE instrument could enable to add constraints on the temperature of the envelope through the use of medium spectral resolution in mid-infrared L,M and N band, in which the flux of a cold envelope is expected to rise (Fig 3.11). These mid-infrared interferometric observations could be compared to high-contrast imaging data, which probes comparable spatial scales in J/H band. These observations, or even an ambitious imaging program coupling the two techniques, would be of particular interest to study the extended envelope of FUors and to clarify the link between these structures and the outburst. Finally, as demonstrated in [START_REF] Gravity | The GRAVITY Young Stellar Object survey IV[END_REF][START_REF] Benisty | The 2008 outburst in the young stellar system Z CMa. I. Evidence of an enhanced bipolar wind on the AU-scale[END_REF], and in a complementary manner to the temporal monitoring, the observations of the dynamics of the inner AU with high-spectral resolution near-infrared interferometry could enable to constrain the rotation velocity of the disk, and potentially additional parameters of the instability models (temperature, density). Such observations could also probe the deviation from keplerian velocity in the disk, indicating the presence of disk winds, whose existence are likely in FU Orionis (Lee Hartmann and Nuria Calvet, 1995b).

As a unique laboratory of accretion physics in protoplanetary disks, FU Orionis will remain a particularly interesting object to study in the following years.
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Part II

Mid-infrared heterodyne interferometry for astronomical aperture synthesis " Andrea: Aber ich sehe doch, daß die Sonne abends woanders hält als morgens.

Da kann sie doch nicht stillstehn! Nie und nimmer. Galilei: Du siehst! Was siehst du? Du siehst gar nichts. Du glotzt nur. Glotzen ist nicht sehen.

-Bertolt Brecht Das Leben des Galilei

A revisit of mid-infrared heterodyne interferometry

In this chapter, we propose to revisit the architecture of mid-infrared interferometry in light of the recent and rapid developements in mid-infrared technologies. We confirm the signalto-noise ratio (SNR) relations commonly used in the literature, based on basic relations of heterodyne detection and radio-astronomy, and apply it to a preliminary sensitivity estimation of an array with the technical specifications of the Planet Formation Imager. Finally, we give an overview of the potential technological developments enabling the implementation of this architecture.

Specifications of a PFI

The imaging of the key stages of planet formation translates into general science requirements that were described in Chap 2. These, in turn, translates into general technical specifications of the interferometric architecture required for a Planet Formation Imager. These requirements are driven by three main aspects :

Parameter

• large number of telescopes : the reconstruction of an interferometric image with sufficient complexity requires the recombination of a large number of telescopes. The baseline number assumed in the following will be comprised between 12 and 20 telescopes. This number still has to be consolidated, with a trade-off between sensitivity, image reconstruction complexity, and total cost.

• kilometric baseline : the minimum baseline is 1.2 km in order to reach 2 mas resolution in the N band. Further increase of the maximum baseline remains interesting for unresolved sources, but is in tension with the goal surface brightness temperature of 150 K in the case of imaging (for further details on the notion of temperature brightness, refer to Sec 4.4.1).

• bandwidth coverage & sensitivity : the minimum spectral resolution is fixed to R=100, and corresponds approximately to the lower bound constrained by bandwidth smearing.

The maximum spectral resolution is set to R = 10 5 , which corresponds to a bin of resolution of 3 km/s.

These technical requirements are summarized in Tab 4.1, and are based on the initial study of [START_REF] Monnier | The Planet Formation Imager[END_REF]. We emphasize that these requirements does not constitute the final design parameters of an array, but have to be considered as the framework of the system and technological developments better suited for a PFI. The final choice of the optimal characteristics of a definite PFI array is still an open problem, that will have to take into account multiple parameters (e.g. cost, technical feasibility, uv-coverage...).

Concerning the array configuration, both "Y-array" and "ring-array" were initially considered in [START_REF] Monnier | The Planet Formation Imager[END_REF], based on the optimization of the fringe tracking limit. This question of the optimal geometry of an array was further investigated in Julien [START_REF] Woillez | AGILIS: Agile Guided Interferometer for Longbaseline Imaging Synthesis: Demonstration and concepts of reconfigurable optical imaging interferometers[END_REF], which favoured circular geometry, based on the analysis of the noise propagation and the robustness of the array to a flux dropout on one of the telescope in the array.

System architecture of a heterodyne PFI

The technical requirements described in Tab 4.1 go well beyond the capability of previous existing heterodyne facilities such as ISI, limited to typically 50-100 Jy in t=1h incoherent integration. The perspective of a PFI thus requires the introduction of a profoundly renewed architecture, which would also integrate the massive evolution of mid-infrared technologies.

In the following, we introduce the general heterodyne system which will constitute the framework of our study.

The architecture considered is shown in Fig 4.6, and is based on the architecture initially presented in (Swenson, 1986) and in [START_REF] Ireland | A dispersed heterodyne design for the planet formation imager[END_REF]. The two main features of this configuration, in order to overcome the previous limitations of sensitivity of heterodyne interferometers, are the implementation of a massive spectral multiplexing of the spectral channel by the use of the laser comb, and the phase-referencing of the heterodyne array on an external fringe-tracker in the H / K band based on direct interferometry, implemented in a fibred design in order to release the design complexity of this system. The spectral multiplexing is achieved by using a laser frequency comb whose teeth are spectrally dispersed, and mixed with the corresponding spectral channel of the astronomical signal on a photodiode. Then, the output signal of each photodiode is either transmitted in an analog transmission link and processed in an analog correlator, or digitalized by an Analogto-Digital Converter (ADC) and transmitted to a digital correlator (e.g. as ALMA or NOEMA arrays), or stored for later processing (in a similar way to Very Long Baseline Interferometry).

For low spectral resolution mode, the correlator would compute the correlation product integrated over the bandwidth of the photodiodes. The correlation signal associated to each spectral channel could then be averaged in order to maximize the sensitivity. In the case of high-resolution spectral resolution observations, the correlator computes the correlation in spectral bins inside the detection bandwidth of the photodiode, as it is done in ALMA or NOEMA correlators. The goal of this architecture is to increase the spectral coverage of heterodyne detection and/or its sensitivity, by increasing the number of spectral channels. This increase of sensitivity and instantaneous bandwidth can also be achieved in part by an increase of the detection bandwidth of the photodiode, given that the detected RF signal of a heterodyne detection is proportional to the field of the incident astronomical signal.

The second main aspect in order to increase the sensitivity in this heterodyne architecture is the referencing of the science channel on an external near-infrared fringe-tracker. In this process, the atmospheric piston (relative phase fluctuations between each telescope due to the atmosphere, see Chap 2) is measured by the near-infrared fringe tracker and the correction is applied directly on the science signal, in the correlator for example. A similar system is demonstrated at VLTI in direct interferometry, where the GRAVITY instrument (K band) acts as a fringe-tracker for the MATISSE instrument (L, M and N band). Although the use of a direct interferometer to cophase a heterodyne interferometer may appear counter-intuitive, the major guess behind this architecture is that the fringe tracker can be implemented with nearinfrared fibered technology which relaxes massively the requirement on the infrastructure, such as (Julien [START_REF] Woillez | AGILIS: Agile Guided Interferometer for Longbaseline Imaging Synthesis: Demonstration and concepts of reconfigurable optical imaging interferometers[END_REF], which will be discussed in Sec. 4.5.

The essential subsystems shown in Fig 4.6 and their general function are :

• Local oscillator & signal synchronization : a frequency comb is placed at each telescope, and each tooth of the comb acts as a local oscillator (see 'Focal instrumentation'). The frequency comb can operate in Continuous Wave (CW) regime, the essential function being that the relative phase between each tooth is stable over time in order to guarantee the phasing of the array. The relative phase of each comb has to be stabilized between each telescope by a dedicated phase locking system, possibly using a transport of the locking signal in the near-infrared rather than in the mid-infrared (see Sec 4.5). This relative phase has to be stable over the maximum coherent integration time set either by the atmosphere (no fringe-tracker) or by the fringe tracker (coherent integration).

• Focal Instrumentation : the light in H-K band and in N band are separated and directed to the fringe-tracker and the science channel respectively. For the science channel, the focal instrument is composed of a spectrograph and an array of mid-infrared photodiodes, with as many photodiodes as the number of comb teeth. The total number of channels and comb teeth depends on the bandwidth of the photodiodes.

• Signal transport & storage : the signal transport of the wideband RF heterodyne signals can be performed both in analog or digital systems, whose relative technological advantages are discussed in Sec 4.5. From a purely system point of view, an additional feature of digital systems is the capability to register the signal for later processing.

• Correlation : Its essential function is to compute the correlation product of each pair of signals, and in the case of high spectral resolution observations, to perform spectroscopy inside a detection bandwidth. The correlation can both be performed in the analog or digital domain, depending on the technological solution envision.

• Fringe-tracking : the fringe-tracker measures the atmospheric piston between each pair of telescopes and provides the error signal to be applied on the science channel to correct this relative phase fluctuation.

Heterodyne interferometry : signal to noise ratio

We now recall the computation of the SNR of heterodyne detection with one telescope. Given that a heterodyne detection is sensitive to the electric field, it is necessary to measure the modulus square of the photo-current i.e. the RF power, in order to have access to the intensity of the incident field, in a so-called "radiometer mode" :

P k (ν) ∝ E k (t)E * k (t) (4.1)

Heterodyne interferometry : signal to noise ratio

The calculation of the SNR of this quantity is given in Kingston, 1978 specifically for an infared detection, and is in fact analogous to the so-called radiometer equation in the radio-domain.

The result at one telescope will give us a basis to introduce the SNR on the interferometric signal, which in an analogous way results from the multiplication product of two signals :

C 12 (τ ) ∝ E 1 (t)E * 2 (t -τ ) (4.2)
In the literature, it is generally assumed that the SNR computed for one telescope directly applies to the SNR on the correlation of telescopes. In the following, we will try to give a little more detail on this point, based on the treatment of a heterodyne detection (Kingston, 1978) and of a radio-interferometer (Thompson, Moran, and Swenson, 2017). The general set-up to measure a heterodyne signal with a single detector in radiometer mode (as opposed to two detectors in interferometry) is depicted in 4.2. After the detector, the photocurrent is amplified and filtered, and then passes through a square law detector.

Single channel SNR

The voltage output of the square-law detector is proportional to the square of the input photocurrent v = ki 2 , with k a given constant of the diode, so that it is indeed proportional to v ∝ |E s (t)| 2 . In this way, the heterodyne detection chain with a single detector acts as a radiometer. The current at the output of the photodiode is sensitive directly to the electric field E s of the incident light. Because the field considered in this study will be incoherent, E s oscillates in the phase space in a Gaussian manner, in a similar way to a random walk in a two dimensional plane, with two quadratures of the field being independent. The statistical distribution of the output photocurrent is thus described by a gaussian distribution 1 with a variance ki 2 N equal to the noise power :

p(i) = 1 2πi 2 N exp - i 2 2i 2 N (4.
3)

The result averages to zero when measuring only the voltage of the photocurrent (centered gaussian distribution), but to non-zero value when measuring the signal power v ∝ |E s (t)| 2 . Following Eq 2.14, the power of the heterodyne beating signal is :

i 2 s = (2 √ i LO i s ) 2 2 = 2i LO i s (4.4)
1 This statistical distribution will be verified experimentally in Chap 6
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The power of the noise is dominated by the shot noise of the laser2 :

i 2 N = 2ei LO ∆ν (4.5)
The signal-to-noise ratio can then be obtained by computing the noise on the measurement of v, which can be obtained by computing the moments of the probability distribution of v, deduced from Eq 4.3 by setting p(v)dv = p(i)2idi3 , which enables to compute the rms noise on the measurement of v :

v rms = ki 2 N √ 2∆νt = k 2ei LO ∆ν √ 2∆νt (4.6)
which can be simply seen physically as the noise power at the output of the detector averaged over 2∆νt samples (Nyquist criteria). The signal is v s = ki 2 s . Finally, expressing the photocurrent i s as a function of the power density P ν [W.Hz -1 ] and η of the quantum efficiency of the detector :

i s = η hν P ν ∆ν (4.7)
The SNR of a single detector heterodyne radiometer is :

SNR = v s v rms = ηP ν hν √ 2∆νt (4.8) 
This results is also known in radio-astronomy as the radiometer equation 4 .

In practice, the detection and amplification chain adds supplementary noise. Following Kingston, 1978, the total noise power is :

i 2 N = 2ei LO ∆ν + 4kT N ∆ν R (4.9)
with T N the noise temperature of the detection chain. T N is equal to the temperature of a load that would produce the same noise power than the detector and the amplification chain. In particular in Chap 8, this will enable us to take into account the noise power of the amplification chain in the total noise budget 5 . In the following, we will take into account these non-ideal effects by expressing the final SNR in comparison to the SNR limited by the shot noise, by introducing a noise penalty factor n p :

SNR = ηP ν n p hν √ 2∆νt (4.10)
This noise factor penalty n p can also be seen as the ratio of the total noise power over the noise power with shot noise only.

Importantly, we note that the calculation of the SNR for a infrared heterodyne interferometer is exactly analogous to the derivation of the moments in the demonstration of the radiometer equation in radio-astronomy ( (Thompson, Moran, and Swenson, 2017), Appendix 1. 1 46-48). This should not be surprising, given that the detector output in radio-astronomy can also be assumed to be Gaussian (incoherent field). In the radio-domain, the noise budget is however mostly dominated by the noise temperature of the detection system (right term in Eq.4.5). This also explains why it is convenient to express the signal and the noise power in terms of noise temperature in radio-astronomy. Conversely, in the infrared domain, the optimum signal to noise ratio is reached when the photon noise of the LO dominates the noise. Importantly, given that the typical magnitude of the shot noise can be relatively high (see Chap 8), this allows the noise temperature of the amplification and processing stages after the detector to be relatively high in infrared heterodyne interferometry, contrary to radio-astronomy, where specific cryogenic temperature have to be reached to maintain an acceptable noise level on the detector and amplification stages. The question whether the shot noise really is a fundamental limit in heterodyne detection is particularly important, and related to the very fundamental nature of light and of the detection process. This question will be treated in more details in Chap 5.

Usually, the Eq 4.8 is directly applied to 2 telescopes to justify the SNR on the interferometric signal. This is consistent with the fact that Eq 4.8 describes the SNR on the product of two signals, as for the interferometric signals. Based on the treatment provided in radioastronomy, we will try to detail further the physical ground of the expression of the SNR of the interferometric signal.

Two channel SNR

The signal measured at the output of an heterodyne interferometer is the correlation of the RF signals s 1 (t) and s 2 (t) coming from the two telescopes :

C 12 (τ ) = s 1 (t)s 2 (t + τ ) (4.11)

Signal to noise ratio

We want to evaluate the SNR of this quantity. Following Thompson, Moran, and Swenson, 2017, the expression of the noise can be obtained by expressing the power spectrum of C 12 (τ ), which in turn can be derived from the Fourier transform of the auto-correlation of C 12 (τ ),

according to the Wiener-Khintchin theorem. The auto-correlation A(τ ) of the interferometric signal is :

A(τ ) = s 1 (t)s 2 (t)s 1 (t -τ )s 2 (t -τ ) (4.
12)

The different waveforms s(t) are Gaussian signals, so that this expression can be split into a combination of simple 2-terms correlation function using the Wick-Isserlis theorem :

A(τ ) = s 1 (t)s 2 (t)s 1 (t -τ )s 2 (t -τ ) = s 1 (t)s 2 (t) × s 1 (t -τ )s 2 (t -τ ) + s 1 (t)s 1 (t -τ ) × s 2 (t)s 2 (t -τ ) + s 1 (t)s 2 (t -τ ) × s 2 (t)s 1 (t -τ ) = C 2 12 (0) + C 11 (τ ) • C 22 (τ ) + C 12 (τ ) • C 12 (-τ ) (4.13)
The power spectrum of A(τ ) can then be obtained by a Fourier-transform of Eq 4.13. This exact calculation, which would be relatively cumbersome to reproduce in details here, can be found in (Thompson, Moran, and Swenson, 2017) Section 6.2.1 (pp 224-226), in the case of a radio-signal, considering that only one sideband is measured. The result in that case is :

SNR = T A1 T A2 T S1 T S2 √ 2∆νt
with T Ak and T Sk the antenna and system temperatures of each channel. By expressing the signal and the noise amplitudes of a heterodyne signal corresponding to the antenna and noise temperature in Eq 4.3.2 (see the radiometer equation to obtain the transposition of these amplitudes), this SNR can be directly written :

SNR = P ν hν η 1 η 2 n p1 n p2 √ 2∆νt (4.14)
with η 1 , η 2 the quantum efficiency at telescopes 1 and 2, and n p1 , n p2 the noise factors of each channel.

Noise

The noise power in [W.Hz -1 ] for one polarisation of the field can be finally defined as the equivalent power that produces SNR = 1 :

N ν = hν √ 2∆νt (4.15)
The interferometric visibility is characterised by its amplitude and its phase i.e. it is a complex quantity, whose noise on both quadratures has an amplitude σ and is uncorrelated. Following (Thompson, Moran, and Swenson, 2017), the measurement of the visibility can be represented in the complex plane as the addition of noise to a coherent flux S, which can be considered to lie on the real axis (arbitrary phase reference). The modulus squared of the total signal Z = S + , is : The noise on each quadrature is N ν , which adds together, decreasing the total SNR in Eq 4.14 by a factor √ 2. Thus, in the case of a single-sideband signal measured with a complex correlator (measurement of the two quadratures), the SNR on the amplitude of the complex visibility is :

|Z| 2 = S 2 + 2N
SNR SSB,complex = P ν hν √ ∆νt (4.17)
In the same way, a DSB signal measured with a simple correlator, where the fringes are encoded on a sinusoidal modulation, such as in ISI or in the photonic correlator that we will introduced in Chap 6, can be shown to have a relative sensitivity of √ 2 compared to SNR SSB,complex :

SNR DSB,simple = P ν hν √ 2∆νt (4.18)
In order to summarize these different results, our reference expression of the SNR in the following will be :

SNR = P ν hν √ ∆νt (4.19)
where ∆ν is equal to detector bandwidth B in the case of single-sideband correlation ∆ν = B, and ∆ν = 2B in the case of DSB signal. Eq.4.19 has an expression similar to the SNR provided in John [START_REF] Monnier | Infrared interferometry and spectroscopy of circumstellar envelopes[END_REF]C. H. Townes, 1984;D. D. S. Hale et al., 2000.

The different results concerning SSB with complex correlator, DSB with simple correlator, etc. are summarized in Tab 4.5 in Appendix, although we refer to Thompson, Moran, and Swenson, 2017 for a precise discussion on these specific points.

Incoherent integration

The signal-to-noise ratio described so far is valid for a coherent integration of a complex visibility i.e. a measurement of visibility during which the phase remains stable over time and can be measured. This provides the elementary expression of the SNR.

This situation corresponds however to a relatively limited number of measurement in infrared interferometry. Unlike radio-arrays, in which the interferometric phase can remain relatively stable in time due to the relatively slow atmospheric piston, infrared interferometers are often limited to integration of the order of t 0 = 100 ms at 10 µm. As a consequence, the measurement of a visibility is typically limited to the measurement of the modulus squared of the visibility, averaged over N samples of the coherence times (t = N τ c ) -an operation called incoherent integration, given that the phase is thrown away in the process. In this way, this type of measurement is similar to incoherent integration in VLBI observations, which shares analogous problematic on phase stabilization due to the atmosphere. The results derived in this case directly applies to incoherent integration in infrared heterodyne interferometry.

The exact derivation of the SNR in incoherent integration can be found in (Thompson, Moran, and Swenson, 2017) Chap 9.3.5 pp 415-418, of which we will only recall the very basic results that will be used in the following. According to Eq 4.16, the unbiased coherent flux amplitude S e is :

|S e |= Z 2 -2N 2 ν (4.20)
Similarly, the second order moment on the modulus square of the visibility, from which the expression of the noise on |S e | 2 can be deduced, is (Thompson, Moran, and Swenson, 2017):

|S e | 4 = |S| 4 +4N 2 ν |S| 2 +N 2 ν √ N (4.21)
The signal-to-noise ration on the incoherent integration of visibility square modulus is finally :

SNR inc = |S e | 2 |S e | 4 -|S e | 2 = |S| 2 2N 2 ν 1 1 + |S| 2 N 2 ν N τ c (4.22)
Finally, it can be expressed as a function of the incident signal power using our reference expression on the SNR in Eq 4. 19, assuming that the signal to noise is small S Nν 1:

SNR inc = P ν hν 2 ∆ν √ tτ c (4.23)
This expression is equivalent to the SNR on incoherent integration provided in (C. H. Townes, 1984;D. D. S. Hale et al., 2000), based on different arguments. As pointed out in (C. H. Townes, 1984), this SNR can be simply interpreted as the square of the coherent SNR (modulus squared, incoherent integration) multiplied by √ N , the number of independent coherent chunks in the total integration time. This expression and its connection with equivalent relations in radio-astronomy and VLBI is made clear in the present derivation.

We note that incoherent integration is a particularly inefficient process : the SNR of the visibility squared scales as the power 1/4 with the total integration time. As an order of magnitude, assuming a coherence time t 0 = 100 ms, a 1 h = 3600×10 t 0 incoherent integration represents an increase of ∼ 13 of the SNR, compared to ∼ 190 in coherent integration. These considerations emphasize the fundamental necessity of coherent integration, and thus fringetracking, in order to obtain good point source sensitivity.

Point source sensitivity & imaging

The SNR of an unresolved point with an interferometer with N t telescopes is equal to the SNR over a single baseline, averaged over the total number of independent samples, which corresponds here to the total number of baselines N B = Nt(Nt-1)

2

. Here, we will express the point source sensitivity n ps in [W.m -2 .Hz -1 ], so that N ν = n ps × A, with A the collecting area of each individual telescopes. Using Eq 4.19, the point source sensitivity of the interferometer is 6 :

n ps = hν ηA √ ∆νt 1 N t (N t -1)/2 (4.24)
Notably, we remark that the global sensitivity in heterodyne interferometry scales as ∝ N t , compared to ∝ √ N t using classical interferometry 7 . This is due to the fundamental fact that signals in heterodyne interferometry can be amplified and split without further loss in SNR, unlike direct interferometry. This adds a relative gain to heterodyne interferometry compared to classical interferometry, of Nt-1 2 (see (Ireland et al., 2016) for a detailed discussion), which is typically ∼ 2.5 for N t = 12.

To conclude, as an order of magnitude, the typical point source sensitivity of a heterodyne array with simple DSB correlator, defined as the equivalent object flux [W.m -2 .Hz -1 ] to obtain a SNR = 1, is :

n ps = 1 η 1 m D 2 1 GHz B 1/2 100 ms t c 1/2 t c t i 1/4 • 1 N t (N t -1)/2 × 170 Jy (4.25)
with D the telescope diameter, B the bandwidth of the detector, t c the coherent integration time, and t i the incoherent integration time.

In the following, we will further discuss the relative advantages related to the optimization of each parameter of a heterodyne system in order to increase the point source sensitivity.

Sensitivity performance

In this section, we discuss the sensitivity performances of the heterodyne scheme devised for a Planet Formation Imager in the N band. Based on the theoretical noise analysis in Sec 4.3, we discuss the scaling of the sensitivity performances relative to each parameter of the array, assuming technological hypothesis on the future development of these subsystems. We then compare these sensitivity performances to the requirements of a PFI. The feasibility of our technological hypothesis at the light of the current state of the mid-infrared technologies is addressed in Sec 4.5. Finally, we discuss some general considerations generally assumed in the literature when comparing the sensitivity of heterodyne and direct interferometry. Overall, the goal of this section can be seen as a first estimation of the sensitivity increase that can be expected for heterodyne interferometry, weighted by the technological challenge necessary for each technological subsystems.

Performance scale-up The scale-up of the sensitivity of a heterodyne interferometer can be estimated with Eq 4.25. The relative impact of each parameters in the final sensitivity of the heterodyne architecture can be seen in Tab 4.2, where we chose typical values for the different items envisioned in the heterodyne architecture of a PFI.

We remark that the total sensitivity increase with the detection bandwidth is of the order of 2.5 THz 2.5 GHz ≈ 30. Here, we separated the contribution of the bandwidth increase in two contributions : first, the increase of the individual bandwidth, second the increase of the number of comb teeth. In the first case, the sensitivity increase can be obtained without requiring the use of a frequency comb, and is thus interesting for immediate application. This also highlights the massive impact on the sensitivity budget of the telescope diameter ∝ D 2 and of coherent integration with the use of a fringe-tracker. This can motivate the adaptation of pathfinder demonstrators to existing infrastructure, as explored in 9, even without the implementation of a massive multiplexing in a first time. Finally, the recombination of a large number of telescopes also appears as an important factor of sensitivity increase, comparable with the spectral multiplexing. 

Imaging sensitivity & brightness temperature

Technological hypothesis The typical technological parameters assumed to compute the sensitivity of a PFI array are summarized in Tab 4.3. We assumed an array of 12 telescopes with 4.5m diameter. We assume a detector with 25 GHz and 0.4 quantum efficiency, whose values were chosen compared to the value reachable with QCD technology. We integrate the non-ideal factors of degradation of the SNR (noise penalty, telescope transmission) based on the numbers reported on the ISI (D. D. S. Hale et al., 2000). The number of telescopes and their diameter are chosen for indicative purpose. Overall, the goal of this choice is to provide the right order of magnitude of sensitivity of a PFI architecture 8 , in order to ensure that this sensitivity is compatible with the sensitivity criteria defined in PFI.

Brightness temperature

The final goal is a point source sensitivity of m N ∼ 12.5 in 10 4 s.

In the context of imaging, in a similar way to radio-imaging, this sensitivity limit should be related to the minimum brightness that can be detected in an image, a "point" being defined by the minimum element of resolution of the image. is sufficient to obtain a reconstructed beam with Gaussian shape, with typical FWHMs θ 1 ,θ 2 in each direction, the solid angle Ω of an element of resolution of the image is :

Ω = πθ 1 θ 2 4 ln(2) (4.26)
Assuming that the flux limit is detected in one resolution element

n ps = Ω λ 2 × 2hν/ e hν k B T -1
, this point source sensitivity can be conveniently converted into a brightness temperature i.e. the equivalent temperature of an optically thick medium emitting this flux limit in an element of resolution [START_REF] Ravi | THE NON-UNIFORM, DYNAMIC ATMO-SPHERE OF BETELGEUSE OBSERVED AT MID-INFRARED WAVELENGTHS[END_REF][START_REF] Lobanov | Brightness temperature constraints from interferometric visibilities[END_REF]Thompson, Moran, and Swenson, 2017) :

T b = hν k B ln 1 + 2hνΩ c 2 nps (4.27)
The above mentioned point source sensitivity requirement is thus equivalent to a brightness temperature of ∼ 150 K for an angular resolution of 2 mas ≡ 0.3 AU in the Taurus (d = 140 pc). This goal on brightness temperature is even more demanding for higher angular resolution.

The point source sensitivity as well as the temperature brightness of an array based of a heterodyne architecture of a PFI are indicated in 

Comparison with direct interferometry

How does heterodyne noise compare with direct detection noise ? It is often stated that heterodyne detection suffers from an incommensurable sensitivity penalty compared to direct detection. This is definitely the case when moving to a short wavelength regime (< 5 µm), as the equivalent noise temperature of heterodyne detection is inversely proportional to the wavelength9 This is also obviously true at λ = 10 µm when comparing a single channel heterodyne system to a direct detection one in low spectral resolution mode, the archetypical example being the comparison between ISI and MIDI instruments. However, in the more general case, a detailed look provides a more nuanced picture. In the following, we focus on the relative sensitivity of direct interferometry and heterodyne interferometry, in particular taking into account the effect of spectral resolution and of the number of telescopes. We highlight the importance of taking into account the read-out noise when comparing these systems, a point which is generally neglected in the literature.

The sensitivity penalty of heterodyne detection compared to direct detection can be evaluated by computing the ratio of the noise density associated to each technique, in a similar way to [START_REF] Lawson | Principles of Long Baseline Stellar Interferometry[END_REF]. Following our description of the noise in heterodyne detection, the noise density in heterodyne detection is :

N ν,het = 1 η hν √ 2∆νt (4.28)
using the same notation introduced before, and η the total transmission and noise penalty of a practical detection chain (including telescope transmission, mode matching, etc.).

In the same way, the SNR of direct detection (considering an all-in-one combiner) is expressed as [START_REF] Petrov | Commissioning MATISSE: operation and performances[END_REF] :

S N ν,dir = n I V N t (n b + n I ) + n pix • RON 2 (4.29)
with n I = Pν ∆νt hν the number of photons in the interferometric channel, n b the number of background photon, N t the number of telescopes, n pix the number of pixels on which the signal is encoded in all-in-one combination, RON the Read-Out-Noise of the detector. In the following, we will neglect the contribution of the signal photon noise, given that background photon noise and RON are always prevailing. In this way, we can express the noise density of direct detection :

N ν,dir = 1 η hν ∆νt N t • n b + n pix • RON 2 (4.30)
The ratio of the noise density of heterodyne detection over direct detection is shown in Fig .

The parameters used for this comparison are the typical parameters reported on ISI and the design parameters of MATISSE N-band ; these parameters are summarized in the Appendix in Tab 4.4. This same ratio was in fact computed in [START_REF] Lawson | Principles of Long Baseline Stellar Interferometry[END_REF], but without including RON, which has a significant impact on this comparison, as we will see in the following. the lower noise of direct detection (limited by background photon noise, small contribution of RON compared to background). When considering equal bandwidth (orange line) with low resolution10 (1 THz), direct detection remains more sensitive but by a factor 3 to 4 at 10 µm. In this regime at 10 µm the noise budget of direct detection is mainly dominated by background photon noise, a feature that can also be seen when comparing the noise ratio computed with a different detection bandwidth and suppressing read-out-noise (25 GHz,red curve). In this case, the two curves (orange and red) are superimposed at ∼ 10 µm, which is consistent with the fact that the noise ratio does not depend on the detection bandwidth when considering that direct detection is limited by background photon noise only [START_REF] Lawson | Principles of Long Baseline Stellar Interferometry[END_REF]. However, this noise budget is getting saturated by read-out-noise, an effect seen at lower spectral resolution (25 GHz,green curve). In this regime, the gain of direct detection is approximately a factor 2 compared to heterodyne detection due to RON, whose relative contribution increased at smaller wavelength (orange curve that diverges from red curve).

To sum up, three points can be retained :

• the comparison of typical performances of archetypal instruments in direct and heterodyne interferometry -MIDI and ISI typically-is not exactly informative in the perspective of a PFI, given that two extreme cases are compared in terms of detection bandwidth (and telescope diameter in the case of MIDI).

• at comparable bandwidth, the sensitivity gain of direct interferometry over heterodyne is typically a factor of 3 and 4, when dominated by photon noise of the background, assuming the transmission obtained on each technique in practice.

• this gain of direct detection is affected by the contribution of the read-out-noise, which becomes important when increasing the spectral resolution, up to a regime where heterodyne detection is more favourable in terms of sensitivity.

The impact of the spectral resolution on the relative comparison between direct and heterodyne interferometry is provided in the next paragraph.

Impact of the spectral resolution

This simple comparison highlights the importance of read-out-noise in the budget of direct interferometry, which prevails at higher spectral resolution. In order to compare the relative gain when considering higher spectral resolution, we can compare the noise ratio as a function of the detection bandwidth, in a similar way to [START_REF] Monnier | Infrared interferometry and spectroscopy of circumstellar envelopes[END_REF], but including the parameter of MATISSE (Tab 4.4). The gain as a function of bandwidth is shown in Fig 4.5. The relative advantage of direct detection is strongly affected by RON at higher spectral resolution, the exact limit between heterodyne and direct detection being largely dependent on the number of pixels used to encode the fringe signal, on the value on the read-out- noise of the detector and of the maximum integration time of one frame of the detector (saturated by background). In order to highlight the impact of RON, we plot the relative noise factor with both a number of pixel n p = 6 and n p = 468 (MATISSE). In the latter case, the comparison shows that a single channel of a heterodyne and a direct system have comparable sensitivity for typical bandwidth between ∼ 10 GHz and ∼ 20 GHz (typically 10 GHz in this graph 11 ). This exact number is also highly dependent on the maximum integration time allowed on MATISSE in N band (maximum time limited by the saturation of the detector due to background), chosen typically equal to 100 ms here. We emphasize that this comparison gives an order of magnitude and the tendency of each regime, with parameters chosen as close as possible to practical implementations, the definite optimum range of each regime in the case of a PFI design being highly dependent of the final design parameters.

Impact of the number of telescopes

It is also often stated that heterodyne detection has an advantage compared to direct detection when the number of telescopes increases. In the case of an all-in-one combiner as considered here, where all the baselines are formed simultaneously on a detector via a non-redundant spatial encoding, this statement is not exactly true at high-spectral resolution.

Since the number of photons is not divided (unlike pairwise combination) and that the noise is dominated by RON, no further penalty is added from the background noise with a larger number of telescopes, as long as the background noise remains significantly smaller than read-out-noise 12 . In the case of low spectral resolution, dominated by background or signal photon noise, the background noise increases as √ N t , the number of baselines as

Nt(Nt-1) 2
, so that the total SNR increases typically as (N t -1)/2, compared to Nt(Nt-1) 2 in heterodyne interferometry. In this case, direct interferometry is indeed affected by an additional penalty of the order of √ N t compared to heterodyne detection. For a large number of telescopes, the theoretical advantage of direct detection over heterodyne at low spectral resolution shown in Fig 4.4 is potentially significantly affected for a large number of telescope (>12, √ 12 ≈ 3.5). In the case of pair-wise combiner, given that each beam is divided in (N t -1) channels, this penalty is always present.

Conclusion on heterodyne interferometry sensitivity

At 10 µm, the comparison of the noise budget of heterodyne and direct interferometry gives a more nuanced picture of the relative advantage of both techniques. The theoretical advantage of direct interferometry is tempered by the larger noise of a practical infrastructure, the background noise and the read-out-noise of the detector. At low spectral resolution, direct interferometry (when limited by background photon noise) does have sensitivity advantage, although this advantage is attenuated when combining a larger number of telescopes. At high spectral resolution, this penalty when combining a larger number of telescopes disappears in all-in-one combination when the noise is dominated by read-out-noise, but in this case direct interferometry sensitivity is comparable or even smaller than heterodyne detection, unless considering a direct interferometer with a larger transmission, smaller RON and significantly smaller number of pixels on which the fringes are encoded. In particular, the impact of the read-out-noise in direct detection for only 4 telescopes raises the question of the optimum combiner for 12 telescopes and more, for which the design complexity and the number of pixels required in an all-in-one combiner dramatically increase.

These considerations qualify the generally admitted overwhelming superiority of direct interferometry in the N band for ground-based interferometers. Overall, the practical gain advantage of direct over heterodyne interferometry when considering direct interferometer combining a small number (<4) with low spectral resolution is clearly an upper limit in the theoretical comparison of the two techniques. This pure sensitivity advantage tends to be attenuated when combining a larger number of telescope (N>12) at modest high spectral resolution (R>3000), and favours heterodyne detection at high spectral resolution (R > 10 4 ). Fundamentally, in the N-band, the key advantage of direct interferometry lies not really in its much larger sensitivity, considering a practical infrastructure with generally low total transmission, but in its capability to naturally detect signals over THz bandwidth, and/or to multiplex easily a large number of spectral channels, a point which remains a major technical challenge of heterodyne detection. In that sense, the comparison of heterodyne and direct interferometry at 10 µm should revolve around the technical challenge associated to each technique, rather than the intrinsic sensitivity of each technique. These challenges are respectively the capability to synchronize and multiplex a large number of spectral channels in the case of heterodyne detection, and the capability to recombine a large number of telescopes and to transport and delay signals over kilometric baseline in the case of direct interferometry. In this sense, heterodyne detection is a path worth considering.

Technological challenges

The realisation of heterodyne array in the mid-infrared for the study of planet formation relies on major technological developments, related to the different subsystems that we have previously described. Considerable advances in the field of mid-infrared technologies have been achieved since the start of the development of ISI heterodyne interferometer in the mid 80s, almost forty years ago. This evolution follows the current rise of mid-infrared technologies in the last decade, pushed essentially by other communities, in fundamental physics, solid-state physics, laser physics and with strong applicative drivers such as gas sensing, communication or lidar. This development of mid-infrared technologies could be crucial in the frame of astronomical applications, and in particular in the perspective of the renewed picture of a heterodyne interferometer.

The goal of the following subsections is to give a panorama of the challenges of an infrared heterodyne interferometer and how new technologies could enable to overcome these chal-96 Chapter 4 A revisit of mid-infrared heterodyne interferometry lenges. This section will provide the context of the specific points that we have developed in the rest of this thesis.

Fundamental noise

A first fundamental challenge of heterodyne detection concerns its sensitivity limitation. This limitation arises from the fundamental quantum nature of the field, and is typically of the order of one photon per mode of detection. The exact understanding of the quantum origin of this noise remains relatively elusive in the field of infrared heterodyne interferometry, and different propositions were made to try to overcome this fundamental limitation [START_REF] Michael | On the Possibility of Breaking the Heterodyne Detection Quantum Noise Limit With Cross-Correlation[END_REF][START_REF] Coarer | Prospects of Optical Heterodyne Detection for Astronomy and One Photon Interferometry[END_REF]. In Chap 5, we propose to investigate this question and to show that this quantum noise arises indeed from the fundamentally quantum nature of the field, which sets a lower bound to the value of the noise with this current detection scheme. Potentially more work could be envisioned to better understand the nature of this noise in the field of quantum optics, with interesting similarities with the field of Continuous Variable Quantum Communications (CVQC) for example. The existence of a protocol (analogous to squeezing techniques for example) allowing to increase in a significant manner the sensibility of heterodyne detection while keeping its practical advantages would represent a groundbreaking advance in infrared interferomertry.

Detection

The intrinsically narrow bandwidth available in heterodyne detection is both a major limitation both in sensitivity and in spectral coverage, as seen previously. The typical bandwidth of ISI system was 2.5 GHz based on MCT detectors, equivalent to a single channel at a spectral resolution of R = 12 000. Ultimately, the bandwidth in MCT detectors is set by the recombination time of electrons and holes. Since 2000s, a different technologies based on intersubband transitions with Quantum Well Infrared Detectors (QWIP) and Quantum Cascade Detectors (QCD) has now demonstrated a potential increase of this bandwidth limit by more than one order of magnitude. The very heart of these technologies is based on the confinement and wave-function engineering of electrons in semi-conductors [START_REF] Bigioli | Uncooled unipolar receivers for 9µm wavelength heterodyne detection[END_REF], enabling to reduce the capacitance and so to increase the speed of such detectors. Concerning QWIPs, recent developments show the demonstration of few GHz bandwidth at room temperature with QWIP (Palaferri et al., 2018), and up to 70 GHz (equivalent to R = 430) and responsivity 1.5 A/W with a detector cooled at T = 77 K (Hakl et al., n.d.). Demonstrations with QCD also show very promising perspectives, with preliminary results in a heterodyne mode with 1.4 GHz bandwidth [START_REF] Bigioli | Long-wavelength infrared photovoltaic heterodyne receivers using patch-antenna quantum cascade detectors[END_REF]. Ultimately, these different technologies have the potential to reach bandwidth up to 100 GHz and even beyond, limited by the return to the equilibrium of the system, of the order of ps timescale.

The field of QWIP/QCD is a vibrant and fast evolving field of research, with potentially rapid improvements to be expected in the near term. The group of C.Sirtori at LPENS is one of the world-leading group in this field, who demonstrated the first detection at 9 µm with GHz bandwidth and room-temperature with QWIP (Palaferri et al., 2018). The exchanges with 4.5 Technological challenges this group are currently taking the form of a collaboration, in the exciting perspective of developing detectors with >20 GHz bandwidth and a quantum efficiency η = 0.4, which could be tested on a true on-sky demonstration. 

Mid-infrared laser combs

The development of mid-infrared frequency comb lasers is currently a major and very active field of research in the laser physics community. Mode-locked lasers in the 10 µm range are now commercially available (Menlo System), with typical repetition rate of 100 MHz. However, larger repetition rates, equal to the detection bandwidth of our wideband detectors i.e. of the order of 10 GHz to 100 GHz, are preferable in the case of a dispersed heterodyne interferometer. Two possible alternatives are being developed in this direction, based on electro-combs [START_REF] Parriaux | Electro-optic dual-comb spectrometer in the thulium amplification band for gas sensing applications[END_REF] and QCL frequency combs [START_REF] Consolino | Fully phase-stabilized quantum cascade laser frequency comb[END_REF]. The first one consists in generating a comb with telecom photonic modulator, which enables to obtain repetition rates of 10 GHz to 100 GHz and a hundred lines typically, which would then be converted in the mid-infrared through non-linear process. These schemes were demonstrated at 2 µm [START_REF] Parriaux | Electro-optic dual-comb spectrometer in the thulium amplification band for gas sensing applications[END_REF], but still need to be demonstrated in the 10 µm range, which depends mainly on the non-linear process available in this wavelength domain. The second technological developments (QCL combs based on Fabry-Pérot cavities) potentially offer very close properties to our requirements for a heterodyne interferometer : a frequency repetition rate of 10 GHz to 100 GHz, about 100 teeth, and an optical power of the order of mW per teeth ( (Hugi et al., 2012), and now commercially available 13 ). This type of technology represents also a currently active field of research and potentially very interesting avenue for infrared heterodyne interferometry.

Correlation

The correlation of tens of telescopes, with instantaneous bandwidths of 50 to 100 GHz such as the one expected with new generation detectors, and tens to hundreds of spectral bands is a major challenge of a heterodyne array. This correlation can be implemented in two different architectures : analog correlation and digital correlation. In analog correlation, the processing is directly performed on the analog RF signal, which generally enables to use broadband analog components with cheaper implementation, such as in ISI. In digital correlation, the RF signal is first digitalized, and then processed in a high-computing unit.

Digital architecture would be a prime option for infrared heterodyne interferometry, given its perfect stability, less SNR losses than analog correlation, and the capability to perform spectroscopy. In addition, the digitalization of the signal offers the capability to store the signal and to correlate it a posteriori. The two main challenges related to digital correlation are : first, the analog-to-digital conversion (ADC) at high rate (> 20 GSa/s to > 100 GSa/s) and in particular the requirement on the timing of the clock in the ADC ; second, the total computing power necessary to correlate few bit Pflop data, larger than current supercomputer [START_REF] Ireland | A dispersed heterodyne design for the planet formation imager[END_REF]. Currently, the NOEMA/PolyFIX correlator is currently the one accepting the widest instantaneous bandwidth per antenna, with 32 GHz wide digitized signals coming from 12 antennas (8 GHz per receptor for the two polarizations and two sidebands). ALMA can process 8 GHz wide signals coming from up to 64 antennae. These performances have to be compared to the perspective of correlating N=20 telescopes with 100 spectral channels and tens of GHz bandwidth each. The estimated requirements at the level of the digital correlator in the initial PFI studies pointed toward a computing power more than two orders of magnitude larger than the current correlator on ALMA [START_REF] Ireland | A dispersed heterodyne design for the planet formation imager[END_REF], which represents still a major challenge for the existing technology.

Conversely, the ISI correlator was relying on an analog correlation scheme that enables to process 2.5 GHz in a simple double-sideband correlator, later equipped with filterbank modules to perform spectroscopy. The main advantage of analog correlation is its capability to process relatively wide bandwidth in a simple instrumental set-up. In the case of ISI, the correlator was based on the use of wide-bandwidth RF and microwave components with GHz bandwidth. However, this capability is also limited when considering tens of GHz to 100 GHz bandwidth. Recently, analog lag-correlator developed in the frame of Cosmological Microwave Background (CMB) interferometry reached up to 20 GHz bandwidth (Holler et al., 2011). Although these developments could constitute immediate attractive solutions for infrared heterodyne instrument, they rely on specific RF design (custom-made Gilbert cell multiplier, Wilkinson splitter tree, etc.) at the limit of the current technology, and are unlikely to go far above 40 GHz any time soon. RF parasitic frequency, although not a fundamental limit, could also turn out to be a disadvantage of wideband RF systems.

Both approaches, digital and RF analog correlation, are worthwhile exploring for infrared interferometry when considering an array of a few telescopes, but their extrapolation to a large number of telescope and larger spectral coverage may call for a different approach. In the following (Chap 6 and Chap 7), we propose to revisit the analog correlation scheme by

Technological challenges

introducing the idea of photonic correlation in infrared heterodyne interferometry, based on the use of photonic components developed by the telecom industry, and capable of transporting and processing bandwidths up to 100 GHz.

Laser synchronisation

The measurement of interferometric signals requires a stabilization of the relative phase of the local oscillator during one coherent integration time (Eq 2.31). This stabilization can be performed by measuring directly the beating between the local oscillators at each telescopes and a master oscillator, and then by applying an error signal on each local oscillators (Phase Lock Loop, abrev. PLL). This technique was effective on ISI, but requires a free-space propagation of the local oscillators, launched with periscope on each station, which goes against our vision of an infrastructure with fiber propagation.

Importantly, the possibility to phase stabilize a QCL through 43km optical-fibre link at telecom wavelength on a primary reference (in this case a frequency comb) was recently demonstrated (Argence et al., 2015). The general idea consists in propagating the reference in a compensated fibre link (phase stabilized link), and then in mixing the reference with the QCL through sum-frequency generation. The up-converted QCL is mixed with another tooth of the comb, whose beating note generate the error signal which enables to phase lock the QCL. A similar concept could be transposed in heterodyne interferometry, where the relative phase of each local oscillator has to be stabilized : a reference stable monochromatic laser could be distributed to each station, through a compensated fibre link (stable phase) at telecom wavelength, and mixed locally with the local oscillator at 10 µm using similar type of non-linear cristal as (Argence et al., 2015). The up-converted signal would then be propagated backwards in the same fibre link and mixed with the up-converted signal coming from a different station. The beat note would produce an error signal which could be applied to one of the QCL, so that the relative phase between the mid-infrared LOs and the reference at 1.55 µm is stable over a coherent integration time, every station being stabilized on a common reference, the relative phase between each station is stabilized.

Fringe-tracking

One of the very important assumption of the heterodyne architecture presented previously is the use of a fibred, near-infrared fringe-tracker, in order to compensate for the atmospheric piston. The fringe-tracker will be an essential building block of any future interferometric facility. As shown in Tab 4.2, excepting the telescope diameter, fringe-tracking is the most important element with the detector bandwidth in order to increase the sensitivity limit of an interferometer. We did not developed specific architecture or technologies in this thesis, which would have represented a work on its own, although this development remains a very high-priority. The design of a completely fibred interferometer in the near-infrared for a large number of telescopes was recently investigated in Julien [START_REF] Woillez | AGILIS: Agile Guided Interferometer for Longbaseline Imaging Synthesis: Demonstration and concepts of reconfigurable optical imaging interferometers[END_REF], which could be the precursor of the fringe tracker required in the perspective of a PFI. In addition, new architectures of fringe-tracker, called hierarchical fringe-tracker, were also investigated in [START_REF] Petrov | Hierarchical fringe tracker to co-phase and coherence very large optical interferometers[END_REF] In addition, the ability to reference a N band instrument (MATISSE) on GRAVITY K band fringe tracker was recently demonstrated in the GRA4MAT project at VLTI [START_REF] Petrov | Commissioning MATISSE: operation and performances[END_REF].

At the time of writing, the GRAVITY instrument (Gravity Collaboration et al., 2017) includes the most advanced fringe-tracker in near-infrared interferometry, reaching Kmag=10.5 on 8.2m telescopes with ∼ 150 nm rms . Such developments of a sensitive fringe-tracker combining a large number of telescopes, benefiting from GRAVITY experience and exploring the technologies needed in the AGILIS concept, would be a crucial step towards an infrared imaging array, and would benefit both to direct and heterodyne interferometry.

Fiber delay-lines

In direct interferometry, the delay compensation of the signals is performed in free-space delay lines, whose design would represent a major technological challenge in the perspective of a direct interferometer with kilometric vacuum delay in the mid-infrared. In heterodyne detection, this delay can be performed in the correlator itself, which represents a major practical advantage over direct interferometry.

Concerning the near-infrared fringe tracker, there would be a major interest in performing this delay in fiber components to relax the need on the infrastructure. We note that there is an interest to design such fiber delay lines both in the perspective of a fiber fringe tracker and of a photonic correlator. The major difference between these two types of developments concerns the compensation of spectral dispersion, over a very large spectral domain in the first case (the whole H band or K band), and a relatively narrow bandwidth similar to telecom applications for the photonic correlator.

Additional technologies

The development of an infrared heterodyne interferometer will involve additional technologies which are not mentioned here. The first technology in this perspective is the manufacturing of large and cost-effective telescopes, as investigated in [START_REF] Bayo | NPF update: Light-weight mirror development in Chile[END_REF]. The dominant cost of existing telescopes is driven by the cost of the primary mirror. A potential path of research, detailed in [START_REF] Bayo | NPF update: Light-weight mirror development in Chile[END_REF], could consist to use Carbon Fiber Reinforced Polymer (CFRP) to replicate a large number of mirrors using a single reference mold. The second technology that we do not detailed here is the development of dedicated focal instrumentation (dichroic and spectrograph), scalable to a large number of telescopes. The exact design parameters of the spectrograph depends on the detector bandwidth that will finally fixed in the architecture (2 GHz bandwidth being equivalent to R = 12 000 ; 20 GHz equivalent to R = 1 500).

Technological challenges 4.6 A workshop that never happened : HIFAAS 2020

The review of the different key technologies and the actors on these thematics led to the organization of the international workshop HIFAAS 2020, whose goal was to gather the different developments and potentially to define a roadmap in the perspective of an infrared heterodyne interferometer with kilometric baseline and a large number of telescopes. This workshop was planned in Grenoble on March 9th to 11th, hosting 49 participants and the very specialists of this field. Unfortunately, this workshop could not happen due to the outburst of the first wave of the Covid-19 pandemic in France at this exact date. Nonetheless, the interest to gather the specialists of the different key thematics that we have identified remain very high, in particular in the perspective of an on-sky pathfinder combining the 8 telescopes of VLTI (see Chap 9). This workshop will be re-scheduled one day or another. 
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Tab. 4.5: Signal-to-noise ratio in SSB and DSB correlation.

Equivalent noise temperature of direct detection

The equivalent noise temperature of heterodyne detection due to fundamental quantum noise is typically T ∼ 1500 K. In the case of a practical system, this large noise is in addition affected by non-ideal factors (transmission, detector noise, etc.), typically a factor 6 in ISI. This gives a noise temperature of T = 6 × 1500 K ∼ 9000 K (Kingston, 1978;Boyd, 1983), a value which appears very much larger than the background noise temperature in direct detection T = 270 K, while the two techniques appear to have comparable SNR at higher spectral resolution.

Is this result physically consistent? This would imply that RON introduces an equivalent noise temperature of the order of heterodyne detection quantum noise with non-ideal parameters, which appears not to be intuitive.

We can verify this point by expressing the RON as an equivalent background noise temperature in the noise density of direct detection 14 , in Eq 4.29. Assuming that only RON is contributing to the noise (noise budget dominated by RON), this equivalent background noise temperature T b should verify :

2 e hν k b T b -1 × ∆νt = n pix RON 2 t d
where t d is included in the equivalent noise, in the same way that in the computation of the equivalent noise temperature in heterodyne detection. Following this condition, the noise temperature is :

T b = hν k b ln 2∆νt n pix •RON 2 + 1 (4.31)
The value of T b as a function of detection bandwidth is shown on Fig 4.7. This temperature reaches 9500 K at ∼ 5 GHz i.e. the value at which direct and heterodyne have equal noise in Fig 4.4. Thus, the contribution of RON is indeed comparable to the photon noise of a background source with a temperature 9000 K. This highlights the fact that the RON affects very significantly the noise budget a direct interferometer, with a value comparable or larger than the fundamental noise of heterodyne detection at for spectral resolution R ∼ 5000. Noise analysis of heterodyne detection

Quantum noise analysis

We have described so far the classical signal and the classical noise emanating from an infrared heterodyne detection. This analysis exhibits the surprising property that, as long as the LO power is sufficiently high, the final SNR does not depend on the LO power, even if the main the contribution of the noise comes from the shot noise of the LO. The SNR appears intrinsically limited by the detection scheme itself (coherent detection). Recently, different propositions arose to question that this noise was a fundamental limitation of coherent detection scheme [START_REF] Michael | On the Possibility of Breaking the Heterodyne Detection Quantum Noise Limit With Cross-Correlation[END_REF][START_REF] Coarer | Prospects of Optical Heterodyne Detection for Astronomy and One Photon Interferometry[END_REF], and to implement strategies to overcome this noise. The goal of this chapter is to propose a complete justification of the fundamental nature of the noise in heterodyne interferometry, both at the focus of a single telescope and for the correlation signal of two telescopes. Even if the ideas presented here are very well-known from different fields outside astronomy (in particular, from the quantum optics community), the goal of this chapter is to precise some of these ideas in the context of infrared heterodyne interferometry.

Position of the problem

Context

The fundamental noise limitations in heterodyne detection is a recurring question of infrared interferometry, for which a complete justification in literature is still difficult to find.

The origin of the noise in heterodyne detection has been largely studied in the frame of lidar [START_REF] Teich | Infrared heterodyne detection[END_REF] or telecom applications [START_REF] Kikuchi | Fundamentals of Coherent Optical Fiber Communications[END_REF] based on laser signals. In the classical approach, this treatment is usually extended to the description of an incoherent field by decomposing this incoherent field on a set of pure monochromatic fields (Boyd, 1983), whose phases vary randomly between each wavelengths (spectrally incoherent). In this way, this approach is fundamentally identical to the description for a laser field, generalized by the incoherent integration over the RF bandwidth. As described in the previous section, this approach provides a classical model of the noise, which is identical both in radio and heterodyne interferometry (Thompson, Moran, and Swenson, 2017).

The weak incoherent signals involved in infrared interferometry contains typically only a few photons per integration time1 , so that these weak signals are usually thought in terms of simple photons impinging the detector. This picture does not apply in heterodyne detection, which measures the field amplitude of the incident signal at the level of each telescopes. This could lead to difficult physical interpretations : where and when do we detect the "photons" in the interferometer ? For a small number of photons, is the number of signal photoelectrons somehow "amplified" by the photons from the LO ? And ultimately, could we avoid part of the shot noise electrons from the LO, which sets the sensitivity limit of heterodyne detection ? In this somehow difficult interpretative framework, different schemes, supported by preliminary experimental demonstrations, were proposed ( [START_REF] Michael | On the Possibility of Breaking the Heterodyne Detection Quantum Noise Limit With Cross-Correlation[END_REF], (Le Coarer, Chalabaev, and G. [START_REF] Coarer | Prospects of Optical Heterodyne Detection for Astronomy and One Photon Interferometry[END_REF] cited in Monnnier2014 PFI initial paper), putting forward the idea that the fundamental noise in heterodyne detection could be overcome.

In a more general manner, three main treatments of the fundamental noise could be identified in the community of infrared interferometry : Townes, 2000), or to introduce by hand 1 photon of noise per mode of detection [START_REF] Lawson | Principles of Long Baseline Stellar Interferometry[END_REF]. These two last cases are physically identical, and take as a premise that quantum fluctuations contribute to one photon per detection mode. This photon is then added by hand in the noise budget 3 The conclusion of this chapter will converge to this class of analysis, by showing explicitly how this noise is related in a fundamental manner to the quantum property of the electromagnetic field.

Optical amplification :

A second interpretation, partly related to the first class, consists in interpreting the whole detection chain as a linear amplifier. This approach is justified by the fact that there is indeed a linear relation between the input and output field in a coherent detection Êout = G Êin . As indicated by quantum mechanics [START_REF] Heffner | The Fundamental Noise Limit of Linear Amplifiers[END_REF][START_REF] Caves | Quantum limits on noise in linear amplifiers[END_REF], noiseless amplification is impossible 4 , and is shown to introduce a fundamental noise of the order of half an energy level hω/2. Notably, the exact stage at which the addition of this noise is added is not identified in [START_REF] Caves | Quantum limits on noise in linear amplifiers[END_REF] (see [START_REF] Tucker | Quantum detection at millimeter wavelengths[END_REF] for a comment on this point), and should occur at some point in "internal modes" of the amplification process. This approach constitutes the most prevalent argument in the treatment of the fundamental noise in radio-interferometry [START_REF] Tucker | Quantum detection at millimeter wavelengths[END_REF]Thompson, Moran, and Swenson, 2017). However, the exact formalization of this argument is not a straightforward problem even in radio-astronomy [START_REF] Tucker | Quantum detection at millimeter wavelengths[END_REF][START_REF] Kerr | Receiver Noise Temperature, the Quantum Noise Limit, and the Role of the Zero-Point Fluctuations[END_REF][START_REF] Kerr | Suggestions for revised definitions of noise quantities, including quantum effects[END_REF]. Furthermore, such arguments do not take into account the correlation process , which is put forward by some authors to avoid the noise at the level of each detectors [START_REF] Michael | On the Possibility of Breaking the Heterodyne Detection Quantum Noise Limit With Cross-Correlation[END_REF]. These reasons motivate at least a refinement of this approach to be applied to infrared heterodyne interferometry.

Noise reduction :

The last class of arguments e.g. [START_REF] Michael | On the Possibility of Breaking the Heterodyne Detection Quantum Noise Limit With Cross-Correlation[END_REF] is based on the idea that the fundamental noise of heterodyne detection can be reduced below the quantum limit. Such approaches would represent ground-breaking results, as they would surpass limitations that were thought irreductible. Through this chapter, we will see how a quantum description of light seems to invalidate these approaches in their current form. A potentially detrimental point in this class of analysis is to reduce the quantum description of light to a corpuscular picture (i.e. "photons"), where the description of quantized field seems to provide a more faithful insight. We will conclude this chapter with the potential perspectives and limitations to reduce this noise, which appears for the moment related to the field coined as "quantum assisted interferometry", whose exact application to infrared heterodyne interferometry go beyond the scope of the present work.

Goal of this chapter

The goal of this chapter is to determine the fundamental noise of infrared heterodyne detection by taking into account the quantum properties of light, based on a quantum theory of detection (Glauber, 1963b) and of the measurement process [START_REF] Gardiner | Quantum Noise: A Handbook of Markovian and Non-Markovian Quantum Stochastic Methods with Applications to Quantum Optics[END_REF]. This chapter is largely based on the work of Tsang, 2011, and can be seen as an effort to situate the ideas related to the quantum theory of measurement in the context of radio and infrared heterodyne interferometry. Based on Tsang, 2011, a specific effort is put on the clarification of the fundamental nature of the noise in infrared heterodyne interferometry, on the explicit derivation of the SNR in infrared heterodyne interferometry from first principles, and its formulation in terms of practical SNR relations usually used in infrared interferometry.

Quantization of the electromagnetic field

The goal of this section is to recall very elementary notions of quantum optics which will be used all along this chapter. These notions can be found in most of the introductory books on Quantum Optics, and are mainly based here on the lecture of Chris Westbrook and Antoine Broaweys at Institut d'Optique. The reader familiar with these concepts and the quantum theory of optical coherent (Sec 5.1.5) can directly go to the description of heterodyne detection in the quantum formalism (Sec 5.1.5).

Classical electromagnetic field

We will first describe a classical field, which will familiarise us with the notion of mode. To describe such a field, we suppose that it is contained in a box of dimension L, which set the boundary conditions of the field 5 . In this case, the electromagnetic field can be decomposed on set of plane wave with wave-vector k = 2π L m, with m a integer :

E = ω x m ce i(kz-ωt) + c * e -i(kz-ωt) (5.1)
These are the solutions of the Maxwell equation in absence of charge. The number m has nothing to do with a quantum treatment here, but just arise from the decomposition of a classical solution in plane wave. However, this number is related to the very important notion of mode : the field is completely described by a set of a wave-vector and a polarisation, which defines a mode of the field.

We can write the energy (hamiltonian) associated to each mode of the field :

H = 1 2 dV 0 E 2 + B 2 µ 0 ≡ 1 2 p 2 m + mω 2 q 2 (5.2)
where the canonical variables p and q enable to write the hamiltonian of the field as the hamiltonian of an harmonic oscillator. It is important to note that, since the modes are orthognals between each others, the total hamiltonian of the field is simply the sum of the hamiltonian of each mode. This remark will be particularly useful to describe the hamiltonian of a black body for example. The formal relations defining these variables are :

2ω V 0 c = ω √ mq + i p √ m 2ω V 0 c * = ω √ mq -i p √ m
Physically, these two numbers c and c * are related to the quadrature of the electromagnetic field.

Quantization of the electromagnetic field

We now consider a quantized field : starting from a classical field as described in previous section, the quantization consist in considering that the general coordinate describing the field are no more complex numbers, but operators, coined as P and Q :

P = p √ hω m , Q = ω m √ hω m q (5.3)
The fundamental quantum nature of the field lies in the non-commutativity of these operators i.e. that they have a non-zero commutator :

Q, P = i (5.4)
Notably, these operators P and Q can be interpreted as the quadrature of the field :

Ê = x hω 0 V Q cos(kz -ωt) + P sin(kz -ωt) (5.5)
The non-commutativity concerns thus the quadrature of the field. A direct consequence of the non-commutativity of hermitian operators is the existence of a so-called uncertainty relation between these variables 6 , which limits the precision on the simultaneous measurement of these variables. In this case, the uncertainty relation concerns the measurement of the quadrature of the field, which thus fundamentally contrasts with a classical description.

Quantum harmonic oscillator

The hamiltonian described in Eq 5.2 is the hamiltonian of an harmonic oscillator. Quantifying the energy of the field amounts to quantifying the energy of an harmonic oscillator. This very well-known result of quantum mechanics leads to introduce the creation and annihilation operators :

   â = 1 √ 2 Q + i P â † = 1 √ 2 Q -i P (5.6)
In this the form, the field is written :

Ê( r, t) = Ê(+) ( r, t) + Ê(-) ( r, t) = k hω 2 0 V xk âk e -iωt + â † k e -iωt (5.7)
where the Ê(-) and Ê(+) have been introduced :

   Ê(+) ( r, t) = k hω 2 0 V xk âk e -iωt Ê(-) ( r, t) = k hω 2 0 V xk â † k e +iωt (5.8)
The form of Eq 5.7 and Eq 5.8 is analogous to the description of classical field verifying Maxwell equations, decomposed in positive and negative frequency. This form will be used in particular for the description of coherent state, used to describe a perfect local oscillator.

Finally, the energy of the field can be written :

Ĥ = hω N + 1 2
(5.9)

with N = â † â the number operator. The +1/2 is the fundamental term of this chapter : it arises directly from the non-commutativity of â and â † , and implies that even the vacuum state |0 with no photons has a non-zero energy level hω 2 . This energy is commonly coined as the "zero-point energy" of the field.

In the next paragraph, we give a physical interpretation of this term for a black-body, which will be the type of radiation which will be of primary interest in an astronomical context.

Apllication to a black-body : the Callen-Welton formula

The +1/2 is the direct manifestation of the fluctuations of the vacuum state, which appears in the mean energy of a black-body, as shown in the Callen-Welton formula. This formula is particularly used in radio-interferometry to justify the fundamental noise of a heterodyne detection.

Callen & Welton [START_REF] Callen | Irreversibility and Generalized Noise[END_REF] deduce the mean energy of a black-body by computing the energy density ρ(E) in the neighbourhood [E ; E + δ E], multiplied by the probability to populate this state (Boltzmann law) f (E) = e -βE (with β = h kT ) and E n the energy of the mode, as defined in Eq 5.9. The mean energy of a mode is thus :

E m = n E n e -βEn = n hω(n + 1/2)e -βEn
(5.10)

According to the well known property of the partition function Z = n e -β(n+ 1 2 )hω , the mean energy of the field is :

E m = - ∂lnZ ∂β = hω 1 e βhω -1 + 1 2 (5.11)
For a black body, we retrieve the fact that the mean energy of a vacuum state (no photons 7 ) is hω 2 , not zero. This gives a more precise insight of the notion of quantum fluctuations associated to a black-body. This formula is in fact widely used in radio-astronomy (Thompson, Moran, and Swenson, 2017) in order to justify the quantum limit of detection. In fine, this formula enables to describe the mean energy of mode of a field of a black-body, but do not take into account any physics of the detection nor the correlation process. The goal of the next section is precisely to see how to introduce the notions of detection and coherence in a quantum description of the field. In the following, we will thus see how we choose to separate the contribution of the signal power hω e βhω -1 from the zero-point energy hω 2 .

7 Photons designate here the quantum of energy necessary to go from each energy level of the harmonic oscillator.

Regarding the third class of interpretation detailed in introduction, we see that the terms photons has to be considered with caution : in particular, this notion does not render the notions of uncertainty between quadratures, related to the notion of noise in phase measurement. The term photons renders the notion of an exchange of a discrete amount of energy, which is indeed a quantum property, as well as the implicit notion of mode.

5.1 Quantum noise analysis 5.1.3 Quantum theory of detection and coherence [Glauber] Glauber

We recall here the quantum theory of detection and coherence as proposed by Glauber (Glauber, 1963b;Glauber, 1963a). This paragraph is largely inspired by these two historical papers, where these ideas were introduced.

A complete description of the interaction of a field and a detector calls on the second golden rule of Fermi : the whole description would lengthen this chapter, but can be found in detail in [START_REF] Cohen-Tannoudji | The GRAVITY young stellar object survey. II. First spatially resolved observations of the CO bandhead emission in a high-mass YSO[END_REF]. Instead, we will introduce this interaction as proposed in (Glauber, 1963b) : the detection of a photon can be seen simply as the annihilation of a photon of the field. As a consequence, the probability to detect a photon i.e the probability of a photodetector to go from state |i to |f is :

w (1) i→f = f | Ê(+) (r, t)|i 2 (5.12)
This is made natural by the fact that Ê(+) is proportional to â † , as shown in Eq 5.8. The probability that a detection signal is triggered when any of the final state is reached. The total probability of detection is thus the sum over the final states :

w (1) i = f f | Ê(+) (r, t)|i 2 = i| Ê(-) (r, t) Ê(+) (r, t)|i (5.13)
The probability of Eq 5.13 is proportional to the field "intensity", which is consistent with the physical interpretation of this term. In the same vein, if this probability is evaluated in two different point of space (r 1 ,r 2 ), the above formula corresponds to the first degree of spatial coherence of the field, proportional to g (1) . In a similar manner, higher degree of coherence can be defined :

w (n) i = i| Ê(-) (r n , t)... Ê(-) (r 1 , t) Ê(+) (r 1 , t)... Ê(+) (r n , t)|i (5.14)
In the following we will mainly focus on g (1) , which is the main quantity of interest in heterodyne detection. g (2) described the correlation associated to the detection of two photons, which is the specific interest of intensity interferometry experiment, such as the seminal Hanbury-Brown & Twiss experiment. The same degree of coherence can be define in the temporal domain, changing (r 1 ,r 2 ) coordinates with (t 1 ,t 2 ).

State representation with density matrix

The previous paragraph implicitly considered that the incident field was in a pure quantum state |i . This situation is far from being general, and for example a black body can not be considered as a pure quantum state. The goal of this paragraph is to introduce the notion of mixed states, to introduce the most general description of detection process proposed by Glauber.

Let us consider a quantum system which could prepared in successive different state |ψ i with a certain probability p i . In this way, the system is in state |ψ 

 = i p i ψ i | Â|ψ i = i p i tr [A |ψ i ψ i |] = tr  i p i |ψ i ψ i | (5.15)
By introducing ρ, the density matrix representing the quantum system, the result of the measurement of the observable  is, in the more general manner : (5.16) This enables to refine the first description of a detection process in the last paragraph : the field has a probability p i to be in state |i (once again, still in a classical sense), so that the final detection probability is the sum of the probability to generate a photo-events, weighted by the probability of the field to be in state |i :

ρ = i p i |ψ i ψ i | , Â = tr ρ Â
w (1) = i p i w (1) i
In this more general case, the first order correlation function of the field between to point (r 1 , t 1 ) et (r 2 , t 2 ) can be written :

G (1) = tr ρE (-) (r 2 , t 2 )E (+) (r 1 , t 1 ) (5.17) 
In the same manner, the second order correlation can be written :

G (2) = tr ρE (-) (r 3 , t 3 )ρE (-) (r 4 , t 4 )E (+) (r 1 , t 1 )E (+) (r 2 , t 2 ) (5.18)
Example of a density operator : the thermal field An example of density matrix of particular importance in our case is the density matrix of thermal state. The statistical distribution of such a state is naturally described by a Maxwell-Boltzmann law :

ρ th = e -βhωâ † â Z (5.19)
with Z the partition function of the system Z = tr e -βhωâ † â = 1 -e -βhω -1 .

As n is an eigenvalue of the operator â † â, the former expression gives an intuitive description of the matrix density of a thermal state :

ρ th = n p n |n n| = n e -βhωn Z |n n|
The diagonal value of this matrix are the Maxwell-Boltzmann coefficients (population), and the off-diagonal terms |m n| (coherences) appears as zero terms (n = m), which is consistent with the fact that there is no correlation between these states.

5.1 Quantum noise analysis

Generalized measurement

Generalized measurements

The measurement of an observable consists in evaluating the mean of an observable through a density matrix as described in Eq 5.15, which has enabled to generalize description of the detection process in Eq 5.17.

In the same manner, we can ask ourselves if there is a mean to generalize the description of any measurement process. This is enabled by the notion a generalized measurement (Landi, n.d.) and Kraus operators in quantum theory of measurement.

From quantum theory of measurement, it can be shown that any measurement can be described through a Kraus operator whose only condition is to verify :

k M k M † k = 1 (5.20)
The probability of obtaining a certain output k is :

p k = tr M k ρM † k (5.21)
At this stage, we note that the expression of the detected flux and of first degree of coherence of light is an exact illustration of this property 8 .

The final state of the system affected by the measurement can finally be written :

ρ → M k ρM † k p k (5.22)
Based on this description of the detection and of the measurement processes, we will see how to describe the measurement through a coherent detection. To do so, we need to describe the sate of the local oscillator, which is the subject of the next paragraph.

Coherent states

Going back into the initial publication of Glauber (Glauber, 1963a), the coherent states have been introduced by Glauber in order to find a simple solution to the Maxwell equations applied to a quantum field. As we have seen in Eq 5.8, the solutions of the quantized Maxwell equations can be decomposed on a basis of solutions proportional to â (or â † , which is the same problem). Naturally, Glauber poses the question to find eigensolutions of â : indeed, in this case, the eigenvalues of these states would give the eingesolutions of the Maxwell equations. In a certain manner, this is the analogous approach to the decomposition on a basis of plane wave for classical Maxwell equation, in other words, the ideal monochromatic solutions, representing an ideal laser for example.

The coherent states are thus defined as the eigenstates of â 9

â |α = α |α (5.24)
Several important properties of coherent states will be used directly or implicitly in the following :

1. A coherent state can be written over a basis of number states :

|α = e -|α| 2 2 k α n √ n! |n (5.25)
2. Using the description over a basis of number state, the mean occupation number i.e. the number of photons detected follows a Poisson distribution, consistent with the mean and the standard deviation of photons detected in the semi-classical picture :

| n|α | 2 = |α| 2n n! e -|α| 2
3. Finally, a coherent state can also be conveniently represented by the mean of a unitary operator, the displacement operator D(α). This operator will be implicitly used in the calculation using generalized measurements. The name of this operator comes from the fact that α is represented as a "displaced-vacuum":

|α = D(α) |0
The displacement operator can be shown to be written as :

D(α) = e αâ † -α * â (5.26)

Non-orthogonality, complete basis of coherent sates

We note finally the two last properties of coherent states that will enlighten our description of heterodyne detection as a generalized measurement. These properties are related to the representation of |α as a "basis" of states.

It can be shown [START_REF] Gardiner | Quantum Noise: A Handbook of Markovian and Non-Markovian Quantum Stochastic Methods with Applications to Quantum Optics[END_REF]) that |α fulfil the closure relation :

d 2 α π |α α| = 1 (5.27)
This property will be of primary importance when defining the general measurement associated to an heterodyne detection. However, contrary to number state for example, coherent states do not form an orthogonal basis :

β|α = e β * -|β| 2 2 - |α| 2 2
(5.28)

| β|α | 2 = e -|α-β| 2 (5.29)
The {|α } is in fact "over-complete" : there is more coherent states that need to pave the whole space of states. The representation over a "basis" of coherent states will be central when introducing the P and Q representations in particular10 

Quantum description and SNR of a heterodyne detection

The goal of this section is to derive the SNR of a heterodyne detection with one telescope, based on the very fundamental quantum principles that we have introduced in the first section. We will first start with a simple model of balanced detection, allowing us to derive the fundamental noise with one telescope. We will then extrapolate this description with the notion of generalized measurement, of which will make use for the description of the interferometric SNR with 2 telescopes.

Balanced detection

We start by the description of balanced detection.

First, the two incident inputs, the local oscillator and the astronomical signal, are superposed on the two output ports of beam-splitter (BS). Based on the creation/annihilation introduced in first section, the transformation through the BS is :

ĉd = 1 √ 2 1 1 -1 1 â b (5.30)
Then, using the expression of each output, and the expression Eq 5.17, the photocurrent detected at each output is :

   î1 = ĉ † ĉ = 1 2 â † â + b † b + b † â + â † b î2 = d † d = 1 2 â † â + b † b -b † â -â † b (5.31)
The difference signal of these two photocurrent enables to remove the dc component :

î = ĉ † ĉ -d † d = b † â + â † b (5.32)

Measurement description

What we want now is to evaluate the average of this operator. This is usually done by bracketing the operator by the input state11 |ψ = |ψ 1 , ψ 2 . Here, the local oscillator can be assumed to be represented by a coherent state

|ψ 2 = |α . Noting α = |α|e iφ : α, ψ 2 | î|α, ψ 2 = |α| ψ 2 |âe -iφ + â † e iφ |ψ 2 = 2|α| ψ 2 | Q cos φ + P sin φ|ψ 2
In the following, in order to deal only with well normalized operator, we will assume that the observable of our balanced detection is :

x = Q cos φ + P sin φ (5.33)
The detected photocurrent thus gives access to the quadratures of the field in the signal port, which is consistent with the classical interpretation.

Thus far, we have thought as if the signal port was in a pure state. Here we have to keep in mind that our input (astronomical) signal is a mixed state (thermal state). In the same manner as we have described the detection probability through density matrix in the Glauber formalism in Sec 5.1.3, our mean average should thus be the sum of the average of the operator, weighted by the probability to have the system in state |n , which is the probability

p n : x = n p n n|x|n = n p n tr [x |n n|] = tr [ρx] (5.34) 
More generally the different moments, from which we will deduce the variance (noise power) in particular, can be simply expressed :

xk = Tr ρx k (5.35)

Measurement over one quadrature

To start with, we will simplify the problem by assuming that the phase of the local oscillator is φ = 0, which turns out to measure only one quadrature of the incident state. By doing so, the measurement is :

Tr ρx k = dx x|ρx k |x (5.36) = dx x|ρ|x x k (5.37) = dx ρ(x)x k (5.38)
The integral in Eq 5.36 is very well-known in quantum mechnanics : it corresponds the measurement of the mean position x of an harmonic oscillator. By applying directly the results in this case Cohen-Tannoudji, Diu, and Laloë, 1973, we obtain :

   x = 0 x2 = coth( hω 2kT ) 2 = n + 1 2 (5.39)
This provides a first very important result. The variance (i.e. noise power) of the measurement of a quadrature is n + 1 2 , with n 1 in infrared astronomy. At the level one balanced detection, the fundamental quantum noise on the measurement of thermal state with a heterodyne balanced detection over one quadrature is 1 2 i.e. half a photon per mode of detection.

Measurement over two quadratures and Husimi distribution

We will now suppose that we measure the two quadratures of the incident field. This is what is done in practice in a correlator measuring both the real part and the imaginary part of the field, as we have seen in the classical treatment in Chap 4. Instead of projecting the signal field over a single quadrature, the signal state is projected in the complex plane, over a coherent state. Recalling from Eq 5.27 that the coherent state forms a complete basis, this ensures that M = 1 √ π |α α| is a Kraus operator. We can verify that this relation is consistent with our initial assumption :

ρ → M α ρ th M † α p α = |α α|ρ|α α| α|ρ|α = |α α| (5.40)
The output is indeed a coherent state. In this case, the probability distribution of our output measurement is :

p α = tr ρ th M † M = 1 π α|ρ th |α (5.41)
p α is also known has the Husimi quasi-probability distribution and will be noted Q(α, α * ) in the following. For a thermal state, writing Eq 5.41 over number state enables to obtain directly the expression :

Q(α, α * ) = 1 π α|ρ th |α = 1 π(1 + n) exp - |α| 2 1 + n (5.42)
The mean, the variance, and more generally the different moments can be deduced in the same way from this distribution. This distribution being gaussian, the immediate result is :

   m α = 0 σ 2 α = n + 1 (5.43)
This results looks very much like the result for the measurement over one quadrature, excepting that + 1 2 has been replaced by +1. We can summarize this result by saying that the fundamental quantum noise of thermal state with a heterodyne balanced detection over two quadratures is +1 i.e. one photon of noise per mode of detection. This is consistent with the interpretation that we have added the fundamental noise of the two quadratures. As Husimi function can be conveniently interpreted as a probability distribution, it can be represented in the 2D phase plane, as shown in Fig 5.1. It corresponds to the probability density to measure the thermal state (harmonic oscillator) around a small region α + dα. The fundamental quantum noise appears as a finite lower bound imposed on the width of the probability distribution of the thermal field in phase space. In particular, for regimes where hω kT (e.g. infrared domain), the width saturates to a limit +1, so that the incident thermal field measured by a coherent detection can not be located in an arbitrary small region of phase space. The fundamental quantum noise corresponds to the smallest width in which the field can be measured, and is of the order of 1 photon. Conversely, in the case where the energy of a photon is smaller than thermal energy (e.g. radio domain) (radio hω kT , this fundamental quantum limit is no more perceptible, and converge with the classical limit. Interestingly, a detailed description of a thermal density operator in terms of coherent states can be found in (Glauber, 1963a), sect. VIII.

We also note that in their pioneering derivation of the quantum limits of a coherent amplifier, which can well be adapted to the description of a coherent detection, Serber & Townes [START_REF] Serber | Limits on Electromagnetic Amplification due to Complementarity[END_REF] derive the limitation of measurement of phase and amplitude (gathered in ∆n∆φ > 1/2) through a description of the limits in the measurement of the quadratures of an harmonic oscillator. This already captures the essence of the development presented here, even if not expressed through the same formalism, Glauber's paper being published 4 years after Serber & Townes' paper.

Intermediate conclusion

The intermediate conclusion of this section is :

• a measurement of a thermal state with a heterodyne detection can be interpreted as the measurement of the quadratures of a quantum harmonic oscillator.

• as a consequence, the fundamental limit on the measurements of the field is 1 per mode of deteciton when measuring the two quadratures of the field.

5.1 Quantum noise analysis

• this quantum limit can be interpreted as a fundamental limit to locate the state of the field in an arbitrary small region of the phase space (quantum harmonic oscillator), translating into an error on the measurement of its quadratures i.e of its phase and amplitude.

• in terms of radio notation, the fundamental noise temperature due to the measurement of two quadratures at the level of one telescope is T N = hω k .

Generalization

The analysis would naturally take advantage of a description of the state of the signal in terms of coherent states. That is precisely the point of the Sudarshan-Glauber representation (Glauber, 1963a;[START_REF] Sudarshan | Equivalence of Semiclassical and Quantum Mechanical Descriptions of Statistical Light Beams[END_REF], or P-representation. In P-representation, every state can be represented in a decomposition over coherent states :

ρ = d 2 α P (α) |α α| (5.44)
In the case of thermal state, it can be shown (Glauber, 1963a;Mandel and Wolf, 1995) that P (α) has a very natural expression over the mode of the field :

P (α) = 1 π e βω -1 exp -|α| 2 e βω -1 (5.45) 
Going back on Eq 5.41, and deriving the probability distribution in terms of coherent state, we have :

p α = tr ρM † M (5.46) = 1 π d 2 β | β|α | 2 P (β) (5.47) = 1 π d 2 β exp -|α -β| 2 P (β) (5.48)
In this way, the P-representation, i.e. the representation of the density matrix in terms of coherent states, enables us both to express in a natural way the state in terms of the mode of the field, and to provide a simple derivation of the Husimi function. This approach will be particularly useful when dealing with the description of the noise with two telescopes observation.

Additional comments

We conclude the previous paragraph by introducing the P-representation. In fact, the description with Eq refeq:HO_quadrature is equivalent to a decomposition through so-called Wigner functions x|ρ|x = dpW (x, p) :

Tr ρx k = dxdp W (x, p)x k (5.49)
whose variance is shown to be |α| 2 = n + 1 2 [START_REF] Gardiner | Quantum Noise: A Handbook of Markovian and Non-Markovian Quantum Stochastic Methods with Applications to Quantum Optics[END_REF]. Finally, the description with Eq 5.41 is equivalent to a decomposition over Husimi functions, whose 120 Chapter 5 Noise analysis of heterodyne detection variance is shown to be |α| 2 = n + 1. All these 3 representations can be used to describe these measurements.

In the following, we will suppose that we measure two quadratures, so we will use a description based on Husimi functions, which also provides a convenient interpretative framework in terms of probability distribution. With the measure of only one quadrature, similar type of calculations could be made using a Wigner decomposition, which would finally lead to replace +1 in the noise term with + 1 2 . In fact, both rigorous approaches can be found in [START_REF] Helstrom | Quantum detection and estimation theory[END_REF]) VIII.3.a and VIII.3.b .

SNR in quantum formalism : two telescopes

Thus far, we have started with the description of a measurement over a single balanced coherent detection to derive the calculation of its moment. The calculation of the moments was made more systematic by the introduction of Husimi distribution, which has the property to be interpreted as a probability distribution in phase space. Finally, the derivation of Husimi function can be related to the representation of the density matrix in terms of coherent states (P-representation), whose advantage is to provide a natural expression of the mode of the field in terms of Gaussian distribution. This final representation can be easily generalized to multimode field, which is precisely the situation in which we will have to deal in this part. In our case, we will limit ourself to to a bi-modal field, in order to describe the field at the two telescopes of the interferometer, through the use of a very similar formalism compared to the classical description, based on a representation of the interferometric measurement as a coherence matrix. In this section, we will start by the description of the state detected by two telescopes (bi-modal field), following the initial formalization by (Tsang, 2011), and then perform backwards the method followed for one telescope.

Formalization of the problem [Tsang]

The formalization of the problem for a field measured with two telescopes consists to cast the density operator into a diagonal form over a coherent state representation, here over a basis of two coherent states. This description can be naturally done in P-representation, which is precisely a representation in terms of coherent states, the expression of which is provided in (Mandel and Wolf, 1995) 13.1.5. Equivalently, this representation is designated as a "bi-partite thermal light" in (Tsang, 2011). In this way, the density matrix is written :

ρ = P (α 1 , α 2 ) |α 1 , α 2 α 1 , α 2 |
(5.50)

with P (α 1 , α 2 ) :

P (α 1 , α 2 ) = 1 π 2 detΓ exp -α * 1 α * 2 Γ -1 α 1 α 2 (5.51)
and Γ :

Γ =   â1 † â1 â2 † â1 â1 † â2 â2 † â2   = γ γ *
(5.52)

Quantum noise analysis

Here again, we note that this description is very close to the classical description of an interferometer such as [START_REF] Bouquin | Imagerie par synthèse d'ouverture optique, application aux etoiles chimiquement particulières[END_REF], all the information of the interferometric measurement being encoded in the coherence matrix.

Finally, the probability distribution can be evaluated in (β 1 ,β 2 ) in the same way as we have done for one telescope 12 :

p β 1 ,β 2 = 1 π 2 dα 1 dα 2 exp -|β 1 -α 1 | 2 -|β 2 -α 2 | 2 P (α 1 , α 2 ) (5.53) = 1 π 2 dαdβ Π(β 1 -α 1 , β 2 -α 2 )P (α 1 , α 2 ) (5.54) Π(β 1 -α 1 , β 2 -α 2 )
is finally also a gaussian distribution with covariance matrix :

Γ = 1 0 0 1 (5.55)
As seen by Tsang, the detection probability is thus the convolution of two gaussian distribution.

According to the properties of gaussian multivariate distributions, the results is also a gaussian distribution, whose covariance matrix is the sum of the initial covariance matrices :

Γ = Γ + Γ = + 1 γ γ + 1 (5.56)
This result contains the essence of the description of the noise and signal properties through the interferometer. We note the similarity of this description compared to the treatment with one telescope, and above all the presence of a fundamental noise term +1 in the diagonal elements of the covariance, associated to the fundamental quantum limit in the noise power. As suggested by Tsang, this complement also the interpretation of the probability distribution p β 1 ,β 2 , which can seen as a conditional probability of measuring a gaussian state in (α,β) with respect to (α,β), and cannot restricted to an arbitrarily small area of the phase space.

Moments estimation

The final step to derive the signal to noise ratio is to compute the moment of the probability distribution associated to the interferometric measurement. The moments of a gaussian multivariate distribution are shown to be :

Xi Xj Xk ... = (2N )! N ! 2 N {σ ij σ kl σ mn ...} (5.57)
Once again, this is interesting to see the similarity with the classical derivation of the SNR. The upper relation is the direct transcription in a quantum framework of the Isserlis-Wick theorem used in the classical derivation of the SNR, as it can be found in the derivation of the SNR in (Thompson, Moran, and Swenson, 2017) to which we referred in Chap 4.

We can deduce in particular the two moments in which we are interested in our derivation of the interferometric SNR :

                     m = b † â = γ V = b † â 2 = b † ââ † b = b † â â † b + b † b â † â + b † â † âb =0 = (1 + ) 2 + |γ| 2 2
(5.58)

Interferometric SNR
From Eq 5.58, we can deduce the signal and standard-deviation on the interferometric measurement :

   S ≡ γ σ = V -|m| 2 = 1 + (5.59)
The SNR for one mode of detection of an heterodyne interferometer observing a thermal state is :

S N = |γ| 1 + (5.60) • with = η tot • S(ν) • ∆ν • t m
• S(ν) the optical power of the astronomical signal W.Hz -1

• ∆ν the bandwidth of detection. This value differs between SSB and DSB detection.

• t m the duration of one temporal mode of detection. This value is set by the bandwidth 1 2∆ν IF (Shannon criterion), and do not change between DSB and SSB.

• η tot the total efficiency of the detection chain

Comparison with classical expression of the SNR

In the following, we clarify the link between the expression deduced from a quantum treatment and the common expression of the heterodyne SNR that can be found in the literature. Our result will slightly differ from (Tsang, 2011) from this point. The results given Eq 5.60 is deduced for one temporal mode of detection. The duration associated to this "temporal mode" is the response time of the detector : following the Shannon criterion, two events separated by a smaller amount of time t m = √ 2∆ν IF can not be distinguished. As a consequence, for a total integration time t, the number of independent modes measured is N m = t tm = 2∆ν IF t (Thompson, Moran, and Swenson, 2017;C. H. Townes, 1984). These N m independent modes are averages in time, which leads to :

S N coh = S N N m = S N 2∆ν IF t (5.61) 5.1 Quantum noise analysis 123 
For a DSB signal, ∆ν = 2∆ν IF and the SNR over a coherent integration time t is :

S N coh,DSB = |γ|S(ν) 2∆ν IF t (5.62)
We converge here with the previous expression derived in Chap 4 through a classical approach.

The noise limitation in the interferometric observables thus arise from the same the very fundamental quantum limitations derived in this chapter. From a physical point of view, this should not be surprising, given that the astronomical signal considered here corresponds to a classical state of light : both calculations should thus deliver the same results 13 Moreover, the formalism and the method used to derive the expression and the statistical properties of the signal shares strong similarities between classical and quantum approaches.

Conclusion

The following conclusions can be drawn from the analysis through the quantum formalism of the SNR of a two-telescopes heterodyne interferometer :

1. the noise analysis derived for single telescope can be generalized to an interferometric signals obtained with two separate telescopes. The contribution of the noise due to quantum fluctuations is shown to be of 1 photon per mode of detection.

2. the SNR extrapolated from this quantum analysis converges with the expression derived from a purely classical approach, in particular the expression provided by Townes and in the radio-interferometry framework, with notable analogies in the derivation of the statistical properties of these signals.

3. as in the radio-domain, the fundamental noise term of can be expressed in terms of noise temperature, in this case equals to T N = hω k .

Overall, this analysis confirms the initial intuition of Townes, where it was taken as a premise that the fundamental noise contribution was equal to one photon per mode. This postulate is confirmed through this analysis, starting from the very fundamental properties of the quantized electromagnetic field and of the detection process. This treatment exhibits the fundamental similarity of this problem with the estimation of the quadrature of a quantum harmonic oscillator (the quantized electromagnetic field) in the phase space. This noise contribution is inherent to both the sate of the field (thermal state) and to the measurement process. This phenomenon is commonly coined as the "zero-fluctuation" contribution of a quantum harmonic oscillator : noticeably, this is one of the few measurements in physics in which quantum zero-fluctuations have such a direct and practical manifestation. Importantly, the generalization of this quantum analysis also highlights that such noise do no not vanish in the correlation process, as stated by [START_REF] Michael | On the Possibility of Breaking the Heterodyne Detection Quantum Noise Limit With Cross-Correlation[END_REF].

Local and non-local interferometric schemes

To conclude, we mention a more general results shown by Tsang : in fact, it can be shown that any local measurement (i.e. where the field is estimated at the level of each telescope) is less sensitive than a non-local scheme (e.g direct interferometry, where photons are detected only at the level of the recombination unit). In the case of local measurement, Tsang shows that heterodyne detection saturates the detection limit : even if heterodyne detection remains less sensitive than direct interferometry, this is the optimal detection scheme of local measurements in the case of a thermal field. Several propositions are currently emerging in the class of non-local schemes, based on the use of quantum repeaters [START_REF] Gottesman | Longer-Baseline Telescopes Using Quantum Repeaters[END_REF] or quantum memories [START_REF] Khabiboulline | Optical Interferometry with Quantum Networks[END_REF]. These technologies have their own constrains in terms of practical implementation (a detailed analysis can be found in [START_REF] Khabiboulline | Optical Interferometry with Quantum Networks[END_REF] for example) or sensitivity (bandwidth limitation for example), and at the time of writing are not yet available for a practical implementation in astronomy.

Depending on the near and mid-term evolution of these quantum technologies, such schemes could provide interesting additional alternatives to direct interferometry.

5.1 Quantum noise analysis 5.1.8 Annex : Comment on optical amplification in astronomy

As mentioned in the introduction of this section, a coherent detection can be conveniently considered as an amplification process, given that a coherent detection measured directly the amplitude of the input field. This treatment has an advantage of providing simple arguments that a fundamental noise should be present in a coherent detection, although it is difficult to clearly describe the detection process nor the correlation process with this treatment. We will rapidly recall this argument, and mention that it should also apply to other type of measurements, for example the detection of astronomical signals through optical amplifiers.

From an heuristic argument, [START_REF] Heffner | The Fundamental Noise Limit of Linear Amplifiers[END_REF] shows through a simple argument that an amplification process should necessarily introduce an additional noise. Let us consider an input with n 1 photons and a phase φ 1 , are amplified by a factor G to obtain a number of photons n 2 = Gn 1 . If no specific source of noise was introduced during the amplification process, n 2 and φ 2 should saturate the inequality relation :

∆n 2 ∆φ 2 ≥ 1 2
Given that n 2 = Gn 1 , this would mean that the uncertainty relation on n 1 and φ 1 is :

∆n 1 ∆φ 1 ≥ 1 G • 1 2
For G > 1, this clearly violates this fundamental inequality > 1/2. Some noise has necessarily to be introduced in the measurement process. A rigorous treatment is derived by the historical paper of Caves [START_REF] Caves | Quantum limits on noise in linear amplifiers[END_REF], based on the idea that the input and output observables should both be unitary operators. Considering x and ŷ the input and output observables, the amplification reduced to :

x = x1 + ix 2 → AMP ŷ = ŷ1 + iŷ 2 = ( G 1 x1 + G 2 x2 ) + Î1 + Î2 (5.63)
with xi and ŷi the input and output quadratures, and Îi the noise that has necessarily to be introduced by the amplification process. The output observables has to be unitarian, which means :

   [x 1 , x2 ] = 1 2 i [ŷ 1 , ŷ2 ] = 1 2 i (5.64)
The uncertainty relation verified by every observables is fundamentally linked to the value of their commutator, through the Robertson-Schrödinger relation. Using Eq 5.63 and Eq 5.64 :

Î1 , Î2 = 1 2 i (1 -G) (5.65)
This sets the lower bound on the error ∆ Î1 and ∆ Î2 introduced in the amplification process :

∆ Î1 ∆ Î2 ≥ 1 2 Î1 , Î2 = 1 4 |1 -G| (5.66) 126 
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This added amplification noise can also be reduced to an equivalent "input noise

" âi = Îi / √ G : ∆â 1 ∆â 2 ≥ 1 4 |1 -G -1 |→ 1/4 (5.67)
The equivalent input noise added by a coherent amplification on each quadrature is thus Ɖ i = + 1 2 , which is consistent with the quantum analysis detailed in the upper sections.

Fundamentally, the noise introduced in the amplification process also originate from the same zero-point fluctuations present in Eq 5.64. Both derivations thus highlights the generality of the origin of noise. Interestingly, the description of such a coherent amplifying process can be applied to other types of measurement, in particular the amplification of an incident optical signal by an optical amplifier (e.g. a telecom amplifier, such an EDFA). Following the same analysis, a necessary fundamental noise of the order of 1 photon per mode should be introduced by the amplifier. In the case of thermal signal with a low occupation number n 1, the use of such device thus become prohibitive, with an increasing noise penalty as the central wavelength of observation shortens e.g. in the near-infrared, were most of the telecom optical amplifiers are available.

Quantum noise analysis
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Correlation I : Introduction of photonic correlation

Motivation

The general picture of an infrared heterodyne interferometer combining a large number of telescopes, given in Chapter 4, has highlighted the need to develop a dedicated correlation scheme going beyond the capabilities of current analog or digital correlators. This motivated a specific work in this direction, which is the object of the two following chapters.

The starting point of this work was an initial questioning on the architecture that would be best suited to the following drivers :

1. Correlation of wide-bandwidth signals, compatible with typical bandwidth achieved by QCD or QWIP, of the order of 50 GHz, and up to 100 GHz.

2. Transport over kilometric distances, the easiest way to perform such a transport would be to use telecom technologies, as it is also done in radio-submm facilities such as NOEMA or ALMA.

3. Delay compensation, integrated inside the correlator in the form of RF or fibered delay line, and which would substitute the free-space optical delay line in direct interferometry (see also Chapter 4).

Conversely, photonic technologies enables to process and to transport wide-bandwidth RF signals, taking advantage of the decades of developments in the field of telecom industry. Such applications have seen a significant developments in the past decade, grouped under the name of microwave photonics [START_REF] Capmany | Microwave Photonic Signal Processing[END_REF][START_REF] Marpaung | Integrated microwave photonics[END_REF].

These different elements, guided by the approach followed on ISI with analog correlation, have led us to introduce the concept of photonic correlation in the context of infrared heterodyne interferometry. The goal of this chapter is to present the basic concepts and the experimental demonstration of simple analog two-element demonstrators, and how they could be extended to a larger number of telescopes and spectral channels.

General picture

The idea at the basis of a photonic correlation is to encode the RF signal at the output of each heterodyne detection, which is directly proportional to the optical field, onto a monochromatic optical carrier which can be propagated over fibers, and processed with photonic components to recover the correlation product of two wide-bandwidth RF signals (Fig 6.1). In this scheme, the optical carrier is a monochromatic laser, modulated by an electro-optic modulator, which is then propagated with low loss and over kilometric distances via optical fibers. In this sense, this technique is truly compatible to the standard operation operation of telecom fibers and telecom components, which are capable of handling routinely up to 40 GHz, and more than 200 GHz with dedicated laboratory experiments (Burla et al., 2019). It should be noted that the exact wavelength of this correlation stage would not be constrained by the incident astronomical signal, which depends on the central wavelength of the mid-infrared local oscillator and of the detector, but can be chosen at the wavelength which is the most convenient to process, in this case telecom wavelength. 

Photonic correlation with phase modulation

The goal of this section is to detail the principle of a photonic processing which would effectively implement this function. In a general way, photonic processing can be based either on phase and or on amplitude modulation. Both schemes will be presented in the following. Phase modulation is introduced first.

Intuition

The intuition at the basis of the first implementation of photonic correlation -through phase modulation-can be captured by the encounter of the analog RF concept of correlation used on ISI, and the working principle of a Mach-Zehnder interferometer, whose is in fact a common building block of a variety of photonic systems. (Danchi, 2003)).

The correlation system of ISI was based on an analog processing, whose goal was first to extract the multiplication product of two wide-bandwidth RF signals, through the use of radio-frequency components. The correlation is obtained through the following successive operations :

1. Making the sum V 1 + V 2 and the difference V 1 -V 2 of the incident voltages of each pair of telescope. This was done in an hybrid mixer ("magic T"), which has to bear a wide input bandwidth ≈ 2 GHz.

2. Obtaining the modulus square of these signals using a non-linear component :

|V 1 ± V 2 | = |V 1 | 2 + |V 2 | 2 ± 2V 1 V 2 .
In this case, the non-linear component is an RF diode with a wide input bandwidth.
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3. Subtracting these signals to filter out the square terms :

|V 1 + V 2 | 2 -|V 1 -V 2 | 2 = 4V 1 V 2 .
This operation is done in a difference amplifier, which can be a low frequency component, the multiplication term being already formed (diode stage), and is generally encoded at a low frequency.

The key idea thus consists in performing the sum of the input voltages, and then to square the total. This should remind the analogy of a Mach-Zehnder : for a sufficiently small range around a minimum or a maximum of intensity, the ouptut intensity of the Mach-Zehnder evolves as the square of the phase difference between each arms. This idea is the starting point of an analog optical correlation with phase modulation. According to the previous paragraph, let us consider a Mach-Zehner interferometer, in which each arm is modulated by a phase modulator whose characteristic voltage is V π,k . Assuming an incident laser E 0 at frequency ω 0 , and a transmission t k for each channel, the field at the output of the interferometer is :

Phase modulation

E(t) = E 0 e iω 0 t (t 1 e iβ 1 s 1 (t) + t 2 e iβ 2 s 2 (t) e iφ 0 ) (6.1) 
with

β k = π V π,k
. Using a balanced detection, which enables to reject common mode noise and DC component, the intensity detected is :

I(t) = 4I 0 V t cos(β 1 s 1 (t) -β 2 s 2 (t) -φ 0 ) (6.2) with V t = 2t 1 t 2 /(t 2 1 + t 2 2
). Assuming that the relative phase between each arm is set at φ 0 = 0 or φ 0 = π, and that the incident RF signal is sufficiently small compared to V π , Eq (6.2) becomes :

I(t) = 4I 0 V t 1 2 (β 2 1 s 2 1 (t) + β 2 2 s 2 2 (t)) ± β 1 β 2 s 1 (t)s 2 (t) (6.3)
where the + sign corresponds to φ 0 = 0, andsign to φ 0 = π. The multiplication product s 1 (t)s 2 (t) appears at this functioning point : it corresponds to the correlation product of the two incident signals that we seek to compute. Two broad noise signals s 2 k (t) are also present in the spectrum, but can be considered as negligible as their power is distributed over the 6.3 Photonic correlation with phase modulation entire detection bandwidth, whereas the correlation product can encoded in a narrow RF fringe peak around a frequency f k , as detailed in Chap 4, Eq 2.31. The width ∆f of this fringe peak is given by the total integration time ∆f ≈ 1/t, set ideally by the maximum time during which the relative phase between the two telescopes channel is stable i.e. the coherence time.

In practice, the modulators can be located directly at each telescope at the RF output of the heterodyne detection unit, the modulated optical signal being then propagated through fibre to the recombination unit. This assumes that each arm can be phase-stabilized over the distance to the recombination unit : such a condition is not trivial to fulfil. We address this point in the practical implementation of the correlator in Sec 6.4.2, for which we have conceived a dedicated phase stabilization loop, which enables to lock the Mach-Zehnder to a null, and to compensate for rapid and arbitrarily large phase perturbations. Such phasestabilization scheme is particularly suited to propagation of signals over several kilometres of optical fibre. The experimental demonstration of the phase modulation scheme, as well as the phase-stabilization loop, is presented in the next section.

Experimental demonstration

The idea of a photonic correlation originates from experimental considerations, when initiating the first exploratory experiments (see Sec.6.4.1) whose goal was simply to generate two heterodyne signals, first at telecom wavelength for practical reasons, to get familiar with a preliminary heterodyne chain. The goal of this first experiment was to include the different functional elements of an heterodyne interferometric instrument. The question that arose from this first preliminary experiment was how to correlate easily widebandwidth signals.

Hence, this first experiment preceded the idea of a photonic correlation. We start this section by this initial experiment, which enables us to generate wideband correlated heterodyne signals, and then present the demonstration of the phase correlation scheme.

Generation of heterodyne test signals

Goal

The general goal of this experiment was to simulate and get familiar with a complete heterodyne interferometric set-up, from a broad spectrum source to the correlation stage. More specifically, the purpose of this two-telescope simulator is to produce a correlated signal on two seperated detectors, whose signal can reproduce the beating between a broadband source of radiation and two LOs with a stable relative phase. By registering directly the voltage at the output, these signals can be correlated a posteriori, and can even be regenerated in a future analogic experiment. This will be of particular use in Sec. 6.4.2 and Sec.6.5.2 . For the ease of use, this set-up was chosen at telecom wavelength, as the focus here is on the architecture aspects, rather than the sensitivity limits and the detection aspects, which will be investigated at 10 µm (see Chap 8, and are theoretically unfavourable in the near-infrared compared to the mid-infrared, as shown in 4. 

Set-up

The interferometric set-up is described in Fig 6.4 and is based exclusively on telecom fibered components. The different functional stages of the two-telescopes are :

• Local oscillator : The local oscillators are obtained by separating in two arms a stable laser at 1.55 µm. Given the sub-kHz linewidth of the laser and the maximum propagation length difference in each arm (<1m), the two equivalent LOs distributed on each arm are naturally in phase. In addition, as in ISI, a small frequency difference is applied by means of one AOM placed in each arm. These AOMs are driven around a frequency shift of +80 MHz with a ±5 MHz range of tunability. This introduces a relative frequency difference between each arm ∆f = f 2 -f 1 which is also the modulation frequency of the fringes and enables to encode them at a tunable frequency. It was experimentally chosen to be ∆f = 7 MHz with f 1 = 80 MHz and f 2 = 87 MHz, in order to avoid environmental parasitic RF frequencies which are present in the RF spectrum.

• Broadband source : The broadband input source is an erbium-doped fiber amplifier (EDFA) without optical input. Without any input, the EDFA emits a broadband light spectrum of amplified spontaneous emission (ASE) radiation. The ASE then passes through an optical tunable filter (OTF) adjusted to the few GHz bandwidth of the detector to limit the shot noise of the EDFA. This source is finally divided in two arms, and distributed to two detectors. Once again, this source of radiation is not used to evaluate the sensitivity limit of a heterodyne detection in the near-infrared, as we would do with a black-body radiation in the mid-infrared, but rather to reproduce representative coherence properties of a heterodyne signal.

• Detection: The local oscillator and the input broadband source signals are then combined and detected on two separate commercial high-speed InGaAs detectors, with a detection bandwidth of 5 GHz (Thorlabs DET08), each one followed by a Low-Noise-Amplifier (LNA). This simple, fiber-coupled mono-pixel photodiode exhibit a relatively 6.4 Experimental demonstration large NEP, but this contribution is not a limiting factor compared to other factors of the set-up (mainly quantization and Johnson noise).

• Signal recording and a posteriori generation: Finally, the output signals of each detectors can be either sent to an analog correlator unit, or sampled in an ADC (here embedded in the fast oscilloscope) and stored for future processing. The two options were used : the first for analogic correlation with RF components (as in ISI), the second one for numerical correlation and signal regeneration through arbitrary-waveform generators (AWGs) for photonic correlation demonstration.

In the following section, we detail the correlation of these signals through analog RF components, and through numerical processing, which were the two first solutions enabling the correlation. The same signals will then be correlated a posteriori (in fact, months later) in the photonic correlation experiments in Sec.6.4.2 and Sec.6.5.2 by means of the regeneration through AWGs.

Results

Analog RF correlation

As a first step, we used a passive RF mixer in order to form directly the multiplication product of the two signals, which enables to observe in real-time the correlation peak at 7 MHz. In order to assess that this correlation peak was not a parasitic frequency of the setup, multiple RF cables were successively used to introduce a delay ∼ 1/∆ν to scan the coherence length.

The RF mixer suffers from a limited bandwidth (0.5 -400 MHz) and a sensibility to parasitic RF signals. In practice, such a component enables to obtain the first fringes and to set-up the demonstrators, but leads to prohibitive performances for further demonstrations. Smaller insertion losses and larger bandwidth could be obtained through the use of more sophisticated analog RF components. However, as seen in Chap 4, these components are ultimately limited to a few tens GHz bandwidth at best (<40 GHz) and are still sensitive to parasitic RF signals.

Numerical correlation

In a second step, the output of each detector was simultaneously recorded on a fast oscilloscope at a sampling rate of 2 Gb/s, with an analog bandwidth ∆ν = 400 MHz, which set the upper bandwidth limit in our detection scheme. In this case, the correlation could be computed numerically by processing the acquisition traces in the oscilloscope or on a computer. This processing enables to retrieve the correlation peak and to evaluate it at multiple delays, which could be compared to the analog measurements, in order to check the consistency of the results. As a remark, the two signals at the output of the rapid photodiodes appear basically as noise -or more precisely as a temporal speckle-signals for broadband optical source, which is consistent with the inherent nature of the detection used here.

Phase correlation

We present here the proof-of-principles of the phase modulation introduced in Sec.6.3.1. This demonstration was done in two steps : first, the development of a robust phase stabilization scheme in order to lock the Mach-Zehnder at a minimum (resp. maximum) output ; second, the regeneration of the correlated heterodyne signals, previously registered in Sec.6.4.1, to obtain the correlation signals.

Set-up

The principle of the set-up is shown in Fig 6.7, and its actual implementation is shown in Fig. 6.6. This implementation was done at telecom wavelength λ = 1.55 µm with commercially available components. In this case, a CW laser with sub-kHz linewidth is divided in two arms with a 50:50 fibered splitter, each arm being modulated by an EOM, in this case IXBlue phase modulators with 10 GHz bandwidth, on which are applied the RF signals that will be correlated. A feedback loop is used to stabilize the phase of the Mach-Zehnder (see next paragraph), and the two arms are recombined with another 50:50 fibered coupler. Finally, at the null output of this fibered Mach-Zehnder, the flux is splitted in two parts with a 90:10 fibered splitter, where 90% of the flux is sent to the signal photodiode and 10% of the flux to a detector used in the stabilization loop detector. The output of the photodiode can either be registered on an ADC, a lock-in amplifier, or a Fourier-transform oscilloscope, the latter solution being adopted most of the time. : at the exact null, the second harmonic (first harmonic respectively) of any sinusoidal phase modulation (orange signal) will be maximized (resp. minimized). The first harmonic can then be used as an error signal of the PID (c) that drives the frequency difference between each arm of the interferometer.

Phase stabilization loop

The goal of the phase stabilization loop is to maintain the photonic correlator at the null intensity of the Mach-Zehnder. In the intensity null, the output intensity varies quadratically with the input voltage. The basic idea of the stabilization thus consists in generating a small amplitude phase modulation signal at a defined frequency f m in one arm, and using the real part of the first harmonic signal as an error signal to be minimized (Fig 6.5).

Usually, the command signal is applied on a phase modulator (e.g., PZT, fiber stretcher, or EOM) to compensate for OPD variations. The problem of this solution based on phase modulation is the limited speed and/or the limited range of phase amplitude on which the correction can be applied. In this case, we set up a phase stabilization based on frequency modulation, composed of two AOMs, where one AOM is modulated in frequency by a proportional-integral-derivative (PID) controller. The basic idea of the frequency modulation scheme is that, integrated over a small of time dt, a frequency modulation ∆f m acts as a small phase modulation :

dΦ m = ∆f m dt (6.4)
Noticeably, this modulation is not restricted neither in amplitude nor in speed, in contrast to an OPD modulator system. The amplitude of modulation depends of ∆f m and of the time during which the modulation is applied, and the speed is set by the PID and the driving electronics. The results Fig 6.7 represents the closure of the phase stabilization loop. In Sec 6.7, we present a characterisation of the stability of the loop, by estimating the phase residuals and phase variations of the loop, in order to check its performances.

Results and characterisation

At this stage, the photonic correlator is stabilized at the null point through the phase stabilization loop, and operates following the principle described in Sec.6.3.1. 

Signal generation

In order to demonstrate the working principles of the correlator, and after having tested the set-up with simple signals (sinus, square, etc.), the heterodyne signals obtained previously were generated with AWGs, and applied directly to the EOMs, in order to obtain the a posteriori correlation of heterodyne signals. Given the limited memory of the AWG, a set of 2 16 points were generated at a sampling rate of 50 MHz. Taking into account the dilatation factor between registration and regeneration, the peak frequency (initially at 7 MHz) was thus placed at a frequency 175kHz after regeneration. The resulting fringe signal is visible in the power spectral density (PSD) of the photocurrent, as shown in Fig 6.8.

Results and SNR preservation

In order to estimate the degradation introduced by the photonic correlator on the signal, we estimate the ratio r between the output and the input SNR of the correlation signal : r = (S/N ) out (S/N ) in (6.5) The fringe signal can then be compared to the numerical correlation of the same signal.

We estimated the input S/N on the numerical correlation of the two registered waveforms.

Fringe power and noise are estimated on two defined frequency windows, as shown if Fig. 6.8, by computing the integrated power in the peak and the standard deviation of the noise floor, respectively. Output S/N is then estimated with the same method on the PSD of the photodiode output, on the same exact frequency windows. This analysis provides a ratio of the input S/N on the output S/N : r = 87% ± 5% that is, a S/N degradation of 13%. This result is limited by a non-negligible oscilloscope dark current, as seen in the histogram of Fig 6.7, and a strong contribution of a low-frequency 1/f , as visible in Fig 6.8, which artificially degrades the S/N of the fringe peak. However, these two factors are not fundamentally due to the optical correlator, and could be optimized further relatively easily.

Coherence envelope

Finally, we assessed the temporal properties of our correlation signal to observe its coherence envelope. To do so, a numerical delay is introduced at the level of one AWG, for each value of which we measured the fringe peak power. The coherence envelope is shown on Fig 6.8, and superposed to the coherence envelope computed numerically. The experimental envelope fits a Gaussian profile, which differs from the numerical computation only at the feet of the envelope. This could be imputed both to the experimental measurement uncertainties and to the estimation of the impulse response of the AWG. The full width at half maximum (FWHM) of the fitted profile is τ ≈ 20 ns, which corresponds to an equivalent bandwidth ∆f = 1/τ ∼ 50 MHz. This is consistent with the maximum bandwidth of our regenerated signal through the AWGs, with a sampling frequency f S = 50 MS/s. Moreover, this measurement removes the possibility that the fringe peak is a parasitic signal coming within the photonic correlator itself.

Conclusion

In this section, we have demonstrated the functioning principles of the photonic correlation scheme through phase modulation, and proposed and demonstrated a dedicated phasestabilization scheme, which could potentially be extended to propagation distances targeted in a practical infrastructure.

Photonic correlation through phase modulation appears as an interesting path towards the transport and correlation of wide-bandwidth signals for an infrared heterodyne interferometer.

In addition, the operation at a null output of the interferometer is an interesting feature of this scheme, in order to reduce the noise contribution (amplitude noise and shot noise) of the photonic correlator [START_REF] Marpaung | Integrated microwave photonics[END_REF]. However, as mentioned previously, the need for a locking on a precise phase point appears as a strong practical constrain. In the next section, we will see how this constraint is relaxed through the implementation of the photonic correlation through amplitude modulation.

6.5 Amplitude modulation

Amplitude modulation scheme

As seen in Sec.6.3.1, the relative phase stabilization is a strong constraint of the phase modulation scheme. This should enjoin to encode the information on the amplitude of the electromagnetic field, rather than on its phase.

In fact, the analogy with ISI correlator also gives a clue in this direction : the method used to compute the multiplication product in the ISI analog correlator could be exactly transposed in the photonic domain on the amplitude of the electric field, at the condition to be able to modulate linearly the amplitude of the optical carrier with respect to the output voltage of the heterodyne detection unit. This is the function that an amplitude modulator at a linear functioning point can achieved.

Amplitude modulation without frequency shift

Amplitude modulator consists in integrated Mach-Zehnder, whose relative phase difference between each arm can be driven by a RF voltage. In a general way, the output of such amplitude modulator can be written (using the same notation than Sec.6.3.1) :

E k (t) = t k E 0 e iω 0 t e iφ k (1 -e iβ k s k (t) ) ≈ -it k E 0 β k s k (t)e iω 0 t+iφ k (t) (6.6)
Amplitude modulator can be implemented in compact integrated optics components, with a stable functioning point over time, so that they can be easily set to a minimum or a maximum of transmission. In the presence of residual phase perturbations or phase drifts, these components can also be stabilized and locked to an arbitrary phase position, and commercial systems are now also available to achieve this function.

Assuming that the Mach-Zehnder is placed and stabilized at a minimum of transmission, the electric field at the output of the amplitude modulator can finally be written :

E k (t) ≈ -it k E 0 β k s k (t)e iω 0 t+iφ k (t) (6.7)
6.5 Amplitude modulation We now come back to our original photonic correlator set-up, in which each arm of a Mach-Zehner is modulated, replacing the phase modulators of Sec.6.3.1 by amplitude modulators in the linear regime. In this case, the intensity detected is, using a single-photodiode :

I(t) = I 0 t 2 1 β 2 1 s 2 1 (t) + t 2 2 β 2 2 s 2 2 (t) + 2t 1 t 2 β 1 β 2 s 1 (t)s 2 (t) cos (∆φ(t)) (6.8) 
This signal is almost identical to Eq (6.

2) : here again, we can see that it enables to retrieve the multiplication product of the input wide-bandwidth signals. However, we can also notice that the amplitude of this fringe signal is modulated by a term cos (∆φ(t)). This means that such a scheme also necessitates the Mach-Zehnder to be phase stabilized at a given functioning point. This requires the same kind of stabilization loop than in phase modulation, in order to maintain the contrast of the correlation product to a maximum value. Contrarily to the phase modulation scheme, the square components s 2 k (t) can be removed here by the use of a balanced detection. However, regarding the requirements on phase-stabilization, this amplitude modulation scheme and the phase modulation scheme are very similar. We will now see how this requirement on phase-stabilization can in fact be circumvented in amplitude modulation.

Amplitude modulation with frequency shift

Principles

We now assume that a frequency shift is applied between each arm of the Mach-Zehnder, upstream or downstream the amplitude modulator. In practice, this frequency shift can be applied through an Acousto Optical Modulator (AOM) in one arm, or two AOMs driven with slightly different frequencies, the latter solution being generally preferred in order to obtain a 142 Chapter 6 Correlation I : Introduction of photonic correlation lower frequency encoding the fringes (equal to the frequency difference of the two AOMs). In this case, the electric field is :

E k (t) = -it k E 0 β k s k (t)e i(ω 0 +∆ω k )t+iφ k (t)
Using a single photodiode, the detected signal becomes :

I(t) = I 0 t 2 1 β 2 1 s 2 1 (t) + t 2 2 β 2 2 s 2 2 (t) + 2t 1 t 2 β 1 β 2 s 1 (t)s 2 (t) cos (∆ω k t + ∆φ(t)) (6.9)
Using a balanced detector, this signal is :

I(t) = 4I 0 V t β 1 β 2 s 1 (t)s 2 (t) cos (∆ω k t + ∆φ(t)) (6.10)
Here, the fringes are encoded directly at the frequency difference of the AOMs, that can be changed easily through the driving frequency of AOMs. At this point, we note three fundamental advantages of this type of recombination over phase modulation. First, the correlation product does not depend of a particular functioning point, but only needs to be relatively phase-stabilized over a coherent integration time. Second, it enables to have an other degree of freedom on the frequency encoding of the fringes, which does not necessitate to be controlled exclusively at the level of the infrared LOs. Third, it definitely eliminates the broadband terms s 2 k (t).

These reasons, along with its ease of use in a practical set-up, tend to favor the use of amplitude modulation over phase modulation. We will see how this translates effectively in a practical implementation in Sec.6.4. 

Observables

The description of an amplitude modulation scheme with frequency shift in Eq 6.10 finally enables to retrieve the common interferometric observables that we seek to measure.

In this case, the response of the correlator is given by the response of a DSB correlator (see Chap 4), that we can inject in the expression Eq 6.10. Finally, it enables to obtain the phase which encodes the fringes :

φ ± (t) = ∆ω k t ± 2πf k t ± φ V (B/λ, ω s ) + ∆φ(t) (6.11)
For f k = 0, the correlation product is encoded on a single peak at angular frequency ∆ω k ; for f k = 0, the correlation product is encoded on two peaks centered on both sides of ω k . Following Eq 6.11, the coherent flux and the interferometric phase can be extracted from these two peaks at frequencies ∆ω k t ± 2πf k t :

   Ĩ = 2I 0 V t β 1 β 2 |F c (B/λ, ω s )|•|G(∆τ (t))|cos ω c ∆τ (t) + φ G φV = 1 2 (φ + -φ -) (6.
12)

The usual observables of astronomical interferometry can finally be constructed from the amplitude and phase of the coherent flux extracted from photonic correlation.

Experimental demonstration of amplitude correlation

Set-up

Here, we implemented the amplitude modulation scheme with frequency shift, following the scheme depicted on 

Results and characterisation

Fringe signal

We then generated a posteriori the two correlated heterodyne signals obtained in our first heterodyne experiment (Sec 6.4.1) through AWGs and applied these signals to the MZIs. A set of 2 16 samples were generated at a rate of 100 MSa/s, which encodes the fringes at a frequency difference of 350 kHz after generation. When no driving voltage is applied on the AOMs, the signal is encoded in a single frequency peak at 350 kHz. In the absence of phase stabilization loop, the amplitude of this fringe peak is not maximal and varies in time (slow drift on the timescale of a few seconds typically). In the case where a driving voltage is applied on the AOMs, the fringe signal is encoded in two fringe peaks at 1.7 ± 0.35MHz, according to Eq 6.10, and whose contrast remains maximal for integration time smaller than the typical time-scale of the phase drifts. The output of the balanced detection is then registered on the oscilloscope and processed on a computer in order to extract the coherent flux. The amplitude modulus and phase signal of the fringes are shown in Fig 6 .12. In this demonstration, the amplitude of the fringes constitutes the main observable. We will leave aside the phase signal, which could be exploited, but do not contain particular information in this demonstration. (<10 kHz). The range of correction would have to be sufficiently large, requiring a fibred delay line or a PZT with a sufficient stroke.

telescopes

Finally, as it will be discussed in more details in the next section, the amplitude scheme could be rapidly extended to the recombination of a larger number of telescopes. With 3 telescopes, a potential solution consists in combining the 3 channels on the same photodiode, and to encode the fringe peak through a non-redundant frequency encoding (i.e. multiplexing the baseline information in the frequency domain). The requirements to extend this scheme to 3 telescopes are minimal, as it requires only 1 additional MZI, 1 additional AOM with its driver, and the necessary recombination couplers. This possibility offers a simple and effective solution to demonstrate the correlation with more than 2 telescopes. In the case of a demonstration with 3 modulators, the phase information could be exploited, and could enable to obtain one closure phase (3 telescopes), from the phase signal originating from the different pairs of telescope. 6.6 Perspectives

Delay compensation through a fiber delay lines

The different path between each telescopes will necessarily introduce a delay, which will vary as the source crosses the sky, due to the combination of the object declination and earth rotation. This delay will have potentially two effects : a decrease of the fringe contrast and a modulation of the phase of the fringes, which can be compensated respectively by a relative delay between and a relative frequency shift between each channel.

Delay compensation

As shown in the expression of the single and double-sideband correlator (Eq (2.32) and Eq (2.33) respectively), the amplitude of the fringes are modulated by the amplitude of the coherence envelope (|G(δτ )| and |G(∆τ (t))|cos ω c ∆τ (t) + φ G respectively), whose typical width is inversely proportional to the detection bandpass ∼ c/∆ν. This imposes to match the optical delay between each arm within a coherence length c/∆ν. In the case of a 6.6 Perspectives practical astronomical interferometer, the relative delay ∆τ (t) between each channel varies continuously as the source crosses the sky. The delay compensation has to be adjusted by switching fixed time delays regularly (quasi-static compensation). For a typical bandwidth ranging from 1 GHz to 100 GHz, the coherence length ranges from 30cm to 3mm, which set the typical precision within which the delay has to be matched. For B eq ranging from 100 m to 1 km, the typical rate at which the fringes move ranges from 5 mm to 50 mm, which gives an order of magnitude of the speed at which this delay has to be compensated.

Rate of change of the delay and natural fringe frequency

Irrespective of the delay compensation introduced at the level of the correlator, a phase modulation of the fringes would remain due to the natural fringe frequency (see Chap 4). This additional frequency shift changes the frequency at which the fringes are modulated within the correlator: this can be compensated by introducing an additional frequency shift downstream in the photonic processing chain, as detailed below. Such an operation amounts to saying that the lobe rotation is handled in the photonic chain directly.

Practical implementation with fiber delay-lines

The compensation of the delay between the different telescopes is a significant challenge in direct interferometry. In heterodyne interferometry, this problem takes advantage of the fact that this delay can be compensated after the detection stage, numerically in the case of digital correlation, in the RF domain with cables of different lengths in the case of analog RF correlation, or in the photonic processing chain with a fibred optical delay in the case of photonic correlation [START_REF] Zhao | Multistage fiber optic delay line for astronomical interferometry[END_REF]. For analog correlation, the latter solution will be our preferred option to handle large delays, given the low propagation loss of optical fibers compared to RF cables and the fact that fibres are immune to RF parasitic signals.

Multistage fibred delay line

This delay line could consist in a first stage, introducing large delays through incremental fiber lengths, switched at a relatively low rate (of the order of few seconds). This first stage could benefit from standard fibered components developed in the framework of telecom industry or phased array applications, in order to introduce incremental delays, with a typical maximum delay of ∆τ res × 2 N , with N the number of switches implemented in the fiber component. In this scheme, the delay resolution ∆τ res would be set by the minimum tolerance of contrast decrease |G(∆τ res )|.

Given the constraint imposed by the minimum resolution element ∆τ res , which limits the total range of this first stage and possibly imposes frequent switches which could perturb the correlation, this stage could be complemented by a second continuous stage with a smaller stroke. The maximum stroke of this second stage would set the minimum resolution element of the first stage, thus enabling a potentially large increase of the delay range covered by the first stage. This second stage would introduce a continuous delay variation, covering a smaller range but with a precision of the order of the coherence length.

Fringe rotation

Finally, as above-mentioned, a last consequence of earth rotation is the non-zero phase velocity of the fringes. In the case where a second continuous stage is tracking the fringes, this stage also naturally compensates for the NFF. In the case of a compensation by an incremental static delay, the NFF would have to be compensated by a frequency shift, either at the level of the LOs or downstream in the photonic correlator itself. In particular, in the case of the amplitude correlation with frequency shift, this effect can be simply compensated by computing the frequency correction in advance and applying it to the AOMs.

Extension to a large number of telescopes

The combination schemes described so far enable the correlation of signals coming from two detectors i.e. only two telescopes, each one with one spectral channel. In the perspective of an imaging heterodyne interferometer, the concept of photonic correlation has to be compatible with the correlation of a large number of telescopes (N t ≈ 30 i.e. 435 baselines), themselves including a large number of detectors (N s > 100) each one being associated to one spectral channel. The goal of the following section is to present the potential concepts enabling the scale-up of photonic correlation to a large number of telescopes and a large number of spectral channels.

We present three types of solutions which could enable to combine a large number of telescopes. The combination of a multiple number of baselines is in fact a question that was investigated in the case of classical infrared interferometry, as described in [START_REF] Lebouquin | Comparison of integrated optics concepts for a near-infrared multi-telescope beam combiner[END_REF] The different methods in this case can be categorised according to the type of flux encoding (spatial, temporal or static-phase shifting, also known as matricial) and the beam routing (pair-wise, all-in one, hybrid). All these architectures could be applied to a photonic correlator, provided that they can handle a sufficiently large number of baselines.

In practice, the photonic correlation scheme presented so-far will necessarily require a metrology signal in order to probe and stabilized the fringes. Such a metrology system would require either a dedicated metrology sub-system or to use a beam combination architecture compatible with high cadence single-pixel telecommunication detectors, of the order of few kHz at least.

In the following, we will use the same wording than direct interferometry to describe three combination concepts applied to photonic correlation, as summarized on Fig. 6.15.

Pairwise combination

The first immediate transpose of photonic correlation to a larger number of telescopes consists in the pairwise correlation of each telescopes signals individually. This could be done both in phase and amplitude modulation (respectively), and basically consists in forming each pair of telescope signals, as described in Eq (6.

3) (resp. Eq (6.10) ) in a combiner. At the output of the combiner, N t (N t -1)/2 × n c outputs are simultaneously detected, with n c the number of outputs registered simultaneously at one baseline. In particular, n c = 2 for operations using balanced detection, corresponding to two opposite phase outputs.

In both phase and amplitude modulations, the overall photonics (fibres) link still has to be phase-stabilized, as described in each respective section. The phase correlation scheme (and the amplitude modulation scheme without frequency-shift) requires a locking of the relative phase between the arms at a precise functioning point and a relative phase stabilization, while amplitude correlation with frequency modulation requires only a relative phase stabilization, but no specific functioning point. The use of photonics technologies borrowed from the telecommunication industry allows integrated-optics-based beam-combination solutions to be used for the final beam interference function of the correlator. In practice, such a pairwise correlation of photonic signals is already done in classical interferometry for more than two decades, and the IO combiners developed for this purpose Benisty et al., 2009;Labeye, 2008 could be directly used in photonic correlation. For example, four beam combiners have been developed for astronomical direct interferometry (Benisty et al., 2009) and 8 beam combiners have been designed (Labeye, 2008). In particular, the AC combination scheme, which offers two opposite phases outputs per baseline, would be favored as they are perfectly adapted to operate with a balanced detector.

The fact that, here, the correlation works with a narrow spectral line laser simplifies the chromaticity and throughput constraints previously encountered in astronomical broadband applications.

Notably, contrary to classical interferometry, the splitting of the telescope signals, which induces a decrease of the optical carrier flux coming from each telescope, does not induce a fundamental loss of sensitivity, as long as the noise figure of the photonic processing does not dominate the budget of the detection chain. Nonetheless, a pairwise combination scheme for more than 12 telescopes might prove a technological challenge since the integrated optics would need to ensure at least 66 beam interferences. Massive progresses in the field of highly confined photonics (e.g. silicon based, see (Miller2020)) might provide a way out but this remains to be explored and led us to examine us with a particular attention the all-in-one scheme. Finally, the major limitation of the direct imager scheme scalability of this system with the number of spectral channel n s , for which no clear solution is identified, expected the replication of this system n s times.

All-in-one with frequency encoding

The alternative to this pair-wise concept consists in summing together all the telescope signals at once, and then separating each baseline with a non-redundant frequency encoding. This is the so-called all-in-one combiner. More formally, this combination could be written : 6.13) where the frequency differences (∆ω k -∆ω l ) are chosen so that they are non-redundant for every k = l.

k β k s k (t)e i∆ω k t 2 = k (β k s k (t)) 2 + 2Re   k =l β k β l s k (t)s l (t)e i[(∆ω k -∆ω l )t+φ k (t)-φ l (t)]   ( 
The fundamental advantages here comes from the fact that the information is encoded in the frequency domain, which can bear a massive multiplexing capability with simple hardware requirements and less complex combination routing, since it could rely on a cascade of directional couplers. Considering an array with N t = 30 telescopes, the ratio between the smallest to the largest spacing in the frequency domain for a non-redundant encoding is typically of the order of 1000 [START_REF] Ribak | Beam combination in a multi-telescope, monolithic interferometer[END_REF] ; fixing a teeth separation of 10 kHz typically, constrained by the smallest desired coherent integration time (usually limited by the atmospheric coherence time), the typical extent of the non-redundant frequency encoding extend to 1000 × 10 kHz, compatible with standard telecom photodiodes and electronics. Such a combination would represent a major simplification of the design of the combiner compared to pairwise correlation, as it would only require to sum together N t channels, rather than physically performing N t (N t -1)/2 combinations. This combination can be performed in a cascade of coupler or in a multichannel combiner/divider.

Direct-imager

The two previous correlation techniques inherit from current radio and optical infrastructure architectures, which are built with the goal to measure the spatio-spectral coherence of the incoming electro-magnetic field at as many spatial frequencies as possible. This, in turn, makes it possible to reconstruct an image. A significantly different option could consist in forming directly the image of the astronomical object. This could be done by arranging the outputs of the fibers coming from each telescope in a scaled-down version of the entrance pupil of the telescope array and imaging the direct combination. In this way, the image is convolved by the response of the array and forms in the focal plane of the lens, where it can be recorded on a camera. This principle was already proposed in the context of millimeter wave imaging by Blanchard et al. (Blanchard et al., 1999) and shares intrinsic similarities with optical beamforming technologies. In principle, it also shares analog ideas with the Fizeau and densified pupil (hypertelescope) modes in classical interferometry [START_REF] Labeyrie | Resolved imaging of extra-solar planets with future 10-100km optical interferometric arrays[END_REF]. Direct-imager mode requires stringent operating conditions on the fiber link in order to observe a proper image of the object. First and foremost, every baseline has to be coherenced and cophased simultaneously, otherwise introducing a blur of the final image. This condition imposes a simultaneous phase stabilization of the entire fibered link, based either on a potential external phase stabilization mechanism, or on Redundant Phase Calibration (RSC) as proposed in Blanchard et al., 1999. The extrapolation of this second solution remains problematic in the case of an astronomical array with low redundancy. Phase stabilization still remains an open question to be solved in the case of the direct imager.

Notably, the principle proposed by Blanchard et al., 1999 was further developed in the context of millimeter wave imaging, and enables to combine simultaneously 224 apertures with a 75 GHz bandwith and a NETD compatible with sensitive imaging in this wavelength regime [START_REF] Schuetz | Realization of a videorate distributed aperture millimeter-wave imaging system using optical upconversion[END_REF]). An additional nuance of this method lies in the fact that one of the sideband of the modulated optical carrier has to be suppressed in order to avoid the superposition of two centro-symmetric replica of the image (Blanchard et al., 1999), which can be performed by the use of dual parallel Mach-Zehnder modulators or by very narrowband optical filters (C.A. [START_REF] Schuetz | Radiometric Millimeterwave detection via optical upconversion and carrier suppression[END_REF].

Overall, it is more likely that the direct combination is fully advantageous for a significantly large number of telescopes (N t > 30), for which pairwise correlation would appear cumbersome. For N t ≤ 30, pair-wise and all-in-one schemes appear as the preferred options, as they enable to control and to register independently each baseline, and to post-process the whole visibility information in the (u,v)-plane. Given its much less demanding requirements on the beam combination unit, all-in-one appears as a particularly interesting perspective for both a small and a large number of telescopes.

Extension to a large number of spectral channels

In the last section, we described the different approaches that could enable the correlation of a large number of telescopes. In this section, we propose two main strategies to extend the concept of photonic correlation to a large number of spectral channels.

Wavelength multiplexing

The first approach consists in multiplexing the information associated to the mid-infrared spectral channel in the wavelength domain of the photonics correlator. In practice, at the level of each telescopes, the modulators associated to one mid-infrared detector (i.e. one teeth of the frequency comb) could be associated to one telecommunication wavelength in the photonic chain. Then, all the telecommunication wavelengths could be transported in the same transport fiber, and injected in the same pair-wise or all-in-one combiner. At the output of the combiner, the spectral information would then be recovered by dispersing the light, producing n s × N t (N t -1)/2 outputs (resp. n s for an all-in-one combiner), with n s the number of spectral channels processed simultaneously. To this end, the dense wavelength multiplexing/demultiplexing could benefit from the dedicated DWDM technologies of telecom industry. The principal constrain here would be to limit the chromatic dispersion during the propagation through the fiber, a task which could be facilitated by the relatively modest distance considered here (up to 1km or a few kms typically) compared to typical distances in telecom (several 100kms).

Frequency multiplexing

A second potential path could consist in encoding the spectral information non-redundantly in the frequency domain. In particular, this strategy could build in the continuity of ideas developed in the framework of dual comb spectroscopy.

Let us first consider a pair-wise combination (Sec 6.6.2), and a telescope array where a midinfrared frequency comb is placed at each telescope station. As in dual comb spectroscopy, given that the output RF signals are encoded at the frequency difference between each LO frequency, plus a possible adjustment at the level of the AOM, the correlation signal between two telescopes produced at the output of the combiner will consist in the difference of two combs with slightly distinct frequency spacing f s,1 and f s,2 . This frequency difference results in a RF comb with frequency spacing f s,2 -f s,1 . In that respect, N t (number of telescopes) distinct values have to be chosen for the repetition rate f s of each comb in order to encode the signals of each baselines. In this way, the output of the combiner will be made of N t (N t -1)/2 physical outputs, from which n s spectral channels could be extracted from such a RF comb.

Here, we have implicitly considered that the carrier envelope offset frequency (f ceo ) of each mid-infrared combs were set to a same, fixed common value. The main advantage of the frequency multiplexing approach would be to put aside the need of physical demultiplexing with DWDM at the output of the beam combiner, the signal being multiplexed in the RF frequency domain. This approach would take full benefit of the massive multiplexing capability that can be performed in the RF domain, and would relax the requirements on the hardware.

On a prospective basis, it could be envisioned that a specific non-redundant computation of both the repetition rate and of the carrier envelope offset frequency (f ceo ) of the frequency combs of each telescope could enable to multiplex both the different spectral channels and the different baselines, possibly avoiding part or all of the need of a pair-wise combiner, at the benefit of an all-in-one combiner.

6.7 Annex : stability of the phase stabilization loop Methodology Intuitively, we have seen that the ratio between the amplitude of the first and the second harmonic should depend on the functioning point of the Mach-Zehnder.

In a more formal way, the intensity on the output photodiode can be written :

I(t) = I m [1 + V ins cos (m sin(ω m t + φ m ) + ∆φ))] (6.14) with • I m = Imax+I min 2
the mean intensity, and I max and I min the minimum and mawimum intensity respectively.

• V ins = Imax-I min Imax+I min the global instrumental contrast.

• m = πAV Vπ = πV V π,eff
the modulation depth of the EOM, with V the input modulation voltage, V π the characteristic voltage of the EOM, and A the potential attenuation of the RF chain before reaching the modulator.

• φ m the phase term associated to RF probe modulation signal.

• ∆φ the phase term at which the interferometer is placed.

The cosinus term could be treated through the use of Bessel function : assuming a that the modulation amplitude is small, we will simply Taylor-expand Eq 6.14 : We neglect the terms of order 3, an approximation that has been verified in practice.

Mean-value and standard deviation

In this approximation, the mean ratio between A I , the amplitude associated to the first harmonic term (ω m ), and A II the amplitude of the second harmonic (2ω m ), is written :

A I A II = 4 m(V ) tan(∆φ) ≈ 4 m(V ) ∆φ (6.15)
The dependency with m and V appears clearly in this ratio, and enables to retrieve the functioning point ∆φ. In the following, in order to evaluate ∆φ, we will fit A I A II with our experimental data for different known voltage V . In the same way, a measure of the RMS standard deviation of the amplitude of the first harmonic enables to retrieve the standard deviation σ ∆φ of the functioning point :

σ(P I ) A II = 4 m(V ) σ(∆φ) (6.16)
Calibration of V π,eff Before fitting the Eq.6.15 and Eq.6.16 with experimental data, we need to calibrate the value of V π,eff in this model. To do so, we fit Eq.6.14 for different acquisitions in open-loop and different known driving voltage V , as shown in Fig. 6.17. From this fit, we obtain a value V pi,eff = 31.7 ± 1.1 V . At first glance, this results seems inconsistent with the typical V π ≈ 7 V given by the manufacturer : however, our fitted value also takes into account the RF attenuation of the chain. Considering a V π ≈ 7 V , the attenuation would be effectively A ≈ 0.25 ≈ 6 dB, compatible with the typical RF attenuation of the set-up.

Fit and results

We then measure the experimentally the mean value and the standard deviation of the peak amplitude of the harmonic I and II, for different driving voltages ranging from 0.1 to 10 V , and fit this value to Eq.6.15 and Eq.6.16, as shown on Fig. 6. 18.

The values that we finally obtained for characterizing the stability of the loop are :

-Mean : φ = λ/240 -Standard-deviation : σ φ = λ/440.
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Paper A&A : Toward a large bandwidth photonic correlator for infrared heterodyne interferometry (published) A II data with the model of Eq.6.15. Right : fit of the standard deviation experimental data with Eq.6.16. A noticeable deviation between the model starts to be visible for large V pp, where the driving voltage is not negligible against V π of the modulators.
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Correlation II : Analog photonic correlator

Motivation

Motivation

In the last section, we introduced the use of photonic schemes in order to perform the transport and the analog correlation of wide-bandwidth RF signals. More precisely, this correlation -equivalent to the analog RF correlation performed on the ISI-was essentially restricted to the computation of the correlation function C 12 (τ ) at one delay τ :

C 12 (τ ) = s 1 (t)s 2 (t + τ ) (7.1)
The computation of the complete correlation function requires to measure this product for a complete set of time-delays. If the interferometric phase is preserved, the Fourier Transform of this function gives access to the complete visibility function over the bandwidth (or spectro-visibility) [START_REF] Monnier | Infrared interferometry and spectroscopy of circumstellar envelopes[END_REF] τ BW |V (ω s )|e iφ V (ωs) e iω i.f.

τ dω i.f. e -iωτ dτ = V (ω)e iφ V (ω) (7.
2)

The measurement of the complete temporal correlation could be performed by introducing successive delays between the different channels and repeating this measurement successively, point by point 1 . However, such a method suffers from a lack of reconfigurability, a high degree of complexity and the need for successive measurements.

Context

More generally, the methods at our disposal to compute a cross-correlation product can be grouped in two categories, as summarized in Fig. 7.1, divided between time-domain approaches and frequency-domain approaches. The time-domain approach consists in measuring either successively or simultaneously the multiplication product of the two signals at different time delay, which gives access to the complete correlation function. The frequency-domain approach consists in computing the Fourier transform of each signal s k (f ), and then performing the product s 1 (f )s * 2 (f ), which is equal to the Fourier transform of the cross-correlation.

In this context, a wide range of solutions have been developed, based on analog RF and digital techniques : we refer the reader to the Chap 4, which discusses the status and the limitations of these techniques applied to heterodyne interferometry, which are restricted to bandwidth of the order to 10 GHz typically. In the case of radio-astronomy, digital correlators are developed for decades and constitutes the prime solutions for most of the contemporary interferometers (ALMA, NOEMA, VLA, etc.). These correlators are implemented through XF and FX architectures, which corresponds respectively to the aforementioned temporal-and frequency-approaches2 . Concerning analog RF solutions3 the most advanced solutions are based on the parallelized multiplication of channels, which enables to perform the correlation in real-time : these solutions mainly belong to the temporal approach.

In the following, we present the joint reflection and demonstration with Hugues Guillet de Chatellus and Jean-Philippe Berger of an analog correlator computing the real-time correlation of wide-bandwidth signals in a simple photonic set-up. In Section 7.2.2, we recall some basic properties of Frequency Shifting Loop (FSL), and then introduce the principles of the analog photonic correlator. In Section 7.3, we present a characterisation of the different properties of the correlator, in particular of its different functioning regimes and dynamical range. In Section 7.3.9, we present the experimental demonstration of the analog photonic correlator on different type of signals and on the correlation of simple monopole antenna. Finally, we conclude in Section 7.4 by presenting the applications of the correlator and potential perspectives and ideas to scale-up this concept to a large number of telescopes.

Principles

The general principles of the analog photonic correlator consists in computing simultaneously the multiplication product at several delays of two RF signals, each relative delay being encoded at a specific frequency in the output trace of the correlator. The fundamental block of the correlator, which enables to create multiple replica of the input signals, is the so-called frequency shifting loop (FSL). In the following, we first describe the functioning principle of a generic FSL, which will then enable us to introduce the principle of the analog photonic correlator.

Frequency Shifting Loop (FSL)

The general FSL, represented in Fig 7.2, consists in an optical loop in which a frequency shifting element is placed, generally an AOM, and a gain medium, such as a telecom amplifier, which compensates for the optical losses during a loop. At each loop, the electric field acquires a delay τ and is shifted by a frequency f s . This translates by a frequency shift of the optical carrier e i2π(nfs)t , and the addition of a phase delay seen at the optical frequency f 0 + nf s i.e. the multiplication by a phase term e -i2π(f 0 +nfs)τc , assuming that the field is first shifted in frequency, and then delayed by τ c 4 . A fraction is transmitted at the output, so that the resulting field is the sum of the fields that have been shifted by an amount nf s , and that have accumulated the different phase shifts [START_REF] Schnebelin | Analyse et generation de signaux dans les boucles optiques à decalage de frequence : analogie spatiale et nouveaux concepts d'auto-imagerie[END_REF] : 2fs)t e -i2πfs(1+2)τc e -i2πf 0 (2τc) + ...

E out (t) = (0)E in (t)e i2πf 0 t + (1)E in (t -τ c )e i2π(f 0 +fs)(t-τc) + (2)E in (t -2τ c )e i2π(f 0 +2fs)(t-τc) × e -i2π(f 0 +fs)τc + ... + (n)E in (t -nτ c )e i2π(f 0 +nfs)(t-τc) × e -i2π nf 0 +(1+2+..+(n-1))fs)τc = e i2πf 0 t × (0)E in (t) + (1)E in (t -τ c )e i2πfst e -i2πfsτc e -i2πf 0 τc + (2)E in (t -2τ c )e i2π(
+ (n)E in (t -nτ c
)e i2π(nfs)t e -i2πfs(1+2+..+n)τc e -i2πf 0 (nτc) with (n) the cumulated gain and losses after n loops. 4 In the more general case where the AOFS is not at zero-time, the only difference is the introduction of a global phase shift e -i2πf 0 τ i due to the delay τi between the entrance in the loop (implicitly chosen as the phase reference) and the AOFS. In fact, this phase term is arbitrary, as the time and phase references are always chosen arbitrarily.
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The cumulated sum of delay creates a quadratic phase term (1

+ 2 + 3 + ... + n)τ c = n(n+1)
2 τ c , so that the output field is finally written :

E out (t) = e i2πf 0 t N n=0 (n)E in (t -nτ c )e i2πnfst e -iπfsτcn(n+1) e -i2πf 0 (nτc) (7.3)
In fact, the starting time τ 0 of an acquisition is always arbitrary t → t -τ 0 , so that Eq (7.

3) is always defined with an arbitrary linear phase term e -i2πnfsτ 0 . In the following, we will consider that the starting time τ 0 is always chosen in such a way that all the linear terms e -iπfsτcn e -i2πf 0 (nτc) are canceled. Actually, this is what is done in practice when we process the experimental data numerically. In this way, the output electric field can finally be written, still in the general case :

E out (t) = e i2πf 0 t N n=0 (n)E in (t -nτ c )e i2πnfst e -iπfsτcn 2 (7.4)
Eq (7.4) summarizes the properties of the FSL : the output field consists in a frequency comb of spacing f s , starting from frequency f 0 , and exhibits a quadratic phase which can be tuned 5through the choice of f s and τ c . This frequency comb is represented in Fig 7 .2 . FSLs have already been extensively studied, and have proven many applications in spectroscopy (Duran, Schnebelin, and Guillet de Chatellus, 2018), ranging distance [START_REF] Clement | Laser ranging using coherent pulse compression with frequency shifting loops[END_REF], or in microwave photonics (Schnebelin, Azana, and Guillet de Chatellus, 2019; Guillet de Chatellus, Cortes, and Azana, 2016), which includes the present work.

Photonic correlator

General principle

The architecture of the photonic correlator, whose principle is shown in Fig 7.3, is based on a pair of FSLs, which produce two combs with repetition rates f 1 and f 2 and time delays τ 1 and τ 2 respectively. The general principle of the correlator consists in encoding the input RF signals on an optical carrier through the use of an amplitude modulator, and generate replicas s k (t -nτ ) of the input signals at multiple time delays. For each input RF signals, the replicas are shifted by slightly different time delays τ 1 (associated to signal s 1 (t)) and τ 2 (associated to signal s 2 (t)). The key idea consists in associating at each round trip a frequency shift f 1 (resp. f 2 ), so that a signal experiencing n delays is shifted by a frequency . By recombining all channels on a photodiode, the multiplication product s 1 (t)s 2 (t + n∆τ ) associated to the delay difference ∆τ = τ 2 -τ 1 is encoded at a different frequency difference n∆f , with ∆f = f 2 -f 1 . In this manner, by computing the Fourier transform of the photocurrent, one can extract the amplitude and the phase of each of these peaks, which are proportional to the value of the cross-correlation over a complete set of N time-delays, N ≈ 200 typically.

Implementation

The two FSLs which constitute the comb could be implemented in two independent loops. However, in this case, such a configuration would introduce relative phase drift between each loops, perturbing the coherence of the output signal. Here, the two loops are implemented in a bidirectional configuration [START_REF] Duran | Bidirectional frequency-shifting loop for dual-comb spectroscopy[END_REF][START_REF] Billault | Coherent Optical Fiber Sensing Based on a Frequency Shifting Loop[END_REF] the two signals travel in opposite direction in the same portion of fiber, except a short non-reciprocal section where they experience different time delays and frequency shifts. In this manner, the two combs experience almost similar phase perturbations, which guarantees the relative phase stability between the two loops. The FSLs are seeded with a CW laser modulated with amplitude modulator on which are applied the two RF signals to be correlated, so that the amplitude of the input field is of the form E in = E 0 s(t). According to the description of the FSL, and assuming the ideal case of a constant gain (n) at each loop, the combs extracted from the couplers at the output of each FSL (numbered k) are :

E k (t) = E 0 e i2πf 0 t N n=0 s k (t -nτ k )e i2πnf k t e -iπf k τ k n 2 (7.5)
The outputs of the two FSLs are then combined on a balanced detector :

I(t) ∝ E 1 (t)E * 2 (t) = n,m s 1 (t -nτ 1 )s 2 (t -mτ 2 )e i2π(nf 1 -mf 2 )t e -iπ(f 1 τ 1 n 2 -f 2 τ 2 m 2 ) (7.6)
This leads to the second fundamental idea of the photonic correlator, which shares similarity with the principle of dual-comb techniques [START_REF] Picque | Frequency comb spectroscopy[END_REF][START_REF] Coddington | Dual-comb spectroscopy[END_REF] : assuming that the frequency difference ∆f = f 1 -f 2 are tuned so that the maximum frequency difference remains smaller than the comb separation N ∆f f 1 /2, f 2 /2, only the closer tooth n of comb 1 can interfere with the tooth of comb 2. In this way, only terms with n = m remain n the previous beating term :

I(t) = I 0 N n=0 s 1 (t -nτ 1 )s 2 (t -nτ 2 ) e -i2πn∆f t e -iπn 2 (f 1 τ 1 -f 2 τ 2 ) (7.7) = I 0 N n=0 s 1 (t)s 2 (t -n∆τ ) e -i2πn∆f t e -iπn 2 (f 1 τ 1 -f 2 τ 2 ) (7.8)
The output consists itself in a RF comb with a separation ∆f . Each tooth n of this comb at frequency n∆f is associated to the value at a time delay n∆τ of the cross-correlation function of the input signals s 1 (t) and s 2 (t). This RF comb can be retrieved by a FT of the photocurrent, which finally gives access to the value of the cross-correlation function :

Ĩ(n∆f ) ∝ C 1,2 (n∆τ )e -iπn 2 (f 1 τ 1 -f 2 τ 2 ) (7.9)
The system parameters can be tuned so that f 1 τ 1 -f 2 τ 2 is an even integer. In this case, the phase term vanishes and teeth amplitude is directly proportional to the complex value of the cross-correlation function. Otherwise, the square-modulus of the FT gives access to the modulus of the cross-correlation function. This proves that the cross-correlation of the input signals can be mapped at the output of the photonic correlator, over a number of points N .

The main features of the analog optical correlator are the following :

• N ≈ 250 correlation values : in practice, the maximum number of teeth is limited by the maximum bandwidth of the tunable bandpass filter (TBPF) inserted in the loop N f 1 ≈ N f 2 . This window has to be adjusted to the position and the extent of the comb in order limit the ASE coming from the EDFA. In addition, the non-homogeneous transmission of the TBPF over the spectral bandpass often introduces modulation of the teeth amplitude, and a too large window bring more ASE in the comb, which reduces its dynamic range. The maximum number of teeth is a compromise with respect to these

Principles

elements : in most of the experiment carried in the following, the typical number of teeth will be equal to N ≈ 250 .

• tens of GHz correlation : the minimum delay ∆τ with which the cross-correlation function can be sampled is given by the minimum path difference between the two arms, which can be set in theory to an arbitrarily small value, enabling the correlation of signals with tens of GHz bandwidth. Furthermore, this delay difference can be easily reconfigured over a wide range of values, by introducing a variable optical delay line (VODL) between each arms, as demonstrated in the following in Sec 7.3.9.

• Real-time operation: the processing time of the photonic correlator is equal to the total life time of the photons in the loop N τ 1 ≈ N τ 2 , which here is typically equal to 20 µs (N = 200 and τ 1 ≈ 100ns). Thus, the photonic correlator operates in real-time, and enables the correlation of non-stationnary signals, with a maximum rate of the order the inverse processing time of the correlator (e.g. 1/20µs = 50kHz), as demonstrated further in Sec 7.3.8. The photonic correlator, whose principle is depicted in Fig 7 .3, was then implemented in the lab through commercially available photonic components, as shown in Fig. 7.4 . In the following section, we start by focusing on the characterisation of the performances of the comb and its functioning regimes (Sec 7.3), and on the application of our set-up to the correlation of different type of broadband signals (Sec 7.3.9).

Characterisation

In this section, we focus on the characterisation of the analog photonic correlator and the factors limiting its performances, in particular in terms of sensitivity, saturation, dynamic range, and temporal response. In particular, we will describe the different functioning regimes of the correlator : small RF power regime, normal functioning regime, and high-power regime dominated by saturation. Before presenting the experimental characterisation of the comb, we briefly remind the reader some fundamental properties inherent to the gain and Amplified Spontaneous Emission (ASE) in FSL.

Reminder of the properties of gain saturation and Amplified Spontaneous Emission (ASE) in FSL

In this section, we briefly remind some fundamental properties inherent to the gain and Amplified Spontaneous Emission (ASE) in FSL, which will be important to understand the different regimes of the correlator (low, nominal and high power regime). In particular, we refer the reader to [START_REF] Kanagaraj | Optimization of acousto-optic optical frequency combs[END_REF], who provides a detailed description of the gain, the ASE and the saturation effects in FSL, on which the present paragraph is largely based

7.3 Characterisation
and which is reproduced in part here. In this paragraph, we will keep most of the notations of [START_REF] Kanagaraj | Optimization of acousto-optic optical frequency combs[END_REF] in order to remain consistent with this paper. We start by describing the power of the comb. At each round-trip, the optical power of tooth is amplified by a gain G set by the EDFA, and attenuated by a factor T due to the passive losses. In that respect, the power p n of the comb tooth numbered n is simply described by the relation :

p k = (GT ) n • p 0 (7.10)
The general form of the amplifier gain G is written : (7.11) with P tot the total optical power in the loop, P sat the saturation power of the loop, and g ss the dimensionless small signal gain of the amplifier. A fundamental aspect in the following is that this gain evolves with the total optical power in the loop. More precisely, this gain decreases with the optical power P tot , or in other words gets saturated by the optical power: the more light there is in the loop, the smaller G is. This property will lead to different operating regimes. In order to understand this, the amplification factor has simply to be compared to the total losses : in the case where the gain is larger than the optical losses (GT > 1), the teeth power increase with the number of round-trips ; when the gain exactly equals the losses (GT = 1), the teeth power is constant ; when the gain is smaller than the losses (GT < 1) the teeth power decrease with the number of round-trips. These regimes are summarized in Fig 7.5. In addition, the amplifier is producing ASE, whose optical power a 0 adds a fixed contribution to the former power circulating in the loop at each round-trip :

G = exp g ss 1 + Ptot Psat
a n = (GT ) n • a n-1 + a 0 (7.12)
As we will see in the following, a consequence of this relation is that unlike the teeth power, the contribution of the ASE is strictly increasing with the number of round-trips, even in the case where GT < 1. This property is also schematically represented on Fig 7.5.
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Experimental characterisation of the functioning regimes

In a general way, the PSD peak varies quadratically with the optical input power, which is itself proportional to the RF power. In order to study the different regimes of the comb versus the RF power, we measured the auto-correlation for a series of acquisition with regular increasing values of RF power. We repeat this series for a sinus waveform and a noise waveform : the sinus consists in a sinus voltage with frequency f=178 MHz, and the noise was 120 MHz-bandwidth noise waveform generated by the AWGs. In each case, we measure the comb at several increasing amplitude value of the voltage, all other parameters (driving current of the EDFA, passive attenuation, etc.) being kept constant.

In the following, we detail the different limitations associated to each regime, starting from small RF power (∼ 5 dBm) and going to higher RF power (∼ 15 dBm). 

Small power regime

We first focus on the small RF-power regime (black and purple in Fig 7.6; red in Fig 7.7). The lower limit of input power for a signal to be exploitable is of the order of 5 dBm for a sinus waveform (Fig 7.6 b) ), and 10 dBm in the case of a noise waveform (Fig 7.7 b) ). This lower bound originates mostly from the ASE in the correlator. The ASE is amplified and added at each round-trip : as mentioned previously, the consequence is that the contribution of ASE always increases with frequency offset (contrary to the comb associated to the signal). As a result, ASE contribution appears as a broad noise contribution in the comb, which ultimately limits the sensitivity and the dynamic range of the correlator. Given that the contribution of ASE adds to the input seed power, it was also shown that in the case of a FSL (Kanagaraj et al., 2019) that ASE contributes to saturate the gain of the amplifier, which will appear as a limitation for high power.

The ASE increases with the bandwidth of the amplifier, set by the TBPF. The consequence of this latter point is a trade-off between N the total number of teeth (i.e. the number of points in the mapping of the correlation function) and the sensitivity that can be achieved.

In practice, N is of the order of few hundreds (N ≈ 200 -250 in our set-up). On the other hand, ASE increases with the gain and the noise factor (NF) of the amplifier. In order to reduce ASE and thus to increase the sensitivity and/or the number of teeth (depending of the desired trade-off), it is of major importance to aim at low gain, in particular by lowering the passive losses in the correlator, and to use amplifiers with the lowest NF. In addition to ASE, when the RF power is set to zero, a residual comb is still visible in Fig 7.6, which results from the finite extinction ratio of the MZI, of the order of 25 -30 dB typically, due to a small residual imbalance at the level of the AM. This small imbalance causes a leaking of the seed laser through the AM. Therefore, even in the absence of an input RF signal, a small part of the input seed is transmitted and produces a comb. The teeth of this comb appear to increase as the frequency offset increase (higher number of round-trips). This is due to the fact that the optical power is low in this regime, so the optical gain is high, leading to an increase of the teeth amplitude at each step.

Normal "flat" regime

The specific shape of the comb observed at the previous paragraph, where the teeth increase with the frequency offset, is visible when no RF signal is applied and for small amplitude signals (red and purple regions in Fig 7.6). Nevertheless, by increasing further the RF power, a larger total optical power circulates in the loop, which decreases the gain of the amplifier (gain saturation). As a result, the increase of the teeth power is less and less steep for larger RF power (i.e. total optical power in the loop). Ultimately, for a given functioning point, the gain compensates exactly for the losses at each round-trip, so that the net gain per round-trip (n) equals 1. In this case, the comb appears perfectly "flat", which is the regime we seek to obtain. This shape enables to map the correlation and is the nominal regime of the comb.

High-power regime : saturation effects

The last regime of the correlator is a regime dominated by saturation at high RF power. As the RF-power increases, so does the total optical power in the loop, leading to saturation and reduction of the gain. As the gain per roundtrip is smaller than the losses, the teeth decrease exponentially with the offset frequency. This exponential decay due saturation is particularly visible on Fig 7.6 (yellow and red regions) as a linear slope in log scale, with a steepness which increases with the RF power. The effect of saturation is more predominant for the highest offset frequency of the spectrum. Ideally, the teeth peak amplitude should exhibit a quadratic growth with respect to RF power. This increase is relatively close to a quadratic growth for the very first teeth (frequency bin 1), in which the amplification is mainly due to the single pass (or few passes) amplification, so that the effect of saturation is difficultly visible (low number of round-trips). On the other hand, for higher frequency, the comb deviates strongly from the theoretical increase, and even exhibits a decrease of amplitude for higher RF power (frequency bins 3-4-5, Fig 7.6 b). The higher the frequency is, the smaller is the value of the RF power (i.e. the optical power) required to observe this inflexion point. This is due to the higher number of round-trips, which makes the effect of saturation more predominant and thus visible at lower optical power.

The effect of saturation is also visible on the noise waveform in Fig 7.7. In this case, the variation of the amplitude of the comb is linear with input RF power, as seen in Fig 7.7 b) (slope close to one in log-log scale). This is well consistent with the sinus waveform, which was close to a linear increase in the same frequency window 3.5 -5.5 MHz (frequency bins 2 -3 in Fig 7.6). In addition to the amplitude, the saturation effect also translates in a small narrowing and a slight shift of the mean position of the auto-correlation peak, as shown in Fig 7.7 . The measurement for the lowest voltage values (<2 Vpp) is subject to caution due to low output power value. Overall, the effect of saturation on peak width and mean position remains however relatively limited.

Control of the loop

The different regimes discussed in the last three sections potentially affect the quality of the comb, but they can be controlled. In particular, saturation is directly dependant of the total optical power of the loop. The comb can be kept in a regime where the gain of the amplifier is equal to the passive losses by adjusting in real time the light injected in the system through variable optical attenuator (VOA) at the input of the loop. Such system is the next step of the current version of the correlator. Concerning the ASE, as above-mentioned, the TBPF has to be adjusted with the narrowest window possible and the EDFA has to be chosen with the lowest NF possible in order to limit the contribution ASE. 

Dynamic range & PRBS signal

The typical dynamic range of the comb is usually of the order of 20-30 dB. In the following, we apply the analog correlation to PRBS signal, which enables both to demonstrate the correlation for this type of signals and to probe the maximum dynamic range of loop.

Pseudo-Random Binary Sequence (PRBS) are periodic signals generated with a deterministic algorithm, which exhibits statistical properties very similar to random signals, and offer the capability to probe high dynamic range. More specifically, the auto-correlation function of PRBS signal has the property to be equal to -1 for every value, and to be proportional to K at delays multiple of Kδτ , with δτ the increment of delay of the sequence and K = 2 k -1 the total length of the sequence. These signals are designated as PNk. A consequence of these properties is that the amplitude is increased by a factor 2 at each step k to k + 1, which translates in an increase of 20log(2) ≈ 13.9 in the PSD at each step.

Experimentally, we used an AWG to generate PN3 and PN4 (sampling rate 30 MSa/s, 200 µs acquisition time) and then measured the auto-correlation. We use the configuration of the analog correlator with large delays (resolution ∆τ ∼ 5 ns and total span 200 × 5 ns = 1 µs) previously introduced in this chapter. The theoretical auto-correlation function exhibits a characteristic triangular shape, crossing zero on both sides of the peak. In order to compare this theoretical expectation to the experimental data, we measured independently the PRBS signals generated by the AWGs (which enables to include the rise time of the AWGs) and compute the numerical auto-correlation. The square modulus of this numerical auto-correlation is then compared to the experimental acquisition, as shown on Fig 7.9. Both traces are in excellent agreement. In addition, the maximum difference between the main peak and the adjacent dips reaches typically 25 to 30 dB for 200ms. This constitutes the typical maximum dynamic range achieved by the correlator. In the case of PN4, one can notice that the floor of the auto-correlation is slightly below the theoretical level : this effect is likely due to a small residual on the bias of the AM. 

Dynamical correlation

In practice, the analog photonic correlator enables to compute correlation function in so called "real time". In this section, we try to evaluate quantitatively the typical speed at which it is possible to perform a measurement.

To this end, we apply a known waveform, here a sinus waveform, of which we modulate the central frequency (frequency modulation) with different rates. We use a sinus waveform with central frequency f = 100 MHz, modulated with a depth equal to f ∆ = 10 MHz, and an increasing modulation rate f r = 100 Hz, 400 Hz, 4 kHz. The expected result is a correlation trace modulated in time at the rate f r , around the zero delay (offset frequency ∼ 6 MHz). The maximum rate for which an acquisition has a sufficient SNR is typically f r = 4 kHz, which gives an estimate of the maximum refreshing rate of the correlator. Ultimately, the processing time is limited by the round-trip time, which is typically N × τ 1 (≈ N τ 2 ), in this case ∼ 12.5 µs. This round-trip time corresponds to a rate 1/12.5µs = 80 kHz. This rate is globally consistent with our measurement, given the fact that a number of round-trip larger than one is necessary to obtain a measurement with a sufficient SNR. The maximum refreshing rate should depend on the SNR of the input signal, so that a trade-off would have to be reached between the input RF power and the maximum refreshing rate required. In our case, we can suppose that we were placed in optimal conditions of SNR, so that our measurement set a maximum limit on the refreshing rate. Overall, this demonstrates the capability of the correlator to perform measurement at time-scales of the order of ms and below. 

Characterisation

Correlation of wideband RF signals

In this section, we apply our set-up to the correlation of broadband signals. We first focus on the correlation of broad noise signals, then applied to the determination of time delay estimation, and finally to the correlation of monopole antennas in Sec 7.3.10.

Wideband correlation

We first apply the correlation scheme to broadband random noise signals. These RF signals were generated by an AWG and then applied to both AMs. In this configuration, the photonic correlator is computing the auto-correlation of the input RF waveform.

As described in Sec 7.2.2, the analog correlation is typically obtained over N ≈ 200 values. Depending of the application, one can choose either to optimize the time resolution ∆τ or to maximize of the time span N ∆τ (respectively). This can be easily configured by adjusting the relative delay between each loop through the VODL. We choose to test these two types of configuration respectively with the delays τ = 115 ps and τ = 4 ns.

Correlation of signals with 100s MHz bandwidth

The first series of acquisition (τ = 115 ps) is suitable with correlation bandwidth of approximately 8 GHz, and covers a delay range of approximately 200 × 115 ps = 23 ns, approximately equal to a propagation delay in free-space ≈ 7 m. An additional fiber delay ≈ 3 m is introduced outside the loop in channel 1, in order to compensate the relative delay between the two arms i.e. to center the correlation trace in the output frequency window. In order to have a constant phase in the output comb, the value of the frequency rate of each FSLs is chosen to be f 1 = 80.0000 MHz and f 2 = 80.0657 MHz (∆f = 65.7 kHz) so that they meet the condition f 1 τ 1 = f 2 τ 2 . Finally, the correspondence between frequency and delay can be directly obtained with a scaling with the linear factor ∆τ /∆f .

In order to observe the effect of the signal bandwidth on the correlation signal, successive acquisitions were made with bandwidth ranging from 40 MHz to 120 MHz. The results are shown in Fig 7.11 : the output comb is encoded over N ≈ 200 teeth, separated by a frequency ∆f , and whose amplitude is proportional to square modulus of the correlation function at delay ∆τ : Ĩ(n∆τ ) ∝ |C 12 (∆τ )| 2 . These experimental results were compared to the theoretical autocorrelations of the same signals. The theoretical auto-correlations were obtained by recording the input RF signals and computing numerically the autocorrelation, which enables to take into account the effect of the rise time of the AWGs on the RF waveforms.

Experimental and theoretical auto-correlations shows an excellent agreement. In addition to the teeth, a broad noise pedestal is visible in the output trace, and mainly originates from the contribution of the ASE circulating in the loop. In practice, the experimental output trace exhibits a dynamic range of approximately ≈ 25 dB. The factors which set the limit of the dynamical range will be investigated in details in Sec 7.3.7. Given that the repetition rate of the output RF comb ∆f is precisely known, the acquisition (PSD) can be filtered, which is not applied in Sec 7.11 to show the noise background, but will be implemented in the rest of this chapter. .

Autocorrelation of signals with 100s ns delay

In addition to the small delay configuration, the correlator was configured with a relative delay ∆τ = 4 ns by introducing 1m fiber next to AOFS 2. In this configuration, we use one heterodyne signal generated in Sec 6.4.1, and applied it to both AMs. The particular feature of this signal is to exhibit multiple side-lobes, approximately 15 dB below the value of the 7.3 Characterisation central lobe maximum. These side-lobes are mainly due to the non-uniform response of the detection and to the environmental parasitic signals mentioned in Sec 6.4.1 6 .

In this configuration, the correlation trace covers a time-span of approximately 200 × 4 ps = 0.8 µs, corresponding to a propagation delay 240m. An additional ≈ 100 m fiber was also introduced here at the output of channel 1 in order to center the output correlation trace.

The results are shown in Fig 7.11. The larger value of ∆τ enables to retrieve the complexity of the correlation function, which is compared to the numerical auto-correlation trace. In addition, successive sampling rate from 10 MSa/s to 190 MSa/s were applied in order to observe the effect of signal bandwidth on the auto-correlation.

Filtered signals & and narrow spectral features

Thus far, we have focused on the auto-correlation of noise signals : here, we focus on the cross-correlation of noise signals. In addition, in order to observe strongly non-symmetrical correlation function, we use two different noise signals : the first one is a noise with 120 MHz bandwidth, the second one is the same signal filtered with a stop-band filter (65 MHz -85 MHz filter).

The result is shown in Fig 7.12. Similarly to the previous acquisition, a comparison with the numerical signal cross-correlation is done and shows a very good agreement, over a significant dynamical range (up to 30 dB). The analog auto-correlation signals were also obtained separately and are shown in comparison. We highlight that the second noise signal is similar to a source exhibiting an absorption line in a continuum. The experimental cross-correlation signal obtained here is not exactly equivalent to the correlation signal that would be obtained by a heterodyne interferometer observing such an object with a narrow spectral lines, given that the first channel is only a broad noise signal. However, interestingly, the capability to distinguish a narrow spectral lines in the correlation trace are comparable between these two situations 7

Antennas correlation and time of arrival

We then applied this photonic scheme to the correlation of signals coming from two monopole antennas. The correlation of signals coming from two astronomical radio-antennas neces- 6 These parasitic signals are mainly composed of sinusoidal, single-frequency signals (also visible in the PSD of each individual heterodyne signals), which explains the periodicity of the side-lobes. The contribution of these parasitic term was a difficult problem to solve, and was carefully checked in the experiment presented in Sec 6.4.1, first experimentally by introducing a relative delay between each channels and varying the relative contrast, and then numerically by computing the coherence envelope from the two recorded signal.

Experimentally, a gaussian central side-lobe was effectively retrieved, and from the numerical trace, the contributions of these parasitic terms in the coherent flux was estimated to be at least 15 dB smaller than the contribution of the central lobe, part of this contribution being also simply due to the response of the detector itself. These results on the signal cross-correlation are consistent with the present result on auto-correlation presented in this chapter. 7 In the case of astronomical signal, the typical linewidth (20 MHz, equivalent to R = 1.5 × 10 6 ) tested here would correspond mainly to non-LTE (Local Thermal Equilibrium) processes e.g. natural laser gain in emission in planetary atmosphere [START_REF] Mumma | Discovery of Natural Gain Amplification in the 10-Micrometer Carbon Dioxide Laser Bands on Mars: A Natural Laser[END_REF]. The typical width of lines at LTE are generally of the order 2 GHz (equivalent to 20km/s or R = 15 × 10 3 ), which would require to optimize the set-up to larger input bandwidth (typically 20 GHz). sitates dedicated parabolas and guiding systems which were under development but not available yet at the time of writing. Although, the measurement presented in the following differs from the type of observables in the case of astronomical antennas (resp., time delay difference of arrival (TDoA) vs. variation of visibility with respect to baseline in the case of radio-astronomy), this experiment was relevant in the perspective of a demonstration on astronomical radio-antennas, in particular regarding the very similar experimental set-up in these two experiments. A demonstration with two astronomical antennas would represent a logical follow-up of these experiments. Furthermore, the potential of the correlation of monopole antennas for applications outside astronomy (radar, localisation of RF transmitters) justified by itself such a demonstration.

First, we characterize the precision of the photonic correlator on time delay measurements by applying two replicas of a well-known noise signals generated with AWGs. We then present the results on the localization of real antennas.

Time delay measurements

Before describing the antenna set-up, we characterize the typical measurement precision of the photonic correlator by applying two replicas of known noise signals with 120 MHz bandwidth generated by the AWGs and applied on the AMs. In addition, the AWGs enable to apply a digital delay between each RF channels at the ns-scale, which allows to compare the delay scale of the photonic correlator to an exact reference. A linear time delay was applied between each channel, which shows that the delay retrieved from the photonic correlator agrees very well with the input numerical delay, as shown on Fig 7.13. We then characterize the exact precision of the time delay estimation. The measurement of the time delay is done by estimating the centroid of the main lobe of the correlation function. More generally in TDoA, the typical measurement precision is set by the width of this correlation function, which is itself inversely proportional to the bandwidth of the signal and can be very narrow by using high bandwidth signals. In the following demonstration, given that the time resolution of the correlator (115 ps) is larger than the typical temporal resolution of the incident signal (1/120 MHz ≈ 9 ns, the main lobe of the cross-correlation is sampled by approximately ∼ 100 pts. This enables to enhance the precision on time delay below the typical width of the correlation function, by estimating the centroid position through a fit of the main lobe. In that respect, the precision on the estimation of the time delay also depends on the SNR of the correlation function, and thus on the integration time. This precision was measured by acquiring a long acquisition (1s), which was then divided in individual sequences of a certain fixed duration, on which an estimate of the time delay is done by a fit of the envelope. The standard deviation of these individual estimates then provides the measurement precision for this typical integration duration. Experimentally, it was verified that the precision exhibits a precision inversely proportional to the square-root of the integration time, with a typical 100 ps for 1 ms integration time, and 10 ps for 100 ms integration. These values are significantly smaller than the width of the main lobe of the correlation function (<8 ns). In addition, this precision can be converted in terms of distance measurement, typically equal to 3mm with a 120 MHz signal (for 100ms integration time), which is about λ/1000 of the central RF carrier.

Correlation of antennas

The set-up, shown in Fig 7.14, consists in three identical monopole antennas : one transmitter (Tx) and two receivers (Rx), the latter being placed about 1 meter from Tx. A broad RF noise signal is applied to the transmitter, and generated by the multiplication of a relatively low frequency noise signal (<100 MHz) through RF multipliers, then filtered with low-and high-pass filters. These noise signals are detected by the Rxs, amplified, and applied on the AMs. The photonic correlator finally processed the cross-correlation function, whose centroid enables to retrieve the time delay difference of arrival of the signal at each antenna. In particular, the position of antenna Rx2 can be moved by approximately ± 10cm. As expected, the mean position of the centroid of the correlation function shifts, as shown clearly in Fig 7 .14, and matches the geometrical delay between the antennas.

Extension and perspectives 7.4.1 Phase of the correlation function, interferometric observations at high-spectral resolution

In the previous experimental sections, we essentially focused on the the modulus of the correlation comb. As shown in the theoretical description Sec 7.2.2, the phase under each teeth also encodes the phase information of the correlation function.

In the case f 1 τ = f 2 τ 1 , the phase of the comb also contains the information on the phase of the correlation function, which contains information on the astrophysical object in the case of heterodyne interferometry (phase of the visibility). Since the amplitude modulation scheme used so far for the analog photonic correlator is identical to the Chap 6, but extended to a larger number of delays s 1 (t)s 2 (t + ∆τ ) , the expression of the correlation function is that of a double-sideband correlator and can be written :

s 1 (t)s 2 (t + ∆τ ) = |G(∆τ )|cos(ω c ∆τ (t) + φ G ) × cos(2πf k t + φ V )
7. 4 Extension and perspectives The correlator is measuring the real part of Eq (7.9). Combining these two equations : 7.13) where the notation are identical to Sec 7.2.2 and Chap 6. By subtracting the phase φ 1 and φ 2 under each peak :

s 1 (t)s 2 (t + ∆τ ) = |G(∆τ )|cos ω c ∆τ (t) + φ G × cos 2πf k t + φ V × cos 2π(n∆f )t + φ(n 2 ) = |G(∆τ )|cos ω c ∆τ (t) + φ G 1 2 cos 2π(n∆f -f k )t + (φ(n 2 ) -φ V ) φ 1 + cos 2π(n∆f + f k )t + (φ(n 2 ) + φ V ) φ 2 ( 
φ V = 1 2 (φ 2 -φ 1 ) (7.14)
In an analogous way to the basic amplitude modulation scheme in Chap 6, it is possible to avoid the calibration of the quadratic phase of the comb in order to retrieve the astrophysical phase associated to each correlation peak.

The simultaneous measurement of the amplitude and the phase at each delay of the correlation function would enable to reconstruct the complete spectro-visibility, as indicated in the introduction of this chapter, in Eq 7.2. This could enable to obtain both a spectrum of the source within the bandwidth of the detector (modulus |V (ω)|), and the interferometric phase, which is related to the position of the emission photocenter at a given spectral channels. As the number of reconstructed points is equal to the number of teeth i.e. N ≈ 200 spectral channels, this sets the spectral resolution of the correlator within the detection bandwidth of the mid-infrared detector (e.g. for a 40 GHz detector, ∆f = 40 GHz/200 = 200 MHz, which is equivalent to R = f /∆f = 150 000).

This feature has important observational consequences, for example in the study of astrophysical emission or absorption lines. In particular, the measurement of the differential phase between the line and the continuum enables to measure the relative location of the emission or absorption lines with respect to the object photo-center (continuum). With a sufficient number of baselines, this enables to retrieve the information on the spatial location of these lines (e.g. location of chemical species in the astrophysical objects), and also to constrain their dynamics (doppler shift), both informations are of high astrophysical interest.

Application to infrared heterodyne interferometry

Demonstration with 2 radio-antennas

In Sec 7.3.10, we demonstrated the correlation of wide noise RF signals with 2 separated antennas. The natural extension of this preliminary experiment would be to apply two signals originating from radio-astronomical parabolas on the analog photonic correlator, in order to retrieve the correlation function of a bright astronomical objects. This measurement gives access to the coherent flux associated to this object, and potentially to the visibility if an appropriate calibration is used. This calibration would greatly benefit to be done through the same photonic processing chain as the coherent flux. Such calibration can take advantage of the of the fact by applying the same signal to each AMs the correlator computes naturally the auto-correlation function.

The coupling of the analog correlator would be the next natural step in the perspective of a demonstration in an interferometric mode. The interest in measuring a correlation function with radio-parabolas would be the demonstration of the functioning principle of the correlator in the radio regime, with simpler on-sky constraints than in the infrared domain (delay lines, coherencing, target tracking, etc.), and better understanding of its calibration and sensitivity limits. This demonstration would provide a valuable experience of practical, on-sky constraints of an interferometric system, in the perspective of preliminary on-sky demonstrations with an infrared heterodyne interferometer. Such a radio-interferometer was in fact developed independently at IPAG by Bernard Lazareff and Jean-Philippe Berger. Unfortunately, this system could not yet have been coupled to the correlator at the time of writing. The system consists in two commercial parabolas observing at a frequency of 9 GHz, and includes the heterodyne detection and amplification chain, enabling to produce an output RF power with ∼ 10 dBm, compatible with the analog correlator.

Sensitivity

In parallel to a demonstration on a two elements radio-interferometer, the fundamental step towards the application of the correlator to infrared heterodyne interferometry consists in detailing the sensitivity analysis of the correlator, in particular taking into account the improvements on ASE mentioned in Sec 7.3.3. The sensitivity limit for a noise signals was estimated to be typically 5 dBm in Sec 7.3, and was later optimized to reach about -15 dBm. This limit can likely be reduced with a better noise factor of the amplifier, a reduction of passive losses in the loop, and a reflexion on the trade-off between the number of teeth and the maximum sensitivity. The fundamental parameter to be estimated in this perspective is the SNR preservation through the correlator, or equivalently an estimation of the noise temperature of the correlator. At this point, as already pointed out in Chap 4, the specification of the noise temperature of the correlator can benefit from the natural large noise temperature of the heterodyne detection. The fact that the correlator is preceded by different stages of amplification reduces significantly the weighting of the correlator noise temperature in the final budget (Friis formula) :

T ampl = T 1 + T 2 G 1 + T 3 G 1 G 2 + ...
with T 1 , T 2 , T 3 the noise temperature and G 1 , G 2 the gain of the successive amplification stages. In this chain, the strongest noise requirements is put on the first amplifier (preamplifier) just after the detection (often a trans-impendance), which has to have a low noise compared to the noise temperature of heterodyne detection. The exact budget of the chain is at the heart of the sensitivity analysis of the detection chain. We will detail part of this budget in Chap 8 when introducing the 2 telescopes demonstrators at 10 µm.

Scale-up to a large number of telescopes and multiple spectral channels : prospective ideas

The last step towards the application of the correlator to an infrared heterodyne array is the scale-up of the concept of analog correlation to a large number of telescopes and a large number of spectral channels. In this paragraph, we propose some prospects in this direction, based on the frequency multiplexing scheme proposed in the case of the simple two elements photonic correlator in Chap 6.

The basic idea is identical to the all-in-one combination proposed in amplitude modulation in Chap 6. We assume that each channel identified by the index k (with N t telescopes times N s spectral channels) is encoded on an independent AM and modulated at a frequency f k by an AOM. Prior to the correlator, we suppose that all the channels are summed together (so called "all-in-one"). The resulting signal is then splitted in two arms wich are injected in the bi-directional loop. In this case, the resulting signal will have a form very similar to Eq.7.13 :

s 1 (t)s 2 (t + ∆τ ) = |G(∆τ )| Nt,Ns k,l cos 2π(n∆f -(f k -f l ))t + (φ(n 2 ) -φ V ) + cos 2π(n∆f + (f k -f l ))t + (φ(n 2 ) + φ V ) (7.15)
The factor 1 2 disappeared here because the operation is essentially an auto-correlation. We also supposed that |G(∆τ )|= |G(-∆τ )| and that the cos ω c ∆τ (t) + φ G is removed by a control of the delay and is equal to 1, so that the two replicas of the correlation product are summed on the same tooth at frequency n∆f + (f k -f l ). In the case where the AOMs encode the fringes in a non-redundant pattern, the cross-correlation will appear as sets of non-redundant side-bands on both sides of the teeth n∆f . The auto-correlation will sum together on the teeth at n∆f and will not be exploitable.

The total number of peaks will be limited by the number of non-redundant peaks that can be enclosed in a frequency span of ∆f /2 (separation of two teeth of the comb). The minimum spacing between two peaks is ultimately set by the total integration time i.e. generally the coherence time of atmosphere or the maximum integration allowed by the fringe tracker, and can be assumed to be typically of the order of 1 Hz. In addition, the ratio N nr between the shortest and the largest spacing in a non-redundant pattern is rapidly diverging : it reaches about 500 for 20 channels to encode in a non-redundant pattern, and about 1500 for 30 channels [START_REF] Ribak | Beam combination in a multi-telescope, monolithic interferometer[END_REF]. This translates in a total spacing of 1.5 kHz, which is one order of magnitude below the teeth separation used in Sec 7.3.9 for example. The teeth spacing can also be set to a larger value by adjusting the frequency of the AOM, which could enable to increase significantly the number of elements that can be encoded in the comb. On the other hand, the total number of elements to correlate non-redundantly is typically N s × N t = 20 × 100 = 2000, which will largely exceed the maximum number of correlation peaks that could be encoded in the comb. In addition, the multiplication of the number of peaks in the comb will consume part of the gain of the amplifier, and may likely affect the gain, the saturation, and finally the SNR of the final comb, an effect which is not trivial to quantify. Overall, this scheme could potentially enables a massive multiplexing of information (high number of telescopes and spectral channels), even if this multiplexing may be limited to a number of a few tens of elements, a number that would also need a careful examination regarding the impact on the amplifier and the sensitivity of the analog correlator. Presumably, an hybrid solution, in which the correlator is replicated several times to cover several spectral sub-windows and to process only a part of the total number modulators, may be used. In an analogous way to the simple amplitude photonic correlator, the basic idea consists in encoding each pair of correlation signal in a non-redundant frequency pattern at the output of the correlator.

Extension and perspectives

Other applications

The wideband correlation of RF signals has a broad range of applications outside of astronomy, in particular in the estimation of time delays. The first type of this kind of applications is related to the passive positioning of RF transmitters based on the measurement of time difference of arrival between known antennas (Rx). By knowing the precise location of the receivers and measuring the time difference of arrival, it is possible to deduce the location of an unknown RF emitter. These passive systems are at the basis of a large number of applications, such as the location of victims in natural disasters (avalanches,...), location of RF jammer which perturbs communication, or military applications (location of an unknown RF transmitter). In the case of noise signal, the precision with which the time delay difference can be measured is related to the inverse of the emitters RF bandwidth, and can even be increased by an estimation of the correlation envelope (see Sec 7.3.10, with λ/1000 at ∼ 1 GHz), potentially enabling the localization with mm precision for radio-wavelengths. Interestingly, the location of multiple emitters with multiple antennas with the analog optical correlator may share common processing strategies with interferometric image reconstruction : such study go beyond the present preliminary work but could offer interesting development perspectives.

The second type of application related to time delay measurement is the measurement of time of flight of signals, between a given emitter (Tx) and a known or unknown target -these systems are thus active systems. By correlating the probe RF signals to the retro-reflected signals (an operation equivalent to matched filtering), the time delay that maximized the correlation signals gives an estimate of target distance. This correlation operation can be applied either to RF waveforms, or directly to the modulated optical signals at 1.55 µm [START_REF] Billault | Coherent Optical Fiber Sensing Based on a Frequency Shifting Loop[END_REF], the first category being related to radar and sonar applications, the second one to lidar applications. " Seeing is in some respect an art, which must be learnt. To make a person see with such a power is nearly the same as if I were asked to make him play one of the Handel's fugues upon the organ.

-W.Herschel Letter to Sir W.Watson (7th January 1782)
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Demonstrator for a 2T interferometer at 10µm

We have presented so far the system, the sensitivity and the correlation aspects associated to a mid-infrared heterodyne interferometer combining a large number of telescopes. This has enabled us to revisit the architecture of a potential heterodyne instrument at 10 µm, based on the current state of mid-infrared technologies. In order to validate this architecture and the technologies associated with it, we describe in this chapter the preliminary design and implementation of a heterodyne bench which combines two interferometric channels at 10 µm.

Goal & specifications

The general goal is to provide a technological demonstrator in the laboratory, which combines two heterodyne channels at 10 µm, and enables to test the building blocks devised in the perspective of a PFI. The different essential elements that we aim to demonstrate in this demonstrator are :

• testing and validation of the detector technology (QCD and off-the-shelf VIGO1 detectors)

• validation of the correlator architecture : amplitude photonic correlator, and numerical correlation for relatively small bandwidth (<1 GHz).

• validation of the sensitivity analysis : measurement and budget of the complete detection and correlation chain at 10 µm, first on QCL source, then on a black-body source.

• validation of the local oscillator and phase-locking scheme

• validation of the alignment protocol of the bench, and mode-matching of the LO with the signal.

• validation of operational strategies in the perspective of on-sky observations : chopping strategy, piston mitigation.

At the end, an essential part of this demonstration is the validation of the sensitivity of the interferometric signal on a black-body. Following this validation in the laboratory, this experiment could provide the elements of a potential on-sky demonstrator that could be adapted to existing telescopes.

Description of the bench

General description

The general idea is to distribute two local oscillators on two detectors, where they are mixed with the signal channel. For practical reason, the initial version of H2T10 is based on a single laser splitted in two parts, which allows to obtain a local oscillator channel on each channel with only one laser 2 . In a second version, a complete version including two lasers and a phase-lock loop (PLL), in order to stabilize the relative phase of each QCL, is planned. The different phase of integration of the bench are :

• Step 1 : a single QCL is splitted in two parts, which act as two local-oscillators with stable relative phase at the level of each detector. Off-the-shelf detector (VIGO) with 1 GHz bandwidth are used. At the time of writing, this version is currently aligned, and its characterisation is on-going, see Sec 8.2.

• Step 2 : two QCLs act as two distinct local oscillator whose relative phase is stabilized by a PLL. Off-the-shelf VIGO detectors are still used.

• Step 3 : two QCLs and two QCDs. This requires the specific development of QCDs, which could allow for major sensitivity increase of the bench compared to VIGO detectors.

The final optical set-up including two QCLs (Step 2 and Step 3) is represented in Fig 8.1. At each step, the source signal mixed on each detector can be either a laser source (QCL in our case), or a black-body, depending on the minimum sensitivity of the bench. In the following, these combinations will be designated respectively as QCL+QCL beating (QCL source) or QCL+black-body beating (black-body source).

Components

The different elements chosen for the bench are given in Tab 8.1. In the following, we detail briefly the functional aspects of these elements : • local oscillator : we chose QCLs for their practical aspects, in particular their tunable power and their tunable wavelength over a small range (5 cm -1 ). 3• detectors : the two requirements at the level of the detector for a heterodyne detection system are a high-bandwidth and a high quantum efficiency. We chose VIGO detectors, which reach relatively high-bandwidth (1 GHz) and exploitable quantum efficiency (0.08), and require only Pelletier cooling. Alternatively, MCT detectors with liquid nitrogen cooling can be used.

• correlation : we chose the 2T amplitude modulation scheme for the photonic correlator, whose performances were demonstrated in Chap 6, for its very simple implementation which does not require specific phase stabilization for relatively short integration time (<1s). Longer coherent integration will require the implementation of a slow phase stabilization loop in order to stabilize the relative phase of each arm of the Mack-Zehnder, still much less demanding than in the phase modulation scheme. Alternatively, the correlation of the signals can be performed numerically for relatively small bandwidth <1 GHz and small integration time (<10s), using a rapid numerical oscilloscope.

• signal source : the initial demonstration is based on a QCL+QCL heterodyne beating on each detector in order to set-up the detection, amplification and correlation chain. This QCL+QCL beating is obtained by splitting and combining the LO, as shown in Fig 8.1. Once this step is validated, a stabilized black-body source reaching temperature up to 900 K is installed on the bench. 

Sensitivity of the preliminary detection chain

We evaluate the theoretical sensitivity of the demonstrator on a black-body, based on the description in Sec 8.0.2. We recall the sensitivity budget of the heterodyne detection stage,

8.1 Sensitivity of the preliminary detection chain based on (Kingston, 1978), including the amplification stages. This will also enable us to take into account the impact of the correlation stage, which will be included in the chain as an amplification stage. Finally, we give the typical number expected for the measurement with a black-body source.

A critical component in the sensitivity budget is the detector, regarding its properties in bandwidth, quantum efficiency and noise. In the following, we emphasize the first version of H2T10 based on VIGO detectors (Step 1 and Step 2) will be substantially limited in sensitivity compared to a final version including state-of-the-art QCD detectors4 (Step 3). In addition, we emphasize that the present noise analysis has not yet been confronted to experimental results : it has thus to be seen as a preliminary noise budget calculation, but has to be considered with caution.

Amplifier noise in heterodyne detection [Kingston 1978]

We base this analysis on the treatment of a heterodyne detection given in (Kingston, 1978).

Using the same notation as (Kingston, 1978), the signal to noise of a heterodyne detection is :

S N = i 2 if i 2 SN + 4kT A B/R ;    i 2 if = 2i LO i s i 2 SN = 2ei LO B (8.1)
with i LO the photocurrent of the LO, i s the photocurrent of the signal, B the detection bandwidth, R the load resistance of the system, e the electric charge, k the Boltzmann constant. Based on (Kingston, 1978), T A the noise temperature of the amplification chain is defined as :

T A = T R + (F -1)T 290K (8.2)
with T R the load temperature of the detector and F the noise factor associated to the amplification chain, in which we will also include the contribution of the photonic correlator.

In fact, different noises can be added by the detector in addition to Johnson noise, which we will include in T R in the following.

We will also express the shot noise as a noise temperature T SN = ei LO R 2k , so that the signal to noise ratio can be written :

S N = ηP ν (1 + T A /T SN ) (8.3)
In this way, the goal is to give an estimate T A , which implies to also to give an estimate of F . We will first describe the noise associated to the detection stage, and then the amplification stage including the photonic correlator.

Amplification chain

The noise associated to the amplification stage will be set by the Friis formula, which can also be written in terms of noise temperature :

   F = F 1 + F 2 -1 G 1 + F 3 -1 G 1 G 2 + ... T = T 1 + T 2 G 1 + T 3 G 1 G 2 + ... (8.4)
The amplifier contributing the most to the noise of the amplification chain is thus the first amplifier (the pre-amplifier). The most constraining requirements on the noise is thus on the detector and the first amplifier (T 1 and G 1 ). As mentioned in Chap 7, even in the case of very noisy amplifiers downstream in the amplification chain, their contribution can be relatively small or even negligible if the cumulated gain is sufficiently large before this amplifier. This is particularly true in the case of the photonic correlator, which is generally equivalent to an amplifier with low gain and large noise factor, as we show in the next paragraph.

Photonic correlator

The photonic correlator can be modeled as an amplification stage : in order to give an estimation of the gain and noise contribution of the photonic correlator, we will follow the general description of [START_REF] Marpaung | Integrated microwave photonics[END_REF] of microwave photonics link. We will write the equivalent gain of the photonic correlator [START_REF] Marpaung | Integrated microwave photonics[END_REF] :

G P C = πR P D R L P 0 sin φ b 4L M Z V π 2 (8.5)
with R P D the responsivity of the photodiode of the correlator, R L the load resistance,P 0 the optical power of the laser, φ b of the MZM (in the case of an amplitude modulation scheme, we will set sin φ b = 1), L M Z the insertion loss of the modulator, and V π the characteristic voltage of the modulator.

The noise power p N introduced by the photonic correlator is [START_REF] Marpaung | Integrated microwave photonics[END_REF]:

p N = (1 + G P C )p th + 1 4 p shot + 1 4
p rin (8.6) with p th the thermal noise power, p shot the shot noise power, and p rin the Relative Intensity Noise (RIN) of the laser. In our case, the RIN contribution will be diminished by 25 dB typically by the use of a balanced detectors at the output of the correlator.

The final noise figure of the photonic correlator will be taken equal to : 

N F =

Noise analysis

Based on the analysis provided in the previous section, we designed and estimated a preliminary noise budget of the chain. The noise budget is given in Tab 8.2, based on the specifications of the component implemented in the bench.

The main results of this analysis is that the components with the largest noise contributions in the chain are the elements close to the detector : in this case, the detector itself and its pre-amplifier. These two components are thus critical to achieve the sensitivity requirements of the heterodyne detection chain. Conversely, the contribution of the photonic correlator, which naturally exhibits a low gain and a large noise factor (cf previous section), is small provided that the total gain between the detector photonic correlator is approximately equal or larger than the noise factor of the correlator (Friis law), which is the case here. This remark is also true for any amplifier after the first pre-amplifier (e.g. the amplifier with relatively large noise factor NF=10 dB). The parameters used to compute the gain and the noise factor of the photonic correlator are also provided in Tab 8.4, the gain and the noise factor of the photonic correlator being consistent with the values derived in the literature [START_REF] Ridgway | Microwave Photonics Programs at DARPA[END_REF].

Finally, the estimated noise penalty of the whole detection and correlation chain is n p = 1 + T A T SN = 1.9, which is dominated by the noise of the detection stage. This noise penalty will then be taken into account in the SNR estimation of the chain. We remark that this value of noise penalty is relatively consistent with the unaccounted noise penalty reported on ISI (factor ×1.5), which may also originate in part from the detection stage.

We emphasize that this preliminary noise budget of the detection chain is based solely on the specifications of the component : this analysis has now to be characterized and validated in the lab. The final sensitivity will be highly dependent on the actual performances of the detection stage.

SNR estimation

We can finally provide the estimate of the SNR expected in H2T10, taking into the quantum efficiency of the detector, the different optical losses in the bench, and by including the contribution of the noise of the detection, amplification and correlation chain in the form of a noise factor n p . These parameters are summarized in Tab 8.3.

Using the expression of the SNR of a heterodyne interferometer provided in Chap 4, Eq 4.14, the estimated SNR of H2T10 observing a black-body at 900 K is equal to SNR=15 in t=0.1s integration time. This integration is time is small compared to the typical time of fluctuation of the relative phase between each channel and in the photonic correlator in laboratory conditions. This analysis indicates that the sensitivity of the preliminary implementation of H2T10, based on commercial VIGO detectors, is theoretically compatible with a characterization of the bench on a black-body at 900K. However, this analysis has yet to be confirmed by a characterization of the testbench in the laboratory. 

Stage

Preliminary developments

The current implementation of Step 1 of the bench is shown in Fig 8.1. This initial phase has for the moment focused on the alignment of the bench and the characterisation of the 8.2 Preliminary developments components. Heterodyne QCL+QCL signal are now measured on each channel, and the properties of the detectors (responsivity, saturation, etc.) are currently being characterised. This implementation was developed in part during the internship of Guillaume Bruel (M1 master student, Phelma), under the supervision of Jean-Philippe Berger and myself, who carried out the optimization of the alignment of the bench. The following steps are the implementation of the photonic correlator, in order to measure a correlation signal with QCL+QCL, before moving to QCL+black-body beating.

Conclusion

The implementation of H2T10 is on-going, with fringes expected on a laser source through a complete heterodyne detection and correlation chain in the short term. The detection of a blackbody radiation and the addition of a second QCL local-oscillators are the following steps of this development. At the end of this phase, this demonstrator could serve as a platform to integrate QCD detectors, in order to test their sensitivty performances in a heterodyne interferometer combination.

This initial laboratory demonstration could enable to demonstrate the essential building blocks of a simple heterodyne system, without spectral multiplexing, but easily scalable to a larger number of telescopes. This system could be potentially adaptable to current infrastructures, where it could recombine the light from multiple existing telescopes. In the next chapter, we investigate the extension of the building blocks developed in H2T10 to the recombination of the 8 telescopes of VLTI, so-called "V8 concept". Tab. 8.4: Parameters of the photonic correlator implemented in H2T10.

Appendix

V8 concept : a 8 telescopes mid-infrared heterodyne instrument for the VLTI

Introduction

The advantage of heterodyne interferometry in the perspective of a PFI is the scalability of this scheme to the recombination of a large number of telescopes. This advantage is made tangible in H2T10, where scaling the concept to N telescopes would basically require the replication of the detection and the adaptation of the correlation scheme (if not digital).

In this chapter, we propose to explore the concept of a pathfinder heterodyne instrument combining the 8 VLTI telescopes in the N band (Jean-Philippe Berger, Bourdarot, and Guillet de Chatellus, 2020), so-called "V8" concept. We propose to take benefit of the incomparable mapping capability reached the simultaneous combination of 4 UTs and 4 ATs, in order to perform dense imaging on bright sources, with the possibility to couple it with high-spectral resolution. After a brief overview of the concept, we provide a preliminary sensitivity analysis of the concept, depending on the different step of technological development that could be reached, and simulate the typical interferometric observations integrating this noise analysis. Finally, in the perspective of PFI, we explore the implication of the V8 concept with fringetracking to the image reconstruction of the complex mid-infrared environment of bright young stars, with AU scale resolution (in the Taurus) and low surface brightness (150 K -200 K). The basic concept of V8 can be thought as the direct extension of H2T10 to a larger number of channels, based on the scalability of the heterodyne detection scheme, and adaptable on existing infrastructure. By circumventing the need of an optical delay line, this concept could relax the requirements on a hard infrastructure, and potentially enable full-sky coverage operation. By benefiting from a larger number of baselines (16 AT-UT combination, 6 UT-UT and 6 AT-AT) and of a boost of sensitivity due to UT collecting area in particular on AT-UT combination, the combiner could potentially benefit both from a better mapping capability (uv-coverage) and a potential global sensitivity in the image reconstruction : these two aspects will translate in a increase of surface brightness temperature sensitivity, discussed for example in Sec 9.4.

Subsystems and VLTI infrastructure

The different subsystems are based on the different technology identified throughout this work :

• local oscillator : the local oscillator could be based on a single QCL splitted in 8 channels, which requires in the bench that the relative phase of the different channels are stable in time. Given the losses due to splitting in 8 channels, multiple QCLs locked with a PLL could be used, in the same way to 8, in order to increase the available LO power on the different channel.

• detector : unipolar (likely QCD) are envisioned, with typical requirements of 25 GHz bandwidth and 0.4 quantum efficiency, in order to increase the sensitivity and/or to cover a larger frequency coverage in the case of high spectral resolution observation.

• correlator : the signal processing could be based either on analog or digital correlators. Analog correlator are preferred in the case of wideband continuum observation (cf Chap 6). In the case of observations at high-spectral resolution, digital correlation is potentially an interesting option, though more demanding in terms of computation power and sampling capability.

On the VLTI side, the V8 concept supposes a good knowledge of the propagation of the polarization in the VLTI beam train, as the signal is projected on the polarization of the LO (linear polarization) in the heterodyne mixing. The second point on the VLTI infrastructure is the addition of mirrors in order to guide the light of all the eight telescopes, and an adaptation of VLTI software in order to handle the operation of the eight telescopes simultaneously.

Possible development phase

The concept presented so far represents the baseline implementation of V8. In this form, it suffers from strong sensitivity limitations due to the absence of a fringe-tracker (incoherent integration) and to the location at the VLTI lab (40% transmission of the VLTI beam train), and still require the propagation of the beams in the VLTI infrastructure. Different development phase could be envisioned in order to overcome these limitations, and to exploit the full potential of the instrument. The impact of this upgrade on the sensitivity will be detailed in Sec 9.3 and Sec 9.5. This development can be decomposed in three possible phases, to which we will refer in the following :

• V8 incoherent : baseline implementation of V8 at VLTI lab, including only the heterodyne detection unit. The atmospheric phase fluctuations are not compensated, and the instrument performs incoherent integration.

• V8 coherent : the heterodyne combiner is coupled to a near-infrared fringe-tracker, which compensates for the atmospheric phase fluctuations and enables coherent integration. This upgrade potentially enables a massive increase of the sensitivity of the combiner, which will be evaluated in Sec 9.4. This requires the stabilization of the array with a 8 beam fringe-tracker, preferably implemented with fibred technology in order to relax the requirements on the VLTI infrastructure. As already discussed in Chap 4, this technological challenge has still to be solved at the time being.

• V8+ : In this final version, which shares strong similarities with the long-term implementation targeted in PFI (spectral multiplexing excepted), the heterodyne detection modules are placed at the level of each telescopes directly, which enables both a sensitivity increase (×2.5 transmission losses of VLTI beam train) and a lower requirement on VLTI infrastructure (no propagation in the tunnels). This supposes a phase synchronization mechanism of the mid-infrared local oscillators, preferably through telecom fibre, as evoked in Sec 4. This version of V8 would also include the fringe-tracker developed in the previous phase.

Intermediate steps could be envisioned on smaller infrastructure in order to validate on-sky operations and the global instrument concept. This demonstration would require >1m diameter telescope, such as C2PU observatory for example.

In the next section, we detail the sensitivity analysis associated to the V8 concept in order to evaluate its feasibility.

Sensitivity budget

In this section, we evaluate the sensitivity limits of a heterodyne instrument combining the 8 telescopes of VLTI, taking into account the current state of technology and the non-ideal factors of concrete operations, for which we based our analysis on the typical performances reported on ISI in (D. D. S. Hale et al., 2000;[START_REF] Hale | Techniques for measuring phase closure at 11 microns[END_REF].

Methodology

This analysis is based on the sensitivity derivation presented in Chap 4 (in particular Eq 4.25).

We defined the sensitivity limits as the lower flux to obtain a given SNR (e.g. SNR=10) in a given integration time on source (e.g. in t=1 min) in one polarization. We split the sensitivity analysis in two main scenarii, without and with coherent integration (fringetracking), each category being itself divided in two detection bandwidths (2.5 GHz and 25 GHz), corresponding respectively to ISI and what can be expected from QCD technology. We assume a quantum efficiency QE=0.4 corresponding to the ISI technology and to the current accessible technology. We took into account the non-ideal factors of practical operations using the results reported on ISI, most notably : a transmission T=0.6 taking into account optics transmission and the projection of the PSF on the mode of the local oscillator ; a transmission of the VLTI beam train of 0.4 at 10 µm (each cell of Tab 9.1 is divided in two parts : in the left part, we assume that light went through VLTI beam-train ; in the right part, that it is placed directly at the focus of each telescope) and a noise penalty (factor above the quantum noise, apart from the contribution of QE and T) of 1.5.

We also provide the comparison of the sensitivity obtained in heterodyne detection to the sensitivity performances in coherent flux of a single channel of MATISSE instrument reported Tab. 9.1: SNR sensitivity limits (in Jy/polar), assuming t 0 = 150 ms (at λ = 10.5 µm), QE=0.4, and a noise penalty of 1.5 (reported on ISI) ; each cell is divided in two, corresponding to T = 0.6 × 0.4 = 0.24 (total transmission, including VLTI beam train, left part) and T = 0.6 (transmission to the telescope focus and projection on the mode of the laser, based on ISI typical results, right part) Top : sensitivity limits defined as the lowest flux to obtain a SNR=10 in t=1 min integration Bottom : idem with SNR=5 and t=20 min integration. For MATISSE, sensitivity limits are taken from [START_REF] Petrov | Commissioning MATISSE: operation and performances[END_REF], and divided by two in order to compare both number in Jy/polarization. For heterodyne detection, the point source sensitivity is computed only for 2 telescope combinations. See the next section for a calculation including all the 8 telescopes of the array.

in [START_REF] Petrov | Commissioning MATISSE: operation and performances[END_REF], in order to obtain a comparison with typical performances of current instrument. The number given in Tab 9.1 are divided by a factor two compared to [START_REF] Petrov | Commissioning MATISSE: operation and performances[END_REF] in order to compare the flux measured in one polarisation. Due to the intrinsic larger bandwidth of direct detection, these performances are obtained with significantly larger detection bandwidth (Low resolution R=32 equivalent to 950 GHz, High resolution R=218 equivalent to ∼ 135 GHz). In the case of MATISSE, the reported sensitivity in incoherent and coherent integration are comparable, due the capability to shift-and-add fringes (without fringe-tracker) when the SNR is sufficiently high in one coherence time, so that the use of fringe-tracker translates in a lower bias on the measurement of coherent flux [START_REF] Petrov | Commissioning MATISSE: operation and performances[END_REF]. Finally, we emphasize that this sensitivity is given for only one spectral channel : in the case of MATISSE instrument, multiple channels can be measured simultaneously (typically ∼ 150 in low resolution, and ∼ 850 in High resolution), enabling a larger spectral coverage and/or an increased sensitivity, which is an intrinsic advantage of direct interferometry. In the next paragraph, we discuss further how the sensitivity of heterodyne detection compares to direct detection.

Sensitivity of V8, comparison with current direct instrument

The sensitivity analysis Tab 9.1 summarizes the impact of the different possible technological developments on the sensitivity of a heterodyne detection, and how this compares to a direct instrument. Three main factors have a massive impact on the sensitivity of the heterodyne combiner : the detection bandwidth ( √ ∆f ), the coherent integration (∝ t 2 , compared to ∝ t 4 in incoherent integration), and the telescope diameter (∝ D 2 ). This can be illustrated by considering the sensitivity of a 2.5 GHz detection system with no fringe-tracker, which would be an equivalent of ISI detection system on VLTI. The sensitivity estimated on ATs in this case matches the typical sensitivity reported on ISI Jy in 1 hour incoherent integration and 1.6m diameter telescope), with a penalty due to additional losses in VLTI beam train. This sensitivity increases theoretically by a factor ×3 with the bandwidth increase, and by a factor ×10 with fringe tracking when comparing sensitivity limits in incoherent and coherent integration in t=20min. This underlines the crucial impact of coherent integration on the sensitivity of the observations, the gain of fringe-tracker in t=20min being equivalent to half the gain of moving from ATs to UTs (×20). In addition, this sensitivity estimate highlights the potential gain with telescope diameter, especially interesting for AT-UT combination which represents the largest fraction of baselines (16 baselines over 28), for which UTs increase the sensitivity by a factor ×4.5 compared to AT-AT combination.

This analysis provides the typical observing sensitivity limit that can be expected on V8. Here we will focus on the sensitivity limit of AT-UT combination, which provides the most useful estimate for imagery1 , as AT-UT combinations represent the largest fraction of baseline in the array, combined to a good sensitivity due UT collecting area. In the case of a 25 GHz detection bandwidth, the estimated sensitivity is of the order 30 Jy in 20min with SNR=10 in incoherent integration (V8 incoherent). In the case of the coupling with a fringe-tracjer, the sensitivity is of the order of a few Jys (V8 coherent) and typically 1 Jy in the case of a distribution of the the local oscillator (V8+). These two last numbers are comparable to a single spectral channel on MATISSE-High mode, although only one channel would be available in first instance in V8 without dispersed frequency comb.

These numbers illustrate the initial comparison presented in Chap 4,Sec 4.4.2 between heterodyne and direct detection, with which it converges. At first glance, heterodyne detection is obviously much less sensitive when compared directly to the low resolution mode of a direct interferometer, mainly due to the very large difference of integration bandwidth (e.g. 950 GHz compared to 25 GHz or 2.5 Ghz). However this situation changes significantly with higher resolution, even compared to the moderate R=220 in MATISSE (equivalent to 150 GHz). From pure sensitivity considerations, this change arise from the cumulated effects of a significantly lower total transmission of direct interferometry (typically 4% on MATISSE), and from the large fraction of background noise and detector noise in this wavelength regime. In addition, high to very high resolution (VHR) modes are difficult to implement and to exploit, due to the very large contribution of the background and the detector noise, and are typically available only in L and M band with GRAVITY fringe-tracking in MATISSE. Finally, in the case of image reconstruction, the largest number of available baseline in heterodyne interferometry adds further sensitivity advantage2 : Despite the known sensibility disadvantage of heterodyne detection, these sensitivity numbers are compatible with the image reconstruction of astronomical targets on relatively bright targets, down to a few Jy coherent flux when coupled with an external fringe-tracker. In Sec 9.5, we explore the possible science case associated to V8, and the implication of this pathfinder concept for PFI. Heterodyne detection thus appears as a potential interesting technique to take full advantage of the 8 telescopes of VLTI in the mid-infrared. In the next section, we refine the expected performances that could be expected from a V8 combiner, by simulating the observations of V8 on VLTI integrating the noise budget of a heterodyne detection system.

Simulation of the observations

The goal of our simulator is to reproduce the interferometric observations of a realistic heterodyne interferometer installed at VLTI on input images or input user-defined models of astronomical objects. In particular, the final goal is to explore the uv-coverage allowed by the simultaneous 8 telescopes combination, in the perspective of applying image reconstruction tools to this simulated observations taking into account detection noise of the array, in an analogous way to [START_REF] Monnier | Planet formation imager: project update[END_REF].

Code

We simulated the output interferometric observations of V8, based on the code UTILS developed by Antoine Mérand (ESO, VLTI Project Scientist) in Python3 . We adapted the code in order to integrate the sensitivity calculation presented in Chap 4, both in a heterodyne and in a direct mode. The input of the simulation is either a parametric model of the astronomical object or a proper image, that is converted into a visibility map. The parameter of the instruments (quantum efficiency, bandwidth, noise penalty, etc.), as well as the integration mode (coherent, incoherent) and the VLTI configuration can be chosen by the user. The simulator then generates an observation, that can also be obtained in OIFITS format (Gilles [START_REF] Duvert | OIFITS 2: the 2nd version of the data exchange standard for optical interferometry[END_REF], so that it can be processed by classical data analysis tool and image reconstruction tools developed for interferometry. This structure is summarized in Fig 9.3, that we detail briefly in the following.

Object model and image

The input model can be chosen among a different collections of common geometrical models, in a similar way to Aspro2 (point source, disk, elongated gaussian, etc.). In the case of an image, the visibility is computed with a simple 2D Fourier-Transform, which the visibility map is then sampled by the uv-tracks of the VLTI configuration.

UV-tracks

This part originates directly from UTILS, that we have slightly adapted to allow the UT-AT combination, and to remove the pointing limitations of the delay-lines. The telescope shadowing is also computed by UTILS. In addition, once the uv-coverage is computed, UTILS is able to draw the equivalent dirty-beam of the observations, in a similar way to radiointerferometry. At this stage, the theoretical values of complex visibilities measured with each baselines can be computed from the uv-tracks and the visibility model, and can be converted in coherent fluxes.

Noise model

The heterodyne noise is calculated with the detection noise due to the local oscillator only. In addition, the non-ideal noise are taken into account through a noise penalty, defined as the value of the noise above the theoretical shot noise of the laser (e.g. factor ×1.5 reported in ISI).

The transmission of the optical system (including the VLTI train) can be taken into account in the quantum efficiency, or in the nose penalty factor (e.g. 1/0.6 × 1/0.4 × 1.5 = ×6.25 in the case of a telescope transmission of 0.6 (number on ISI), a VLTI transmission of 0.4, and an additional 1.5 penalty). The exact parameters are indicated in the output of each simulations. For the direct mode, we implemented the noise and typical parameters used in Aspro2 simulator 4 , for which we benefited from the support of JMMC expertise center. We add the noise to the complex visibilities, and derive the interferometric observables from this noisy visibilities (visibility modulus and phase, closure phase, etc.).

Fits creation

The final observations can be saved in OIFITS format, which was implemented in the simulator based on the code of MIRCX-18 pipeline provided by Jean-Baptiste Le Bouquin5 

Typical results

In Appendix 9.8, we show the results of the simulation for three archetypal observations : a non-resolved point source, which can be compared to the sensitivity analysis in Sec 9.3 ; a partially resolved gaussian disk, similar to the morphology of a YSO ; and a massive star (α Sco). In the following, all the observations will assume that detector with 25 GHz bandwidth are used in the instrument, and placed at the VLTI laboratory (i.e. total noise penalty 1/0.6 × 1/0.4 × 1.5 = ×6.5). We assume that the signals are correlated with a simple double-sideband correlator, as investigated in Chap 6 for example.

Point source

The Fig 9.9 and Fig 9.10 show the simulated observations of a non-resolved point-source with 70 Jy/polar and 5 Jy/polar (respectively), observed in 5 sequences of 1 min integration time without fringe-tracker and 3 sequences of 20 min integration time with fringe-tracker. These numbers can be compared to Tab 9.1, in particular to the sensitivity limit of AT-UT in incoherent integration with 25 GHz bandwidth and 1min integration time, and the sensitivity limit of AT-UT in coherent integration for 25 GHz in 20 min. We also note the complementary of AT-AT, AT-UT and UT-UT combination in terms of sensitivity and uv-coverage. In particular AT-UT baselines represent the majority of the visibility measurements (16 points), while allowing decent sensitivity limits due to the sensitivity boost of UT. Overall, these simulations are consistent with the theoretical sensitivity estimates.

The simulator enables to explore the uv-coverage associated to the combination of the 8 telescopes of the VLTI. In the following simulations, we choose the combination of the UTs with the station B4-B5-J1-M0 in order to obtain one visibility point at small baseline (B4-B5) and AT-UT combination with both moderate large baselines. This choice results from a qualitative analysis of the uv-coverage, however more work should be done to optimize the choice of the AT stations. Ultimately, this optimization could be thought as an optimization of the brightness temperature of the array, also possibly depending of type of object observed and the brightness temperature targeted.

Massive stars (α Sco)

We simulated the typical observation of a massive star (in this case α Sco, 2800 Jy), by using directly the output of 3D hydrodynamical simulation of RSG/AGB stars performed with the code CO5BOLD-OPTIM3D of A.Chiavassa [START_REF] Chiavassa | Radiative hydrodynamics simulations of red supergiant stars: I. interpretation of interferometric observations[END_REF][START_REF] Chiavassa | Radiative hydrodynamics simulations of red supergiant stars: IV. Gray versus non-gray opacities[END_REF] available on MOIO AMHRA platform 6 .

With a star diameter of 40mas, the simulation covers the first 4 interferometric lobes of α Sco in 5min acquisition without fringe tracker, for which the combiner benefits from the sensitivity boost of AT-UT baseline. This result is consistent with the previous sensitivity estimate : a contrast 10 -3 in |V | 2 is compatible with the sensitivity limit of AT-UT combination √ 10 -3 ×2800 Jy = 75 Jy (cf Tab 9.1). AT-AT on baselines larger than >50m are not exploitable and could be optimized to better cover the small spatial frequency. 

Improvements of the simulator

The preliminary results of the current simulator have to be taken with caution :

9.4 Simulation of the observations • in the same way than the sensitivity estimates provided in Tab 9.1, with which the current simulations share the same input parameters, the definite sensitivity limits will be set by the experimental noise validated in laboratory.

• in the case of the simulation with fringe-tracking, the coherent integration in the simulator is for the moment implemented in a naive way, and does not take into account any instrumental effect of a practical fringe-tracker. More generally, the simulator would benefit from integrating both a heterodyne and a direct mode. The next potential step could be to start with a simple fringe-tracker model, as provided in (Julien [START_REF] Woillez | AGILIS: Agile Guided Interferometer for Longbaseline Imaging Synthesis: Demonstration and concepts of reconfigurable optical imaging interferometers[END_REF].

• the remaining item in our analysis is to perform a proper image reconstruction, based either on the image reconstruction tools developed for infrared interferometry (John D. Monnier et al., 2014), or potentially benefiting from uv-coverage of an 8T combination to explore image reconstruction approach inspired from radio-interferometry (CLEAN, etc.).

Perspectives : a pathfinder for the Planet Formation Imager

In this section, we explore the possible science case associated to V8, and the implication of this pathfinder concept to PFI. We start by exploring the science cases that could be targeted with V8, that we will divide in the different development phase of the instrument (V8 incoherent, V8 coherent, V8+).

Massive stars dense imaging : V8 with incoherent integration

A unique feature of V8 is its capability to combine dense imaging with high-spectral resolution at 10 µm. This property could be of high interest in the study of Red Supergiant Giants (RSG) and Asymptotic Giant Branch (AGB) stars. Despite the lower sensitivity of heterodyne interferometry compared direct interferometry at moderate resolution R<1000, the sensitivity of heterodyne detection becomes advantageous at high-spectral resolution. The sensitivity in Tab 9.1 are compatible with the mapping of tens of evolved stars even whithout fringe tracker. With the full-sky coverage capability of V8, these performances are compatible with the dense imaging of a significant sample of RSG/AGB stars in the Southern Hemisphere. This imaging capability can be coupled to the monitoring of the spatio-kinematic of the envelope through spectral lines, based on the capability of heterodyne detection to reach high-spectral resolution. In an analogous way, [START_REF] Ohnaka | Vigorous atmospheric motion in the red supergiant star Antares[END_REF] reports strong velocity gradients ranging from -20 to +20 km/s (R=15 000, ∼2 GHz) spatially resolved at the surface of Antares, observed through CO bandheads in K band with AMBER instrument. These gas clumps extend up to 1.7 stellar radii which can not be explained by convection alone, the exact mechanism giving rise to this extension being likely related to the mass loss in RSG and still remains to be identified. In this perspective, systematic dense imaging and spectro-kinematic monitoring of a significant sample of RSG/AGB stars with V8 could enable to constrain the still poorly understood mass loss and dust production processes in RSGs.

9.5.2 V8 with coherent integration : the mid-infrared image of the brightest Young Stellar Objects (YSOs) with 2AU resolution

V8 coherent integration : sensitivity limits on YSO

In theory, the addition of a fringe-tracker should dramatically increase the sensitivity limits of the instrument, down to a few Jy in the case of "V8 coherent". This sensitivity limit is still higher than a large fraction of YSOs, but may be compatible with a restricted but relevant sample of YSOs with typical total flux of the order of ∼ 10 Jy/polar total flux, down to ∼ 2 Jy/polar coherent flux [START_REF] Varga | VLTI/MIDI atlas of disks around low-and intermediate-mass young stellar objects[END_REF]. In order to evaluate this point, we simulated the observation of a bright YSO (AB Aurigae), taking as an input the visibility profile deduced from previous MIDI observations and provided in [START_REF] Varga | VLTI/MIDI atlas of disks around low-and intermediate-mass young stellar objects[END_REF]. We show the typical observation obtained on 3 sequences of 20min with coherent integration on Fig 9.7,compared to the equivalent MIDI observation published in [START_REF] Varga | VLTI/MIDI atlas of disks around low-and intermediate-mass young stellar objects[END_REF]. These simulations highlight the fact that these observations should be restricted to maximum baseline of 100m typically, in order to obtain a sufficient sensitivity. In terms of imaging, this is the same as decreasing the spatial resolution in order to increase the sensitivity, thus focusing on more large spatial scales (∼ 20mas, equivalent to ∼ 2.5 AU at 153pc). Following this initial finding, we generalize this sensitivity analysis in the context of image reconstruction by introducing the notion of brightness temperature. 

Brightness temperature

We can generalize this sensitivity analysis by computing the brightness temperature associated to V8, in order to compare it with the typical brightness temperature expected from YSO at 10mas resolution at 10 µm. We choose a more compact configuration than in the case of massive stars, with the goal to have most of the AT-UT on baselines <130m and AT-AT on baselines <30m, shown in Fig 9.7, with an interferometric lobe of dimension 10.9 mas × 8.7 mas, equivalent to a 1.7 AU × 1.3 AU at d=153pc. The results of sensitivity computation for this size of interferometric lobe is shown on Fig 9.8, for the three development steps suggested previously (V8 incoherent, V8 coherent, and V8+)7 : 

Imaging the mid-infrared environment of the brightest YSOs at 2 AU scale

The typical limit on brightness temperature is of the order 160 K in 10 4 s coherent integration. In order to reach a decent SNR, a factor 5 on point source sensitivity (i.e. corresponding to SNR=5) can be accounted, giving T ∼ 200 K in 10 4 s. In the following, we will keep the number 150 -200 K as the limit in sensitivity. We comment this rather surprising results compared to PFI targeted brightness temperature (150K) in the next paragraph. This sensitivity criteria is obtained with an imaging resolution of 10.9 mas × 8.7 mas, equivalent to a 1.7 AU × 1.3 AU at d=150pc. This brightness temperature is potentially compatible with the dense imaging of the gas and dust thermal emission of the brightest YSO with 2 AU angular resolution (in the Taurus), as shown by previous MIDI observations on similar spatial scales [START_REF] Varga | VLTI/MIDI atlas of disks around low-and intermediate-mass young stellar objects[END_REF]. In this perspective, the imaging capability of V8 would enable to add constrains on the radial and vertical structure of the inner disk, and potentially on the spatial inhomogeneities of the inner disk at spatial scales contiguous with near-infrared point source sensitivity. In order to take into account this this effect into account, we computed the final point source sensitivity as :

nps,tot = 1/n 2 ps,AT-UT + 1/n 2 ps,UT-UT -1/2 (9.1) 
AT-AT are not taken into account in the computation of the point source sensitivity, as they are negligible compared to AT-UT and UT-UT combinations.

9.5 Perspectives : a pathfinder for the Planet Formation Imager high-contrast imaging in J and H band. The case of AB Aurigae is the archetypal object of such relatively bright YSOs (15 Jy), with coherent fluxes of the order of a few Jy up to 100m baseline, as probed by MIDI observation [START_REF] Varga | VLTI/MIDI atlas of disks around low-and intermediate-mass young stellar objects[END_REF]. [START_REF] Bitner | The TEXES Survey For H2 Emission From Protoplanetary Disks[END_REF] derived a disk temperature of 650K at 18 A, higher than the value predicted by theoretical disk models (∼ 250 K, (C. P. [START_REF] Dullemond | Passive Irradiated Circumstellar Disks with an Inner Hole[END_REF]), and compatible with the brightness temperature limit of V8. This temperature was probed by mid-infrared TEXES observations of pure rotational H2 lines at 8, 12 and 17 microns (S(1), S(2) and S(4) resp.), at LTE at the local gas temperature [START_REF] Bitner | The TEXES Survey For H2 Emission From Protoplanetary Disks[END_REF], whose relative high value may trace possible additional heating by X/UV radiation in this region of the disk. In J and H band, high-contrast imaging with extreme adaptive optics [START_REF] Boccaletti | Possible evidence of ongoing planet formation in AB Aurigae. A showcase of the SPHERE/ALMA synergy[END_REF] recently revealed impressive spiraling structures at 10 to 100 AU scale in the disk of AB Aurigae, and the presence of a strong point source structure at 200 mas of the central star. The reconstruction of an image in the mid-infrared would be sensitive to thermal emission of the disk, potentially revealing complementary structures at similar spatial scales compared to J/H band, and adding constrain on the temperature of the disk. In this complex picture of the earliest stage of planet formation, the complete reconstruction of an image at AU scale of the disk would enable to shed light on the disk structure in this crucial region of young objects, and their possible connexion to the mechanism of planetary formation.

As additional perspectives, heterodyne detection would be suited to the measurement of the disk structure in spectral lines in disks, focusing on disk kinematic and composition. However, this would likely require higher sensitivity and a greater range of tunability of the LO in order to center on the wavelength of a specific line 8 . Finally, in the case of the observation of low spectral features, characteristics of disk mineralogy [START_REF] Boekel | The building blocks of planets within the 'terrestrial' region of protoplanetary disks[END_REF], V8 would necessitate the addition of multiple local oscillators (or frequency combs) in order to cover a sufficiently large wavelength range.

Comment on brightness temperature : V8 as a precursor of PFI science case ?

The theoretical brightness temperature reached in the case of V8 with coherent integration is of the order 160 K in 10 4 s, a particularly surprising value compared to PFI specification of 150 K in 10 4 s obtained with massive multiplexing and a larger number of telescope. These numbers are however consistent with these previous sensitivity estimates and highlight two important facts : the brightness temperature is extremely dependent of the angular resolution (a resolution increase by a factor θ requires a point source sensitivity ∝ θ 2 smaller) and of the telescope diameter (∝ D 2 ). In terms of order of magnitude, V8 sensitivity benefit both from an 8.2m diameter telescope (factor 8. Conversely, one can notice that the point source sensitivity in V8 is larger by a factor ∼ 70 compared to PFI (and of course not compatible with the detection of planet), given that the V8 is obviously much less sensitive that PFI, the comparable brightness temperature being due to the difference in angular resolution. The number for point source sensitivity are also consistent with the sensitivity estimation shown previously in Chap 4 for PFI 9 .

In conclusion, even if the final sensitivity of V8 will depend of the practical SNR achieved by the detection chain in the lab, these theoretical results highlight the fact that a relatively simple implementation of V8, even in the VLTI lab, based on a single detector with 25 GHz and near-infrared fringe tracking at 8 telescopes, could potentially reach brightness temperature comparable to the specification of PFI, due to the smaller angular resolution of V8 (factor 10 compared to PFI), and would appear potentially as a relevant demonstration of PFI long-term goal.

Perspectives for PFI

Beyond the intrinsic science case of V8, the development of an all-fibred combiner on existing telescopes would represent a potential path to develop PFI mid-infrared technologies. The experience and the technologies developed in this framework could then serve as a first test for a more ambitious PFI array, for which it could serve as precursor instrument.

On a more prospective basis, these sensitivity limits could be further increased by the multiplexing of the spectral channels ( √ N s ) and the distribution of the local oscillator directly at the level of the telescopes (avoiding the transmission of VLTI delay lines ×2.5). These two steps could potentially enable the image reconstruction of a larger sample of YSO, whose typically coherent flux is around ∼ 200 mJy/polar for a 130m baseline [START_REF] Varga | VLTI/MIDI atlas of disks around low-and intermediate-mass young stellar objects[END_REF] and/or to exploit the full resolving capability of VLTI (200m baseline). These two technological steps would require specific developments on fibred phase-synchronization scheme of the local oscillators and in the implementation of multiple local oscillators or frequency comb in a dispersed detection scheme, two demonstrations required in the perspective of a PFI array and which could be tested on existing infrastructure.

With the modest point source sensitivity of an early demonstrator with single detector, the brightness temperature attained by V8 with fringe-tracking and 20 mas spatial resolution could also serve as a precursor of the science case targeted with PFI at 2 mas resolution. Even if not enough sensitive to detect young planets and resolve their accreting environment, this early demonstration could benefit from the unprecedented uv-coverage of VLTI to reconstruct for the first time an interferometric image of the complex environment of relatively bright protoplanetary disks, with effective temperature 150-200 K at 2 AU scale. 9 In terms of order magnitude : PFI has a sensitivity increase of 10 due to spectral multiplexing ( (100)), a factor 2 due to local detection (VLTI transmission ∼ 0.4), a factor 10 due 12 telescopes combination (compared to 4 telescopes combination), and a factor 3 penalty due to smaller telescope compared to UT 8.2 4.5

2

, so 10 × 2 × 10/3 ≈ 70 advantage in point source sensitivity. These order of magnitudes considerations are for illustrative purpose only, but show that the present results on the point source of V8 are physically consistent with previous estimation provided for PFI.

9.5 Perspectives : a pathfinder for the Planet Formation Imager

Conclusion

In this section, we explored the idea of using heterodyne detection to combine the 8 telescopes of VLTI in a coherent array at 10 µm, so-called V8 concept. Based on the current state of the technology, we evaluate that the sensitivity of the simultaneous combination of the 8 telescopes of VLTI would be compatible with the image reconstruction of RSG/AGB without fringe-tracker, and with the imaging of bright YSOs with effective brightness temperature of 150-200 K at 2 AU scale in the Taurus with fringe-tracker.

The current state of mid-infrared technologies would be compatible with a short term development of V8. These developments could simultaneously push the development on the fringe-tracking aspects, which would dramatically increase the sensitivity of V8, pushing both heterodyne and direct interferometry developments. The simultaneous combination of the 8 telescopes in an imaging array with V8 could serve as a pathfinder for a more ambitious instrument, and could represent a precursor of the Planet Formation Imager. 

Conclusion

Results

FU Orionis outburst

In Chapter 3, our temporal monitoring of FU Orionis outbursting disk with near-infrared interferometry enabled to estimate the typical size of the emission zone and to put constraints on its evolution in time, compatible with a slightly decreasing size in time. The comparison of the typical size and dynamic of the outburst with simple 1D numerical models favours a combination of Magneto-Rototional Instability and Gravitational Instability (MRI-GI) occurring in a layered disk model, as proposed in [START_REF] Armitage | Episodic accretion in magnetically layered protoplanetary discs[END_REF], rather than a canonical Thermal Instability (TI) model. Our current sample is limited by the systematics error due to heterogeneity of the instruments, in particular with regards to the oldest data in our dataset. A key opportunity in this direction is the programmed second generation instrument of VLTI in the next ten years, which could enable the regular observation (every years or 2 years) on a stable configuration. On the numerical side, more work is needed to explore the parameters space of these models, and also evaluate its potential sensitivity to the disk structure (external trigger in particular). The refinement of the size estimation would be potentially sensitive to different fundamental parameters of MRI (activation temperature), of the disk (surface density) or of the disk structure (external trigger), thus representing a unique laboratory to put constraints on the very fundamental properties of accretion in disks. A systematic study of the environment of the FUors, in order the role of the envelope in triggering the instability mechanisms, would greatly benefit from the systematics observation of the envelope on a larger sample of EXor/FUor with techniques probing intermediate spatial scales (mid-interferometry) and large spatial scales (ExAO). Finally, this study could also be complemented by the study of the dynamics of the inner disk, in particular through CO lines with spectro-interferometry, which could enable to put constraints on its keplerian dynamics, or its non-keplerian dynamics tracing a disk wind for example. Finally,

Infrared heterodyne interferometry

In Chapter 4 we investigated a renewed architecture of an infrared heterodyne system, initially based on (Swenson, 1986) and [START_REF] Ireland | A dispersed heterodyne design for the planet formation imager[END_REF], adapted to a large number of telescopes, with the long-term goal of an all-fibred infrastructure.

Major innovations emerging in the field of mid-infrared technologies enable to profoundly modify the previous architecture of heterodyne interferometer. We identify in particular three essential mid-infrared technologies in this perspective : wide bandwidth detectors based on quantum engineered structures, in particular QCD detectors ; fibred synchronization of mid-infrared QCL through telecom fiber network ; frequency comb lasers, including frequency comb and QCL combs. We projected the sensitivity that could be expected from this long-term architecture and confirmed that it could be suitable to the technical requirements of a PFI with a massive spectral multiplexing. In Chapter 5, we try to clarify the fundamental origin of the noise in heterodyne detection based on Tsang, 2011, and converged with the analysis of Townes, confirming the very quantum nature of this noise. This study focuses on the observable of main interest in interferometry (complex visibility), but it does not exclude potential alternative protocols or noise reduction techniques on different set of observables, which go however well beyond the present work.

In Part III, we propose potential solutions to address the challenge associated to the transport and the correlation of signals with tens of GHz bandwidth, originating from hundreds of spectral channels, and tens of telescopes. In Chapter 6, we proposed and demonstrated the use in the laboratory of analog photonic correlation, in amplitude and phase modulation, in order to reproduce the function of an analog simple double-sideband correlator with off-the-shelf telecom components. In Chapter 7, we presented the extension of this technique to the wideband correlation of RF signals over multiple delays, enabling to map in real time (below ms) the correlation function of GHz signals over typically 200 values. More work is needed in order to assess the noise property of this last set-up and its compatibility with its use in infrared heterodyne interferometry. However, it offers already potential applications related to the correlation of wideband RF signals (emitters localization, lidar, etc.).

In Part IV, we presented technological pathfinders based on our renewed architecture of a heterodyne instrument. In Chapter 8, we presented the preliminary implementation of a laboratory demonstrator at 10 µm, dedicated to the validation of a complete detection and correlation chain. This demonstrator includes a Quantum Cascade Laser (QCL), wideband (1 GHz) commercial detectors and a photonic correlator in amplitude modulation. The alignment of this demonstrator is completed and its characterisation is on-going. In the mid-term, this demonstrator could serve as a platform to test new technologies, and in particular wideband QCD and QCL phase-locking. In Chapter 9, based on the inherent scalability of infrared heterodyne interferometry, we presented the concept of a heterodyne instrument combining the 8 telescopes -so-called V8 concept-in order to exploit the full imaging capability of Very Large Telescope Interferometer (VLTI), and evaluated the sensitivity of this concept. In the case of the combination with a fringe tracker, we explored the possibility to apply V8 to the imaging of bright young stars with 150 K brightness temperature and 2 AU spatial resolution in the Taurus, which could represent a pathfinder instrument in the perspective of a Planet Formation Imager.

Perspectives

Technological development

More and more advanced technologies have now been demonstrated in the recent years, and bear the promise of a possible adaptation of these technologies in infrared heterodyne interferometry. The immediate development of a heterodyne interferometer would benefit from three major innovations. The first one is the advent of high-bandwidth detector, in particular QCD detectors. The development of detector with typically 25 GHz and a quantum efficiency of 40% enables the increase of the sensitivity of heterodyne detection, or the coverage of larger portion of the spectrum in the perspective of spectroscopy. The second major innovation is the development of a synchronization link at telecom wavelength in order to lock mid-infrared local oscillators. Demonstrations for spectroscopic applications with propagation in the telecom network have already been carried out for CO2 laser and QCL.

Their possible adaptation to the stabilization of the relative phase of two mid-infrared local oscillators through fibred link would represent a major step in the direction of an all-fibred infrastructure, and could initiate the development of complete heterodyne detection modules, adaptable to existing telescopes, that could be deployed in an array. The last innovation is the use of frequency comb lasers in the mid-infrared, an active field of research in which new solutions are currently being developed, in particular based on mode-lock laser frequency comb and QCL combs.

Comparison with direct interferometry in the N band

Concerning the fundamental sensitivity penalty of heterodyne interferometry compared to direct interferometry, we have put forward several arguments (Chapter 4) to show that heterodyne detection remains an interesting detection mode in the N band, in particular when comparing the sensitivity of these two techniques at high and even at medium spectral resolution. Rather than an intrinsically larger sensitivity, the key advantage of direct interferometry lies in its natural capability to detect and multiplex signals over THz bandwidth. In the N band, we argue that the comparison of these two techniques in the case of a PFI should thus revolve around the technical feasibility of each technique, namely the transport of signals over kilometer vacuum delay lines and the combination of a large number of telescopes in direct detection, and the massive multiplexing of spectral channels in heterodyne interferometry.

Importance of the fringe-tracking

One fundamental aspects of a future array, that we did not solved in this study, is the development of a fringe-tracker combining a large number of telescopes. The fringe-tracker will be an essential element both in heterodyne and direct mid-infrared interferometers. The different sensitivity estimates presented in this work have shown that coherent integration, requiring fringe-tracking, is one of the largest, if not the largest factor that increases the sensitivity of an array, with telescope diameter. In our long-term goal of an all-fibred infrastructure, this requires the development of a specific fringe-tracker fibred technologies. The cophasing of a V8 instrument could represent a near-term objective for this development, with an important feedback in the context of a PFI for both heterodyne and direct detection mode. As mentioned in Chapter 4, the 'OHANA and AGILIS concepts are two precursors in this direction.

Implications for PFI

On a more general level, the practical implementation of a heterodyne interferometer highlights two potential interesting aspects of this detection mode in the perspective of PFI. The first one is the ability in heterodyne mode to develop incremental demonstrations of PFI key building blocks, with validations in the laboratory, and intermediate on-sky demonstrations with scientific outputs. The second point is that the technological developments required in heterodyne interferometry for PFI could benefit from strong external drivers (spectroscopy, telecommunication), that push these technologies. A future PFI will rely in any case on heavy technological developments, which could benefit from the achievements originating from a broader community.

Finally, the present work, as a first practical attempt to a PFI, and especially the V8 concept, highlights some fundamental notions in the design of an infrared imaging array, and in particular the importance of the notion of brightness temperature. Fundamentally, it underlines the necessary trade-off between angular resolution and sensitivity. This consideration should motivate the logic of considering the array as an imager, and to proportion the angular resolution aimed in the interferometric image with the sensitivity that can be reached by the detection system. A prime infrastructure in that respect is the VLTI, which was envisioned as an interferometric imaging array with a large collecting area from the beginning [START_REF] Léna | The interferometric mode of the European Very Large Telescope[END_REF].

Exploiting the full interferometric imaging capability of this infrastructure would represent a first forming experience in the perspective of a Planet Formation Imager.

9.8 Appendix

Introduction

Optical interferometry and Very Long Baseline Interferometry (VLBI) are the two techniques that currently achieve the highest angular resolution in astronomy. The scale-up of infrared interferometry to an imaging facility with milli-arcsecond resolution and below represents a long-term objective of major interest for astrophysics (Monnier et al. 2018). Such an instrument would require a large number of telescopes (N ≥ 12), in order to obtain a (u, v)-coverage that is compatible with imaging, and a kilometric baseline, in order to reach milli-arcsecond resolution in the near-and mid-infrared. At the present time, current facilities have the capacity to recombine up to four telescopes in the near-and mid-infrared at the Very Large Telescope Interferometer (VLTI) (Lopez et al. 2014) and up to six telescopes in the near-infrared at the CHARA array [START_REF] Che | Imaging from the First 6-beam Infrared Combiner[END_REF]; these two facilities have a maximum baseline of 130 m and 330 m, respectively. However, the extension of this current direct detection scheme represents a major technical challenge, in particular because of the infrastructure requested to operate the vacuum delay lines and the recombination of a large number of telescopes, which cannot necessarily be extrapolated from current existing infrastructures. In this context, heterodyne detection, in which incident light is coherently detected on each telescope, has been proposed as a potential alternative in the mid-infrared (Townes 1984;Swenson 1986;Ireland & Monnier 2014). Although heterodyne detection is commonly used in the radio to submillimeter domain, its extrapolation to higher frequencies (1 THz to several 10s THz) is limited by a radically different instrumentation compared to radio and submillimetric interferometry, and more fundamentally, by its lack of sensitivity at higher frequency. There are two reasons for this lack of performance. First, at equal bandwidth, there is a relative penalty in signal-to-noise ratio (S/N) between direct and heterodyne detection due to the fundamental quantum noise in heterodyne detection, which is a degradation that has been estimated to be on the order of ∼40 by Hale et al. (2000). Second there is a very narrow instantaneous detection bandwidth in heterodyne detection (a few GHz typically) compared to the frequency (30 THz at 10 µm) of the incident radiation. On the other hand, heterodyne detection offers the advantage of recombining a large number of telescopes without a loss in S/N in contrast to direct detection.

The work presented in this paper should be placed in the context of a global effort to examine how present-day technology allows us to revisit the true performance of a mid-infrared heterodyne astronomical interferometer composed of tens of telescopes and how it can be fairly compared with a direct interferometry approach. In this work, we do not attempt a full comparison, that we reserve to a forthcoming paper. We do explore one novel approach to one of the building blocks of such an interferometer: the correlator.
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Following the idea laid out by Swenson et al. (1986) and Ireland & Monnier (2014) we propose that part of the sensitivity issue of the heterodyne concept related to the bandwidth limitation can be overcome by using synchronized laser frequency combs as local oscillators (LOs) and detectors with much higher bandwidths. In this framework, the incoming celestial light interferes with a frequency comb and is dispersed to sample tens to hundreds of adjacent spectral windows. In addition, progress in mid-infrared technology has recently led to spectacular improvement of more than an order of magnitude of the detection bandwidth, in particular with the emergence of graphene detectors (Wang et al. 2019), which have a frequency response of up to 40 GHz, and quantum well infrared photodetectors (QWIP) (Palaferri et al. 2018) demonstrated at 20 GHz. These developments bear the promise of even higher bandwidths of up to 100 GHz, more than an order of magnitude larger than what has been used on sky. As a consequence, as pointed out by Ireland & Monnier (2014), this detection scheme raises the formidable challenge of correlating thousands of pairs of signals.

The three-beam Infrared Spatial Interferometer (ISI) was based on the use of an analog radio frequency (RF) correlator with an input bandwidth ranging from 0.2 GHz to 2.8 GHz, using passive RF components. In the same way, Cosmological Microwave Background (CMB) interferometry has a long history of developing analog RF wideband correlators [START_REF] Dickinson | Proc. meeting Resolving The Sky -Radio Interferometry: Past, Present and Future[END_REF]; an analog lag-correlator design recently reached up to 20 GHz bandwidth (Holler et al. 2011). Although these developments in CMB interferometry could constitute immediate attractive solutions, several difficulties inherent to wideband RF technology limit its use in the short and medium term, for infrared interferometry. The 20 GHz correlator presented in Holler et al. (2011) requires a specific RF design based on a custom-made Gilbert cell multiplier and Wilkinson splitter tree at the limit of the current technology and this design is unlikely to go far above 40 GHz any time soon. Parasitic frequency, although not a fundamental limit, could also turn out to be a disadvantage of wideband RF systems. On the numerical side the currently most advanced digital correlation systems are those developed for the Northern Extedend Array (NOEMA; Gentaz 2019) or for the Atacama Large Millimiter Array (ALMA; [START_REF] Escoffier | [END_REF]. For NOEMA, the PolyFIX correlator currently accepts the widest instantaneous bandwidth per antenna. The PolyFIX correlator can process 32 GHz wide digitized signals coming from 12 antennas (8 GHz per receptor for the two polarizations and two sidebands). ALMA correlator can process 8 GHz wide signals coming from up to 64 antennae. Both approaches are worth exploring for infrared interferometry when considering an array of a few telescopes that have detector instantaneous bandwidths of a few 10 GHz and only a few spectral channels. However, their extrapolation to instantaneous bandwidths of 50 GHz-100 GHz such as the bandwidths expected with new generation detectors, tens of telescopes and tens to hundreds of spectral bands call for a different approach. As evaluated in Ireland & Monnier (2014), this requires custom made developments with computing power at least two orders of magnitude greater than the existing correlators.

In order to tackle this conundrum, we propose a photonic solution to the problem of the correlation of broadband RF signals. We exploit the old idea of transmitting RF signals over optical waveguides to encode the intermediate frequency (IF) beating between the incoming signal and the local oscillator onto a coherent optical carrier, which could then be processed by the means of photonic operations. Remarkably, the past decade has seen an impressive development of microwave photonics, which aims precisely at generating, routing, and processing broadband RF signals, using standard photonic techniques (Capmany & Novak 2007;[START_REF] Lavado | Millimeter-wave and terahertz imaging techniques[END_REF]. The ability to couple such analog processing with optical transport over fiber, compatible with standard telecom components, provides the building blocks of an analog correlator.

In this paper we introduce the idea of a correlator for infrared heterodyne interferometry that makes use of photonic phase modulators to encode the RF beating signal onto a coherent carrier. Our scheme is based on commercially available electrooptic phase modulators and fiber-optics components. These can handle up to 50 GHz (off the shelf) and bear the promises of hundreds of GHz capability (Burla et al. 2019). In Sect. 2, we present the principles of a simple correlation architecture with two telescopes, which reproduces the equivalent function of the initial ISI analog correlator. The experimental results of a proof of principle of this concept are presented in Sect. 3, where two heterodyne beating signals have been generated experimentally, and correlated a posteriori on a photonic correlator several months later. The perspective and limits of this technique are discussed in Sect. 4. Conclusions are drawn in Sect. 5. A theoretical sensitivity study, taking into account the instrumental parameters of a practical infrastructure, the gain in detection bandwidth introduced by a photonic correlator, the extrapolation in a multiplexed architecture, and its comparison with a direct detection scheme for a large number of telescope will be the object of a follow-up paper.

Principles of a photonic correlator

Principles of infrared heterodyne interferometry

As in radio astronomy, a single baseline heterodyne interferometer is composed of two distant telescopes on which the incident light is coherently detected by its mixing with a stable frequency reference, referred to as the local oscillator (LO), on a detector squaring the field. In the optical domain, the LO is a laser, and the detector a fast photodiode. Assuming a local oscillator E LO and an incident field E S the heterodyne signal at each telescope is written as

i k ∝ |E S (t) + E LO (t)| 2 ∝ ||E S |e -i((ω LO ±ω IF )t+φ S (t)) + |E LO |e -i(ω LO t+φ LO (t)) | 2 ∝ |E S | 2 + |E LO | 2 + 2|E S ||E LO | Re e -i(±ω IF t+(φ S (t)-φ LO (t)) , (1) 
where ω LO is the laser angular frequency, ω IF the IF detected in the RF range, and φ S and φ LO the phases of the signal and LO, respectively. The signal angular frequency is denoted as ω S = ω LO ± ω IF to highlight the lower and upper sidebands of the signal; these are downconverted at the same IF ω IF . The measured optical intensity thus contains a beating term proportional to the electric field, enabling the detection of the phase. After filtering through the detection chain, with transfer function H(ω), the beating term s k (t) is written (Boyd 1983) as

s k (t) = 2H(ω IF ) • |E S ||E LO | cos (±ω IF t + (φ S (t) -φ LO (t)) ). (2) 
As these signals coming from each telescope are proportional to the input electric field, their multiplication is proportional to the coherent flux Fe iφ o of the source, where

φ o = 2π -→ B p • - → σ λ
the phase of the astrophysical object, -→ B p the projected baseline, -→ σ the angular coordinate of the object from the phase center, and A53, page 2 of 7 λ the central wavelength. More specifically, in the case in which the two sidebands ±ω IF are not separated, the product of the two voltages from each telescope is (Thompson et al. 2017;Monnier 1999)

r(t) = s 1 (t) • s 2 (t) = C|F||G(τ)| cos(φ o + ∆ω LO t) cos(φ G + ω c τ), (3) 
assuming the detection bandwidth could be modeled with a rectangular filter function of width ∆ω, centered around ω c , where τ is the relative delay between the two optical signals, ∆ω LO the frequency difference between the LOs, C a constant, and

|G(τ)|e iφ G = 1 2π H 2 0 ∆ω sin(∆ωτ/2) ∆ωτ/2
the frequency response of the detection chain that has an amplitude H 0 . This expression corresponds to the signal of a double-sideband correlator (DSB), in which the fringes are modulated at the frequency ∆ω LO . Importantly, we assume in Eq. ( 3) that the relative phase between the LOs ∆φ LO = φ L01 (t)φ L02 (t) is null and stable over the time of detection, that is, that the LOs are phase-locked to each other. In practice, this phase-locking can be obtained either by distributing the same LO or by measuring a beating signal between each distant LOs, in both cases on a phase-stabilized link. In addition, in the following, the object phase φ o is assumed to be constant, that is, the atmospheric piston fluctuations are assumed to be negligible during an integration time.

Principles of a double-sideband photonic correlator

In its simple form, the function required at the level of the correlator thus consists in multiplying two input signals with a very wide bandwidth. In this section, we show that this multiplication product can be achieved with a simple photonic design.

We consider a Mach-Zehnder interferometer, as represented in Fig. 1, in each arm of which is inserted a phase modulator with a characteristic voltage V π . In a phase modulator, the V π is defined as the equivalent tension for which a phase shift of π is introduced. Each phase modulator transposes the wide bandwidth RF signal coming from a telescope onto a monochromatic optical carrier. Assuming that the voltage amplitude is small compared to V π , and writing β = π V π , the optical field after each phase modulators is

E k (t) = E 0 e i(ω 0 t+φ k +βs k (t)) ≈ E 0 e i(ω 0 t+φ k ) (1 + iβs k (t)). (4) 
If a total relative phase shift of ∆φ = φ 2φ 1 = π is applied between the arms, the interferometer is placed in a quadratic regime and the output intensity of the Mach-Zehnder can be simply written as

i(t) = |E 1 (t) + E 2 (t)| 2 = |E 0 | 2 β 2 s 2 (t) -s 1 (t) 2 = |E 0 | 2 β 2 s 2 1 (t) + s 2 2 (t) -2s 1 (t)s 2 (t) . (5) 
We note that if, for example, a phase shift of π/2 was used, there would not be a beat signal s 1 • s 2 between the two signals in the output. The two first quadratic terms appear as noise signals spread out over the wide frequency range of phase modulators. In turn, the last term is the product of the incident signal coming from the telescope, which is proportional to the coherent flux, as described in Eq. ( 3). In the case in which ∆ω LO 0, the DSB product signal is modulated at the frequency ∆ω LO , and thus gives access to a measurement of the coherent flux of the interferometer. This fringe peak can be integrated over a very restricted frequency range around ∆ω LO , in which the relative contribution of the quadratic terms s 2 k (t) can be neglected. In the above developments, it is fundamental to note that the total bandwidth is now limited by the bandwidth of the phase modulators. In practice, current standard off-the-shelf, fibered, electro-optic modulators (EOMs) at telecom wavelength reach a bandwidth of 50 GHz, and EOMs with flat-frequency response beyond 500 GHz have been demonstrated (Burla et al. 2019). Such bandwidths would represent a crucial improvement of the input bandwidth at the level of the correlator.
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Signal distribution and phase stabilization

In this correlation scheme, the telescope signals are converted at the level of each telescope on an optical carrier by means of an EOM. The signal could then propagate through telecom fibers over kilometric distance, avoiding the problem of bandwidth limitations. This scheme is only possible under the condition in which the optical link is phase-stabilized over large distance to guarantee a stable functioning point at the Mach-Zehnder's null; this stresses the importance of a robust phase stabilization scheme.

Given the similarities of the photonic correlation with the principle of operation of a nulling interferometer, the phase stabilization scheme developed in this frame (Gabor et al. 2008) could be adapted in the present case. However, stabilization through phase modulation, by the use of EOMs or a fiber stretcher, could only be applied on a limited optical path difference (OPD) range, which may be a limit for kilometric optical links. Alternatively, in Sect. 3.2.2, we detail the principle of a fast phase stabilization scheme of the null based on frequency modulation of the optical carrier, which can correct an arbitrary OPD amplitude variation.

Proof of concept and practical implementation

In this section, we present the proof of principle of a DSB photonic correlator dedicated to infrared heterodyne interferometry. In Sect. 3.1, we detail the test bed used on a broadband laboratory source to generate an equivalent heterodyne signal of a two element interferometer. Section 3.2 describes the practical implementation of the photonic correlator and its phase stabilization scheme based on frequency modulation. In Sect. 3.3, we finally present the a posteriori correlation through this photonic correlator of the two signals previously generated on the twotelescope test bed, together with a measurement of the temporal coherence of the broadband source initially used, and we provide an estimation of the S/N degradation through the correlator.

Two telescope heterodyne signal generation

The general purpose of the two-telescope simulator is to produce a correlated signal on two seperated detectors, whose signal could reproduce the beating between a broadband source of radiation and two LOs with a stable relative phase. The experiment was carried out at telecom wavelengths for practical reasons, but could be generalized to other optical wavelengths, in particular the N band, which is the target of the present study. We emphasize that the purpose of this test bed was not to evaluate the sensitivity limit of a complete detection chain from the detectors to the output of the photonic correlator, which would necessitate dedicated mid-infrared detectors and LOs, but to produce representative correlation signals in terms of coherence properties at the entrance of the photonic correlator. We acknowledge that typical astrophysical sources in the near-(H band) or midinfrared (N band) are significantly fainter than in this proof of concept. The characterization of a complete mid-infrared detection chain, on objects at the detection limit and low S/N, would be the next step of this study. This test bed is described on Fig. 2. The representative elements of a two-telescope interferometer in the test bed are the following:

Local oscillator. A laser at 1.55 µm is separated in two arms. Given the sub-kHz linewidth of the laser, the two equivalent LOs distributed on each arm are naturally in phase at the timescale of the measurement. In addition, as in ISI, a small frequency difference is applied between each arm by means of two acoustooptic modulators (AOMs). As this fequency difference is also the modulation frequency of the fringes, it has been experimentally set to ∆ f = f 2 -f 1 = 7 MHz, which is a spectrum region in which parasitic RF frequencies were absent. Since these modulators are designed so as to operate at 80 ± 10 MHz, their frequency are set to f 1 = 80 MHz and f 2 = 87 MHz.

Broadband source. We used an erbium-doped fiber amplifier (EDFA), without an input signal, as a broadband input source. An EDFA is a pumped gain medium, usually used in telecom to amplify an incident radiation. Without any input, it emits a broadband light spectrum through amplified spontaneous emission (ASE) of radiation. The ASE then passes through an optical tunable filter (OTF) adjusted to the few GHz bandwidth of the detector to limit the shot noise associated with the incident source. This source is finally divided in two arms, and distributed to two detectors. Once again, we emphasize that this source of radiation was not used to evaluate the sensitivity limit of a heterodyne detection in the near-infrared, but to reproduce representative coherence properties of a heterodyne signal.

Detection. The local oscillator and the input broadband source signal are combined and detected on two separate fast detectors. As a first step, a correlation peak at 7 MHz was directly observed with an RF mixer, which multiplies the output of the two detectors. Multiple RF cables were successively used to introduce a delay ∼1/∆ν to scan the coherence length and to assess that the signal was not a parasitic frequency of the setup. In a second step, the output of each detectors were simultaneously recorded on a fast oscilloscope at a sampling rate of 2 Gb s -1 , with an analog bandwidth ∆ν = 400 MHz, which is the upper bandwidth limit in our detection scheme.

A posteriori generation. Once registered, these two RF traces were electronically generated a posteriori by arbitrarywaveform generators (AWGs) to perform the a posteriori correlation on the photonic correlator. Given the limited memory of the AWG, a set of 2 16 points were generated at a sampling rate of 50 MHz. Taking into account the dilatation factor between registration and regeneration, the peak frequency was thus placed at a frequency 175kHz after regeneration.

Experimental implementation of the photonic correlator and phase stabilization

In this subsection, we detail the experimental implementation of the photonic correlator described in Sect. 2. As this photonic A53, page 4 of 7 processing is independent of the carrier wavelength, its implementation could greatly benefit from the development of fibered components from telecom standards, which were also used in this proof of principle.

Photonic processing

The actual implementation is represented in Fig. 1. A sub-kHz linewidth laser at 1.55 µm is equally divided into two arms with a 50:50 fibered splitter. Each arm is then modulated by an EOM, on which is applied the RF signal generated a posteriori from one of the two-telescope simulator traces, as described in Sect. 3.1. A feedback loop is used to stabilize the phase of the Mach-Zehnder, and the two arms are recombined with another 50:50 fibered coupler. Finally, at the null output of this fibered Mach-Zehnder, the flux is split in two parts with a 90:10 fibered splitter, where 90% of the flux is sent to the signal photodiode and 10% of the flux to a detector used in the stabilization loop detector. After the signal photodiode, the fringes are modulated at the frequency f = 175 kHz, which can either be registered on an ADC, a lockin amplifier, or a Fourier-transform oscilloscope. We adopted the latter solution.

Phase stabilization loop

The general goal of the phase stabilization loop is to maintain the photonic correlator at the null intensity of the Mach-Zehnder. In the intensity null, the output intensity varies quadratically with the input voltage. The basic idea of the stabilization consists in generating a small amplitude phase modulation signal at a defined frequency f m in one arm, and using the real part of the first harmonic signal as an error signal to be minimized. Usually, the command signal is applied on a phase modulator (e.g., PZT, fiber stretcher, or EOM) to compensate for OPD variation.

In this case, we set up a frequency modulation system, composed of two AOMs, where one is modulated in frequency by a proportional-derivative (PD) controller. Integrated over a small of time dt, this frequency modulation ∆ f m acts as a phase modulation dΦ m = ∆ f m dt, which is restricted neither in amplitude nor in speed in contrast to an OPD modulator system. Figure 3 rep-resents the closure of the phase stabilization loop. We estimated its stability to a mean phase deviation of φ = λ/240, and RMS deviation of σ φ = λ/440. It has though to be noted that in such a frequency modulation scheme, large OPD drifts, on the order of a fraction of the coherence length l c = c/∆ν, have to be corrected by a dedicated OPD offset. However, given a maximum spectral bandwidth of ∆ν ≈ 100 GHz, the coherence length is on the order of millimeter scale, thus requiring only occasional offset correction after minute or hour timescales.

Noise factor and temporal coherence

Once stabilized on the null, the signals a posteriori generated by the AWGs are applied to the phase modulators. According to Eq. ( 5), a fringe peak is observed at the modulation frequency f G f S ∆ f OL = 175 kHz, where f S is the recording sampling frequency and f G is the generation sampling frequency. This fringe signal is easily visible in the power spectral density of the photocurrent (PSD), as shown in Fig. 4. In order to estimate the degradation introduced by the photonic correlator on the signal, we measured the noise factor, defined as the ratio of input and output S/N, as follows:

NF = (S /N) in (S /N) out . (6) 
We estimated input S/N from the two recorded waveforms, by computing numerically the interference term in Eq. ( 5). Fringe power and noise are estimated on two defined frequency windows, as shown if Fig. 4, by computing the integrated power in the peak and the standard deviation of the noise floor, respectively. Output S/N is then estimated with the same method on the PSD of the photodiode output, on the same exact frequency windows. This analysis provides a ratio of the output S/N on the input S /N: 1/NF = 87% ± 5% that is, a S/N degradation of 13%, also corresponding to NF = 1.15. This result is limited by a nonnegligible oscilloscope dark current, as seen in the histogram of Fig. 3, and a strong contribution of a low-frequency 1/ f , as visible in Fig. 4, which artificially degrade the S/N of the fringe peak, but are not fundamentally due to the optical correlator.

In addition, we assessed the temporal properties of our correlation signal to observe its coherence envelope and give an additional verification that the fringe peak observed could not be produced by a parasitic signal. To do so, a numerical delay is introduced at the level of one AWG, for each value for which we measured the fringe peak power. The coherence envelope is shown on Fig. 4, and superposed to the coherence envelope computed numerically. The experimental profile fits a Gaussian with a full width at half maximum (FWHM) τ ≈ 20 ns, which corresponds to an equivalent bandwidth ∆ f = 1/τ ∼ 50 MHz. This is consistent with the maximum bandwidth of our regenerated signal with a sampling frequency f S = 50 MS s -1 . Moreover, this measurement removes the possibility that the fringe peak is a parasitic signal.

Discussion

Further developments

In this section, we discuss the further developments to be led in the path towards a practical correlator, dedicated to an imaging facility with kilometric baselines. In a second section, we discuss at a more general level the remaining open challenges of infrared heterodyne interferometry.

A53, page 5 of 7 A&A 639, A53 (2020) Fig. 4. Left: fringe peak at the ouptut of the correlator (y-axis, in linear scale). The red dashed line indicates the numerical correlation of the input signal. The green solid line shows the correlation of the signal through the optical correlator. Right: coherence envelope of the fringe signal (green dot), and envelope computed numerically (blue cross). The experimental envelope fits a Gaussian profile, which differs from the numerical computation only at the feet of the envelope. This could be imputed both to the experimental measurement uncertainties and to the estimation of the impulse response of the AWG.

Photometric calibration and delay compensation

In the continuity of our demonstration of signal correlation, the next steps of the development consist in measuring the spatial coherence of a laboratory object in the mid-infrared. For this purpose, a detailed procedure of photometric calibration will have to be carried out in order to normalize the coherent flux measured on the source and to deduce an estimate of the visibility. Furthermore, in this work we did not address the problem of delay compensation and earth rotation. Earth rotation translates into a phase velocity that can be computed and compensated at the level of a local oscillator by a dedicated frequency shift, which is also called lobe rotation. In addition, we did not address a group delay, which has to be compensated for in order to track the maximum of the correlation envelope within a coherence length l c . This delay can be covered using a combination of switchable fibered delay, compensating for the large delays, and a continuously adjustable fibered delay line, covering small delays and relaxing the minimum resolution of the switchable module. We note that the design complexity of such a movable delay line, at telecom wavelength and on a very narrow spectral band, would be considerably lower than the design complexity of a direct mid-infrared vacuum delay line. As in telecom networks, dispersion could be managed with the use of dispersion compensating fibers, over a bandwidth of 100 GHz in this case, but with propagation distances significantly smaller than that encountered in telecom, up to a few kilometers in this case. The speed of the movable delay line could be relaxed by a careful control of the frequency shift of lobe rotation.

Measurements with N ≥ 3

This measurement with two telescopes could then lead to a generalization of the method to more than two telescopes, and in particular to the measurement of closure phases with three telescopes, in a way that is analogous to the method performed on the ISI correlator (Hale et al. 2003). We note that from the perspective of achieving image reconstruction with a large number of telescopes (N ≥ 12), the encoding of the signal on an optical carrier also offers the possibility to recombine all the fibers into an homothetic pupil plane, as in a Fizeau configuration, which would enable us to use the array in a direct imager mode. The transposition of the technique presented in this paper, where fringes are modulated at a given frequency (7 MHz), may be adapted by lowering the modulation frequency to a rate compatible with a 2D-matrix acquisition rate (typically smaller than kHz), although this method does not seem optimal. Instead, direct phase stabilization scheme, as experimentally demonstrated in Blanchard et al. (1999) may possibly allow for direct imager acquisitions without applying a frequency modulation. Signal-to-noise preservation has, however, not yet been considered for this scheme, nor has it been demonstrated in Blanchard et al. (1999).

Open challenges of infrared heterodyne interferometry

Although we addressed the problem of correlation and signal transportation by the introduction of a photonic correlator and photonic processing, several challenges remain open on the path to a practical mid-infrared heterodyne interferometer.

The first problem we did not address in the heterodyne system is the synchronization of distant LOs separated by kilometric distances. We recall that this requirement concerns at least the relative phase between the different local oscillator, which has to be constant during a coherent integration time. For this purpose, the beating of each LO with an LO that serves as a master and reference can be used to apply a correction to each LO through a dedicated phase-lock-loop (PLL), a strategy that was implemented in ISI with up to three telescopes (Hale et al. 2000(Hale et al. , 2003)). In practice, such a stabilization scheme would imply that we propagate each mid-infrared local oscillator on kilometric distances in our case, which imposes strong constraints in a practical infrastructure. The possibility to stabilize in phase each mid-infrared LOs with the distribution of a reference phase signal through a fiber link, in a way analogous to Chanteau et al. (2013) for example, would substantially simplify the infrastructure of a mid-infrared heterodyne interferometer.

The second problem that we did not address concerns the limit in sensitivity imposed by atmospheric phase fluctuations, which severely restricts the maximum coherent integration time. Previous studies (Ireland & Monnier 2014;Ireland et al. 2016) already raised this limitation, and proposed an out-of-band cophasing based on a companion instrument in the H band. Although this auxiliary instrument would be a direct interferometer, which is apparently in contradiction with the heterodyne detection scheme proposed, its implementation in the H band would surely be much easier than in the mid-infrared with the use of fiber components. In the case in which this atmospheric cophasing were absent, the heterodyne interferfometer would still be functional, but limited to bright objects.
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Concerning the improvement of sensitivity, the introduction of this paper was based on the observation that current detectors now enable us to reach several tens of gigahertz of bandwidth in the mid-infrared. These compelling demonstrations will need further development to consolidate these results, in particular regarding the exact characterization and optimization of their quantum efficiency.

Finally, as proposed in Swenson (1986), revived in Ireland & Monnier (2014), and from a more prospective view, a promising but difficult method to further increase the sensitivity of an heterodyne interferometer would consist in multiplexing a large number of LOs, with the associated number of detectors, to potentially obtain a spectral coverage comparable to direct detection. This method supposes the generation of mid-infrared frequency combs that have sufficient power per teeth, which constitutes a present active field of research. We note that such a multiplexed architecture could be advantageously coupled to a photonic correlation.

Conclusions

Within the context of infrared heterodyne interferometry, we have introduced the use of photonic correlation in order to overcome the bandwidth limitation of the correlators developed so far. We proposed the architecture of a DSB correlator for two telescopes based on the use of a fibered Mach-Zehnder at telecom wavelength, precisely stabilized at the null of intensity, and demonstrated the a posteriori correlation of two signals previously generated on a dedicated two-telescope test bed in the near-infrared. For this purpose, we realized a dedicated phase stabilization loop based on frequency modulation. The final photonic processing chain exhibits a degradation of the S/N of 13%, corresponding to a noise factor NF = 1.15. The coherence properties of the initial input signals were also retrieved by introducing an incremental temporal delay. The next step of this development will consist in measuring the spatial coherence of an object in the mid-infrared with two telescopes, and to generalize this architecture to more than two telescopes and to the detection of closure phases. More generally, this proof of principle opens the way to the photonic processing and transportation of wide bandwidth signals for infrared heterodyne interferometry, which could constitute a valuable advance in the perspective of kilometric baseline interferometry with a large number of telescopes.

INTRODUCTION

The extension of infrared interferometry to an imaging facility with milli-arcsecond resolution and below, as proposed within the Planet Formation Imager initiative, represents a major objective of future interferometry [1]. Such an instrument would require a large number of telescopes (N ≥ 12), in order to obtain a (u,v)-coverage that is compatible with imaging, with kilometric baselines. The exact path towards such a facility remains an open challenge, with major aspects still to be solved, such as the infrastructure requested to operate the vacuum delay lines, or the recombination of a large number of telescopes [2].

In this context, heterodyne detection, in which incident light is coherently detected at the level of each telescope, has been proposed as a potential alternative in the mid-infrared [3]. Heterodyne interferometry was first proposed and demonstrated on the Infrared Spatial Interferometer (ISI) by C.H. Townes and his group at UC Berkeley [4,5], and was the first method able to recombine 2 telescopes in the mid-infrared in the early 90s, then followed by 3 telescopes with closure phases in the early 2000s [6]. These observations have led to a notable science program for his time [7][8][9], but were ultimately limited by the poor sensitivity of heterodyne detection. This well-known limitation originate from two main reasons : 1) heterodyne detection suffers from a fundamental quantum noise, whose density is equivalent to one photon of noise per detection mode [5] 2) the very narrow detection bandwidth of heterodyne detection (of the order of the GHz typically), which means that the total signal is detected in a single spectral channel with a spectral resolution R ∼ 30 000. This bandwidth is limited by the instantaneous bandwidth of the mid-infrared detector, and by the correlation processing available downstream.

Two complementary ways can be envisioned to go beyond this sensitivity limitations. First, the massive multiplexing of the spectral channels using synchronized frequency comb, as proposed by [10] and revived in [3] within the PFI projet. Second, the increase of the instantaneous bandwidth of each detector. Spectacular progress have recently led to an improvement of more than an order of magnitude of the detection bandwidth in the mid-infrared, in particular with quantum well infrared photodetectors (QWIP) which have been demonstrated up to 70 GHz [11,12] or graphene detector [13]. These developments bear the promise of even higher bandwidths, up to 100 GHz, and already more than one order of magnitude larger than what has been used on ISI. However, an architecture involving more than ten telescopes, tens to hundreds of spectral channel, and a total of instantaneous bandwidth of the order of the order of 1 THz, raises the formidable challenge of the correlation these signals, and in any case challenges the current capabilities of state of the art ADCs and available computing power. As estimated by [3], the requirement on the correlator tends towards specific major developments, with a total computing power at least two orders of magnitude larger than existing ALMA correlator.

In this context, we propose to address the problem of the transport and correlation of signals introducing the concept of a photonic processing dedicated to infrared heterodyne interferometry. We present the general concept in which these developments take place, and detail its experimental implementation, along with the results obtained with a demonstrator designed for two telescopes. We then explore the possible extrapolation of this correlation architecture to a large number of telescopes and a large number of spectral channel. Finally, we introduce succinctly a second concept of photonic correlation architecture based on amplitude modulation, which could overcome some limitations of the phase modulation scheme and could be explored as a second photonic correlation scheme.

GENERAL PRINCIPLE

The idea at the basis of a photonic correlation is to encode the RF signal coming from each mid-infrared detectors, which is directly proportional to the optical field according to heterodyne detection, onto a monochromatic optical carrier which can be propagated over fibers, and processed with photonic components to recover the correlation product of two wide-bandwidth RF signals Fig 1 . In this scheme, the optical carrier is a monochromatic laser, modulated by an electro-optical modulator, and in this sense, is truly compatible to the standard operation operation of telecom fibers and telecom components. It should be noted that the exact wavelength of this correlation stage would not be constrained by the incident astronomical signal, which depends on the central wavelength of the mid-infrared local oscillator and of the detector, but can be chosen at the wavelength which is the most convenient to process, in this case telecom wavelength. The basic operation required at the level of this analogical correlator unit consists in computing the correlation product of one detection bandwidth at one given delay, which means to perform the product of two wide-bandwidth RF signals and to integrate the results in time. In particular, it would differ from the so-called digital correlators of sub-millimetric arrays such as ALMA and NOEMA, which recover the complete correlation function of the input signals. In this sense, such an analog unit perform an operation equivalent to the one pointed out by [3], which is specifically targeted for infrared heterodyne interferometry, given the different requirements in terms of spectral resolution between infrared and sub-millimetric interferometry. This results in a dramatic simplification of the correlation unit for infrared heterodyne interferometry, in particular with regards to the requirement at the level of the ADC (digitalization of 100 GHz signals) and computing power (100 GHz, and ultimately several 100 GHz to THz).

In the next section, we detail the principle and the practical implementation of a two element correlation unit based on a phase modulation scheme. We present the implementation of this idea on a demonstration testbed at telecom wavelength, along with preliminary results obtained on this demonstrator, also presented in [14].

PRACTICAL IMPLEMENTATION AND RESULTS

Coherent detection in heterodyne interferometry

As in radio astronomy, a single baseline heterodyne interferometer is composed of two distant telescopes on which the incident light is coherently detected by its mixing with a stable frequency reference, referred to as the local oscillator (LO), on a detector squaring the field. In the optical domain, the LO is a laser, and the detector a fast photodiode. The measured optical intensity thus contains a beating term proportional to the electric field, enabling the detection of the phase. Assuming a local oscillator E LO and an incident field E S , after filtering through the detection chain with transfer function H(ω), the beating term s k (t) is written as [15] 

s k (t) = 2H(ω IF ) • |E S ||E LO | cos (±ω IF t + (φ S (t) -φ LO (t)) ).
(

) 1 
where ω LO is the laser angular frequency, ω IF the IF detected in the RF range, and φ S and φ LO the phases of the signal and LO, respectively. The signal angular frequency is denoted as ω S = ω LO ± ω IF to highlight the lower and upper sidebands of the signal; these are downconverted at the same IF ω IF .

As these signals coming from each telescope are proportional to the input electric field, their multiplication is proportional to the coherent flux F e iφo of the source, where φ o = 2π -→ B p • -→ σ /λ the phase of the astrophysical object, -→ B p the projected baseline, -→ σ the angular coordinate of the object from the phase center, and λ the central wavelength. More specifically, in the case in which the two sidebands ±ω IF are not separated, this expression corresponds to the signal of a double-sideband correlator (DSB), in which the fringes are modulated at the frequency ∆ω LO . The product of the two voltages from each telescope is [16,17] s

1 (t) • s 2 (t) = C|F ||G(τ )| cos(φ o + ∆ω LO t) cos(φ G + ω c τ ),
where τ is the relative delay between the two optical signals, ∆ω LO the frequency difference between the LOs, C a constant, and assuming the detection bandwidth could be modeled with a rectangular filter function of width ∆ω, centered around ω c , such that the frequency response of the detection chain is written |G(τ

)|e iφG = 1 2π H 2 0 ∆ω sin(∆ωτ /2) ∆ωτ /2
, with H 0 an amplitude constant. Importantly, we assume in Eq. ( 2) that the relative phase between the LOs ∆φ LO = φ L01 (t)φ L02 (t) is null and stable over the time of detection, that is, that the LOs are phase-locked to each other. In practice, this phase-locking can be obtained either by distributing the same LO or by measuring a beating signal between each distant LOs, in both cases on a phase-stabilized link. In addition, in the following, the object phase φ o is assumed to be constant, that is, the atmospheric piston fluctuations are assumed to be negligible during an integration time.

Principles of a double-sideband correlator based on phase modulation

As explained in the section [2], the function required at the level of the correlator consists in multiplying two input signals with a very wide bandwidth. Here, we show how this multiplication can be achieved with a simple phase modulation design.

We first consider a Mach-Zehnder interferometer, as represented in Fig. 1, in each arm of which is inserted a phase modulator with a characteristic voltage V π . In a phase modulator, the V π is defined as the equivalent tension for which a phase shift of π is introduced. Each phase modulator transposes the wide bandwidth RF signal coming from a telescope onto a monochromatic optical carrier. Assuming that the voltage amplitude is small compared to V π , the optical field after each phase modulators is

E k (t) = E 0 e i(ω0t+φ k + π Vπ s k (t)) ≈ E 0 e i(ω0t+φ k ) (1 + iπ s k (t)/V π ) . (2) 
If a total relative phase shift of ∆φ = φ 2φ 1 = π is applied between the arms, the interferometer is placed in a quadratic regime and the output intensity i(t) = |E 1 (t) + E 2 (t)| 2 of the Mach-Zehnder can be simply written as

i(t) = |E 0 | 2 π V π 2 s 2 (t) -s 1 (t) 2 = |E 0 | 2 π V π 2 s 2 1 (t) + s 2 2 (t) -2s 1 (t)s 2 (t) . (3) 
We note that if, for example, a phase shift of π/2 was used, there would not be a beat signal s 1 • s 2 between the two signals in the output. The two first quadratic terms appear as noise signals spread out over the wide frequency range of the phase modulators. In turn, the product of the incident signal coming from the telescope, which is proportional to the coherent flux, as described in Eq.( 2). In the case in which ∆ω LO = 0, the DSB product signal is modulated at the frequency ∆ω LO , and thus gives access to a measurement of the coherent flux of the interferometer. This fringe peak can be integrated over a very restricted frequency range around ∆ω LO , in which the relative contribution of the quadratic terms s 2 k (t) can be neglected. In the above developments, it is fundamental to note that the total bandwidth is now limited by the bandwidth of the phase modulators, which can typically reach 40 GHz with off-the-shelf component, and have been demonstrated up to 500 GHz in dedicated experiment [18]. of the intensity with respect to the phase difference between the two arms of the Mach-Zehnder. The orange sinusoid is a small amplitude reference modulation at frequency fm, which enables to probe the position of the interferometer in the quadratic profile, and thus to lock the fringes c) In the frequency spectrum (RF domain), a deviation from the null intensity is monitored with the amplitude of the 1st harmonic fm, which constitutes the error signal of the phase stabilization loop. The amplitude of the fringes (signal) are encoded at the frequency fc, which is independent from fm.

Practical implementation & phase stabilization 3.3.1 Practical implementation

The correlation architecture was implemented on an experimental testbed, as described in Fig. A stable linewidth laser at 1.55 µm is equally divided into two arms with a 50:50 fibered splitter. Each arm is then modulated by an EOM, on which is applied one the RF signals to be correlated. A feedback loop is used to stabilize the phase of the Mach-Zehnder, and the two arms are recombined with another 50:50 fibered coupler. Finally, at the null output of this fibered Mach-Zehnder, the flux is split in two parts with a 90:10 fibered splitter, where 90% of the flux is sent to the signal photodiode and 10% of the flux to a detector used in the stabilization loop detector. This splitting was done for more convenience, but could also be done downstream the science photodiode without flux splitting. After the signal photodiode, the fringes are modulated at the frequency f = 175 kHz, which can either be registered on an ADC, a lock-in amplifier, or a Fourier-transform oscilloscope. We adopted the latter solution.

Phase stabilization

This scheme is only possible under the condition in which the optical link is phase-stabilized over large distance to guarantee a stable functioning point at the Mach-Zehnder's null; this stresses the importance of a robust phase stabilization scheme. Given the similarities of the photonic correlation with the principle of operation of a nulling interferometer, the phase stabilization schemes developed in this frame [19] could be adapted in the present case. However, stabilization through phase modulation (e.g., PZT, fiber stretcher, or EOM) could only be applied on a restricted range of optical path difference (OPD) perturbations, which may constitute a limitation of the setup given the phase perturbation accumulated on kilometric optical links. Alternatively, in order to avoid such limitations, both in amplitude and in speed, we propose a phase stabilization scheme based on frequency modulation instead, which can correct rapid and arbitrary amplitude OPD perturbations.

In the intensity null, the output intensity varies quadratically with the input voltage. The basic idea of the stabilization consists in generating a small amplitude phase modulation signal at a defined frequency f m in one arm, and using the real part of the first harmonic signal as an error signal to be minimized. Usually, the command signal is applied on a phase modulator to compensate for OPD variation. In this case, we set up a frequency modulation system, composed of two AOMs, where one is modulated in frequency by a proportional-derivative (PD) controller. Integrated over a small of time dt, this frequency modulation ∆f m acts as a phase modulation dΦ m = ∆f m dt, which is restricted neither in amplitude nor in speed in contrast to an OPD modulator system. This principle was implemented on our testbed, and used routinely to stabilize the experiment. Fig. 3 represents the closure of the phase stabilization loop. 

Results and SNR preservation

Once stabilized on the null, two correlated RF signals, originating from photodiode outputs of a heterodyne simulator at 1.5µ m (described [14]), are generated by two Arbitratry Waveform Generators (AWGs) and applied to the phase modulators. The goal of such a simulator was not to evaluate the sensitivity limit of a complete heterodyne detection chain at 1.55µ m, given the largely defovarable SNR at this wavelength regime, but to reproduce a beating signal between a broadband source of radiation and a laser. It should also be noted that for test purposes, dedicated simulated numerical signals could also be used. Once these modulations are applied to the EOMs, a fringe peak is observed at the modulation frequency fG fS ∆f OL = 175 kHz, according to Eq. ( 3), where f S is the recording sampling frequency and f G is the generation sampling frequency. This fringe signal is visible in the power spectral density of the photocurrent (PSD), as shown in Fig. 4. In order to estimate the degradation introduced by the photonic correlator on the signal, we measured the noise factor NF = (S/N )in (S/N )out , defined as the ratio of input and output S/N.

We estimated input S/N from the two recorded waveforms, by computing numerically the interference term in Eq.( 3). Fringe power and noise are estimated on two defined frequency windows, as shown if Fig. 4, by computing the integrated power in the peak and the standard deviation of the noise floor, respectively. Output S/N is then estimated with the same method on the PSD of the photodiode output, on the same exact frequency windows. This analysis provides a ratio of the output S/N on the input S/N : 1/NF = 87% ± 5% that is, a S/N degradation of 13%, also corresponding to NF = 1.15. This result is limited by a non-negligible oscilloscope dark current, as seen in the histogram of Fig. 3, and a strong contribution of a low-frequency 1/f , as visible in Fig. 4, which artificially degrade the S/N of the fringe peak, but are not fundamentally due to the optical correlator. In addition, we assessed the temporal properties of our correlation signal to observe its coherence envelope and give an additional verification that the fringe peak observed could not be produced by a parasitic signal. To do so, a numerical delay is introduced at the level of one AWG, for each value for which we measured the fringe peak power. The coherence envelope is shown on Fig. 4, and superposed to the coherence envelope computed numerically. The experimental profile fits a Gaussian with a full width at half maximum (FWHM) τ ≈ 20 ns, which corresponds to an equivalent bandwidth ∆f = 1/τ ∼ 50 MHz. This is consistent with the maximum bandwidth of our regenerated signal with a sampling frequency f S = 50 MS/s. Moreover, this measurement removes the possibility that the fringe peak is a parasitic signal.

Fibered delay, fringe rotation

At this point, we have not yet addressed the problem of delay compensation and earth rotation. Earth rotation translates into two features, which have to be compensated for. First, a phase velocity that can be computed and easily compensated for at the level of a local oscillator by a dedicated frequency shift, which is also called lobe rotation, as it was routinely done on the ISI for example. More complex, the group delay has to be adjusted to track the maximum of the correlation envelope within a coherence length l c . This delay can be covered both in the RF domain or directly in the photonic correlator, using a combination of switchable fibered delay, compensating for the large delays, and a continuously adjustable fibered delay line, covering small delays and relaxing the minimum resolution of the switchable module. We note that the design complexity of such a movable delay line, at telecom wavelength and on a very narrow spectral band, would be considerably lower than the design complexity of a direct mid-infrared vacuum delay line. As in telecom networks, dispersion could be managed with the use of dispersion compensating fibers, over a bandwidth of 100 GHz in this case, but with propagation distances significantly smaller than that encountered in telecom, up to a few kilometers in this case. The speed of the movable delay line could be relaxed by a careful control of the frequency shift of lobe rotation. In practice, these considerations could benefit from the strong compatibility with telecom technologies, and the emergence of commercial fibered delay lines. 

EXTENSION TO AN IMAGING ARRAY AND A LARGE NUMBER OF SPECTRAL CHANNELS

In this section, we discuss the possible extension of the photonic correlation concept demonstrated with two telescopes to an array with a larger number of telescopes. In contrast with classical interferometry, the signals detected in heterodyne interferometry can be conveniently splitted and amplified without significant additional noise or losses [5]. As a consequence, point source SNR in heterodyne interferometry scales as N tel , compared to √ N tel in classical * interferometry. An additional advantages, though not directly related to the number of telescopes, of the use of heterodyne detection, is the ability to calibrate simultaneously the photometry without further degradation of the SNR, contrarily to classical interferometry. At this stage of the study, we propose two prospective schemes, the first one based on pair-wise combination of each baseline, which can be seen as the most intuitive scaling of the concept demonstrated with two telescopes, and the second one based direct imaging, already proposed in a different context by [20] The most direct extrapolation of the phase modulation scheme to a large number telescopes consists in the pairwise combination of each baseline. This pairwise combination is necessary to stabilize each baseline at a quadratic functioning point of the Mach-Zehnder (intensity minimum or maximum). It also enables to have access to the relative phase perturbations between each baselines, although the monitoring of the phase perturbations would necessitate only a subsytem of N tel independent measurements.

To this end, pairwise combination could be done directly in integrated optics combiners, which were also developed within the frame of astronomical applications, in particular for infrared interferometry [21][22][23]. In that case, the use of such an integrated optic component would take full advantage of the fact that optical carrier is a monochromatic laser at telecom wavelength, with potentially large optical power and a controlled linear polarization. As mentioned above, it has to be underlined that the division of the optical carrier does not cause fundamental losses of sensitivity here given that the signal can be amplified, as long as the noise of the photonic processing chain does not degrade the global SNR. A careful noise analysis of the photonic processing should be carried in this direction. From a more practical point of view, a 4T to 8T combiner could be directly implemented for a combination up to 8T, using the AC-combiner developed within the frame of PIONIER instrument and VSI study [22]. Here, the AC design would enable to monitor both the null and bright output of the Mach-Zehnder i.e. the quadratic minimum and maximum, whereas a simple pairwise combination would produce alternately a bright and a dark output depending of the baseline, given that a π-phase shift could not be obtained simultaneously between all baseline on a simple pairwise combiner.

Direct imaging mode

We have described so far a recombination method which enables to extract the correlation product for each baseline i.e. is sensible to the visibility amplitude and phase (or closure phase, in the absence of fringe-tracking), on which model fitting or image reconstruction can be perform. A second method of recombination could consist in directly forming an image from the pupil plane, in a so-called "direct imager" mode, similar to a Fizeau recombination mode. In the case of a photonic processed signal, this mode consist in forming a scaled replica of the telescope array in the pupil plane of a lens, with the ends of the fibers on which the RF-signal is encoded. The interferometric image then formed directly in the focal plane of the lens, and can be recorded on a camera in real-time. Such a technique would mostly by advantageous for the combination of a large number of telescope, the separate measurement of each visibility amplitude being more preferable.

A similar concept has already been proposed in [20] in the context of millimiter wave array imaging. Together with this concept, Blanchard et al. present a proof-of-principle demonstration, implemented with a so-called Redundant Space Calibration (RSC) procedure to correct the phase perturbations in single-shot acquisition, although the noise budget of this concept is not evaluated. This concept was then revived and developed by different authors in [24,25], in the context of aerospace and defense applications, and advanced demonstrations of a complete imaging system with 224 millimetric apertures are presented in [24], with a special emphasis on the optimization of the noise figure of the detection chain. The system developed in [24] already reach a technological level compatible with commercial systems, which gives good confidence on the scaling of such a concept, although a thorough signal-to-noise analysis should be conducted in the perspective of application to infrared heterodyne interferometry.

Spectral channel multiplexing

At this stage, we have addressed the question of the correlation of a large number of telescopes, but not the additional correlation of a large number of spectral channels. In what follows, we will consider only the pairwise correlation scheme, given that it enables to extract the interferometric visibilities for each baseline.

Here we propose that the extrapolation of this phase modulation scheme to a large number of spectral channels can be enabled by the use of telecom technologies developed in a similar frame, in particular through WDM/DWDM techniques. This multiplexing can be perform by encoding the RF signal coming from each detector, each one associated to one tooth of the frequency comb, onto a laser with a specific wavelength through a dedicated EOM, all these fibers being recombined and transported in the same output fiber to the integrated combiner. These encoding wavelengths have to be sufficiently close to each other, so that the same fibers and integrated components could be used without prohibitive chromatic effect. On the other part, they have to be sufficiently separated to be demultiplexed by standard DWDM at the output of the integrated optics combiner. At the output of the integrated combiner, each detector, spectrally demultiplexed, is then associated to one given spectral channel of the mid-infrared comb. 

AN ALTERNATIVE CORRELATION SCHEME WITH AMPLITUDE MODULATION

In this section, we propose a second preliminary correlation scheme, based on amplitude modulation, and discuss its difference with the phase stabilization scheme, in particular in terms of phase stabilization.

We consider a Mach-Zehnder in which each EOM presented in Sec.3.2 are replaced by amplitude modulators. These amplitude modulators consist themselves in integrated Mach-Zehnder, whose relative phase difference between each arm can be controlled by internal EOM modulators. At the output of a single amplitude modulator, the electric field is written E 1 (t) = E 0 e iω0t 1 + e iπ s1(t)/Vπ • e iφ0 , with φ 0 the relative phase between each arms inside the modulator. φ 0 generally remains stable in time over timescale of the order of few minutes, and can be controlled easily, even with commercial systems, to lock the functioning point of the modulator.

We first consider that each amplitude modulator operates at the intensity minimum, with s(t) small compared to V π . In this case, the electric field is written E 1,2 (t) ≈ -iE 0 π s12(t) Vπ e iω0t , and the total intensity at the output of the interferometer is :

I(t) = I 0 π s 1 (t) V π,1 2 + π s 2 (t) V π,2 2 + 2 π 2 V π,1 V π,2 s 1 (t)s 2 (t) cos(φ 12 (t)) (4) 
with φ 12 (t) the relative phase shift between each arm of the interferometer, which can vary in time. Here, the correlation term s 1 (t) • s 2 (t) appears directly in the beating term at the output of the interferometer. However, in the absence of phase stabilization, this term is multiplied by cos(φ 12 (t)), which perturbs the measure of the correlation product.

A way to circumvent this problem consists in introducing a relative frequency shift between each arm of the interferometer, for example with the AOMs presented previously. In such a case, the output intensity becomes :

I(t) = I 0 π s 1 (t) V π,1 2 + π s 2 (t) V π,2 2 + 2 π 2 V π,1 V π,2 s 1 (t)s 2 (t) cos (2πf s t + φ 12 (t)) (5) 
with f s the relative frequency shift introduced between each arms of the interferometer. Considering the expression of double-sideband correlation term s 1 (t)s 2 (t) , if the frequency difference between each mid-infrared laser f LO is null, the fringes are encoded at a single frequency peak at f s ; if f LO = 0, the correlation peak is encoded at two frequency peaks centered around f s , at f sf LO and f s + f LO . In this scheme, the correlation product s 1 (t)s 2 (t) is modulated at frequency f s , and does not have to be stabilized exclusively at a given functioning point, in contrast to phase modulation. However, as the phase perturbation term acts in the same way as an atmospheric piston, the correlation product has to be measured in an integration time smaller than the typical time of the phase vibrations. In the case where these vibrations are negligible or have a typical time greater than the coherent integration time dictated by the atmosphere, this term has a negligible effect. Otherwise, a phase stabilization loop of the same type of the phase stabilization scheme has to be implemented, to avoid a loss of coherent flux.

These developments on amplitude modulation, along with a laboratory proof-of-principle demonstrators, phase stabilization scheme, and noise properties of the chain, are on-going work at IPAG and LIPhy, and offer an interesting alternative to phase modulation scheme. In particular, the extrapolation to a large number of telescopes and spectral channels could be facilitated and will be explored further in a future work.

CONCLUSION

Heterodyne interferometry has been proposed as a practical alternative to recombine a large number of telescope over kilometric baseline, despite a poorer sensitivity partly due to a limited available bandwidth. Herein, we have proposed to introduce the concept of a photonic correlation capable of transporting and processing signals up to 100 GHz with telecom components. We have presented an implementation of this concept and the preliminary results on a two element double-sideband continuum photonic correlator, for which a dedicated phase stabilization scheme was developed. This concept could be extended to a larger number telescopes with two possible combination schemes, one based on pair-wise combination with integrated optics, and an other based on a direct-imager combination. Finally, a second architecture based on amplitude modulation is proposed, and could enable to circumvent part of the phase-locking constrain inherent to the phase modulation scheme. Taken together, these concepts could offer a practical path toward the correlation of an imaging heterodyne interferometer with kilometric baseline.

INTRODUCTION

From the birth of stars and planetary systems to supermassive black-holes, the recent observations of astronomical objects at the highest angular resolution have profoundly changed our vision of our surrounding universe. In this field, aperture synthesis with Very Long Baseline interferometry (VLBI) and optical infrared interferometry such as the Very Large Telescope Interferometer (VLTI) are currently the two techniques that provide the highest angular resolution achievable. With its shorter wavelength, infrared interferometry, still confined at 100m scale baseline, could be envisioned as one of the most promising technique to go even further. The extension of this techniques to a large number (N≥20) of telescopes and kilometric baselines would represent a major step for observational astronomy. Nevertheless, such an infrastructure, as proposed in the context of the Planet Formation Imager (PFI) initiative 1 will also require challenging technological developments that cannot be extrapolated simply from existing instrumentation. 2 In the current status of PFI, direct interferometry is the privileged option since it provides a major sensitivity gain in the short part of the mid-infrared spectrum (the 3-5 µm window) with respect to heterodyne. A fundamental quantum noise with a dramatically increasing effect at high frequencies explains its poor performance. However, this advantage is less strong in the N and Q mid-infrared bands.

Because it is less demanding on the infrastructure, and because the gain of direct interferometry at ≈ 10µm is not so superior, heterodyne detection offers a still valuable and complementary path to address the problem of kilometric baseline and aperture synthesis with a large number of telescopes. In the past, through the pioneering work of maser inventor and Nobel Prize C.H. Townes and his team, heterodyne detection was the first We present here the idea that mid-infrared heterodyne interferometry is currently the sole technique capable of combining all the eight VLTI telescopes with very limited infrastructure modifications. We describe a concept of a simple instrument, code-named V8 that would bring an unprecedented imaging capability at VLTI, albeit limited to bright sources. It relies on technological advances on many fields pushed by the world-wide interest in developing mid-infrared photonics technologies. Our overarching goal is to push technology towards a complete fiber-linked mid-infrared interferometric facility.

THE MID-INFRARED HETERODYNE INSTRUMENT BUILDING BLOCKS

Conceptual design

Figure 1 shows a conceptual scheme of a two-telescope heterodyne instrument which forms the basis of our proposition. The incoming celestial light of each telescope interferes (is "mixed") with a local-oscillator on a high temporal bandwidth detector. Local-oscillators are synchronized in phase between the telescopes. In such a process, the mixed mid-infrared signal is down-converted to radio-frequencies signal that can be correlated with other telescopes'. Unlike the classical architecture inspired by radio interferometry, we do not digitize the beating signal but rather use it to modulate a stable laser in such a way that it acts as a carrier of the amplitude information and can be carried through fiber links. We refer to Bourdarot et al. in this conference (paper 11446-61) for a full description of this photonics scheme. Interference between the two arms of the fiber link allow a measurement of the correlation between the incoming electromagnetic fields to be made. This provides a direct measurement of the object spatial coherence. 

Detection

The ISI used ≈ 3 GHz detectors corresponding to a ≈ 10000 spectral resolution power, which explains partly its limited sensitivity. Improving the detector bandwidth is the first way to increase the sensitivity of the heterodyne scheme as it allows a broader portion of the spectrum to be sampled. Considerable progresses have been made since the ISI in this field driven, by the needs of hyperspectral imaging, chemical sensing, Lidar and quantum applications. For example Cakmakyapan et al. 8 report high responsivity high bandwidth (50GHz) using detectors made of gold-patched graphene nano-structures. The application of this technology to heterodyne interferometry is contemplated by E. Michael's group (see 9 and this conference proceedings).

We are exploring with Laboratoire de Physique de l'Ecole Normale de Physique (LP-ENS) unipolar midinfrared (4µm < λ < 12µm) detectors for a high speed operation up to room temperature. 6 These detectors are based on a quantum well absorbing medium embedded into a metallic metamaterial that provide strong sub-wavelength confinement. Such architectures increase the device responsivity and also the detector operating temperature thanks to a reduction of the thermally generated dark current. In addition, unipolar detectors have a unique property which is their very short excited carrier lifetime, on the order of few picoseconds, leading to a frequency bandwidth of several tens of GHz. Using a heterodyne setup made with two quantum cascade lasers, frequency response above 20 GHz have been already demonstrated. 6, 7 This is about 10 times better than what was reported at ISI. LPENS is currently revisiting the overall photonic architecture of the unipolar detectors in order to enhance the quantum efficiency up to 50%. Moreover, an adapted RF packaging can be implemented to further increase the bandwidth and flatten the frequency response. The fabrication processing can be optimized in order to reach a yield that allows to get several identical detectors from one round of fabrication. The high yield could be also exploited to realize few elements linear arrays with the detector next to each other. This would allow the incoming signal to be dispersed onto the array and mixed with a mid-infrared frequency comb.

Local oscillator

The ISI used a CO 2 laser as a local oscillator (LO) which presents the interest of generating many lines in the 9-12 µm band that can be further enriched depending on the isotope used. In order to further increase the spectral coverage of an heterodyne setup mid-infrared frequency combs should be considered. However, only a few broad bandwidth mid-infrared lasers exist. As a consequence nonlinear frequency down-conversion is the priviledged way to generate frequency combs in this spectral region. The specific constraint of the heterodyne interferometric technique requires to generate combs with line spacing corresponding to detector bandwidths which, in our particular case, should be of the order of a few 10GHz. There are currently no commercially available products. However, we note that several applications such as gas sensing, precision spectroscopy and kinetics chemical reactions monitoring require such light sources. With that in mind Kowligy et al. 10 have reported the first mid-infrared frequency combs with 10GHz repetition rate around a wavelength of 4 mic and have explored the extension to the 7-11 window using OP-GaP crystals as non-linear conversion material. Other technologies, based on QCL lasers are close to maturity and provide another path for mid-infrared frequency combs. 11 The distribution of a phase-locked mid-infrared local oscillator is another challenge. In ISI this was done by propagating physically the CO 2 laser towards the telescopes. This is more difficult to envision for a kilometric baseline infrastructure with many telescopes as it would require a dedicated optical train. Instead, we note that the recent work by Argence et al. ( 12) has demonstrated the possibility to lock a mid-infrared QCL laser to an atomic clock located 47 km away thanks to the phase-controlled propagation of a near infrared ultra-stable laser. The adaptation of this scheme to long-baseline interferometry would not necessarily require the locking on an atomic clock since we are interested in relative phase stability.

For practical purposes, the technologies we have exposed above are still in need of maturation. For an immediate application we note that two commercially available quantum cascade lasers locked together provide a sufficiently stable local oscillator as demonstrated by Gacemi et al. 7 This will be our baseline for the conceptual designed provided later.

Correlation and delay.

Radio interferometric arrays such as ALMA require correlation techniques that can handle several tens of telescopes with the maximum possible spectral bandpass and resolution. Dedicated electronic technologies are required, starting at the antenna end with high bandwidth digitizers, optical data links to the central correlator. As pointed out by Ireland et al., 14 the extrapolation of radio-techniques for a mid-infrared array such as PFI lead to not-yet available computing power requirements. Moreover, the perspective of having to deal with high bandwidth RF signals (several 10s of GHz) complicates further the matter. Finally, the bandwidth over frequency ratio being so different between the radio and the mid-infrared, it is highly likely that specific architectures would have to be conceived in order to retrieve the spectral information.

For a small number of telescopes such as ISI or the 2 telescope near-infrared demonstrator proposed in Besser et al. 15 the electronic approach is the most direct method. In particular, in the context of a visitor instrument, the use of a Reconfigurable Open Architecture Computing Hardware (2nd Generation ROACH-2) board with the capacity of four parallel 1.25 GHz bandwidth digitization is particularly simple and elegant. 15 But, for of an 8 beam guest instrument at VLTI with potential detector bandwidths superior do 25 GHz such an approach might be difficult to extend. Instead we revisited the idea of carrying an analogical correlation by converting the RF signal over to a stable telecom laser carrier using electro-optics modulators. Using off-the-shelf components, we demonstrated in Bourdarot et al., 13 that the correlation between two telescopes could be done (see figure 3). The main interest of this approach is that it provides a simple way to handle both high bandwidth signals (up to 50GHz), many telescopes and several spectral channels with telecom technologies (DWDM). In this conference Bourdarot et al. (Paper 11446-61) present in more detail our photonics analogical approach. The delay compensation can be achieved using commercially available discrete delay line that can generate delays of several 100s of meters and a continuous small range one. Indeed, since we are in this analogical correlation scheme we are limited neither by losses nor by chromatic dispersion.

Fringe tracking

Whatever the final architecture (direct or heterodyne), if long integration times have to be achieved, fringe tracking (or co-phasing) is requested in order to overcome the atmosphere's short coherent time adverse effects. Gravity's fringe tracker 16 has proven essential to reach limiting magnitudes sufficient to study the galactic center close environment. In the context of a technological approach of interferometry relying on fiber links one has to find a way to provide a companion instrument to the heterodyne correlator that stabilizes the fringes using fibers and a direct combination scheme. The easiest and cheapest way is to use the astronomical H band that corresponds to telecommunication wavelengths. However, broadband propagation through fibers is strongly affected by chromatic dispersion and we are left with the additional conundrum of how to secure the optical path compensation. At the time of this writing we have to acknowledge that we have no operational scheme. However, we note that, despite the recent progresses in fiber technology, there has been a relatively small effort of research and technology in our community to elaborate dispersion compensating fiber links that include optical path compensation. At the time of this writing we are exploring White or Herriot cell schemes to secure broadband, fiber-linked optical path compensation.

V8: AN 8 BEAM HETERODYNE CORRELATOR AT VLTI

Conceptual layout

In the absence of an operational way to distribute the local oscillator to the telescopes, which would increase sensitivity by a factor of 4, we propose that the 8 beam heterodyne correlator could be entirely located inside the VLTI laboratory. Figure 4 shows a conceptual layout of such an instrument. The eight beams originating from the four Unit Telescopes and Auxiliary Telescopes would have to be brought back to the VLTI laboratory. A QCL-based mid-infrared local oscillator stabilized in frequency is distributed and interferes with the incoming celestial light onto the high-bandwidth unipolar detectors. As the laser is polarized, a specific care to the polarization state of the incoming signal would have to be taken. The resulting beating signals modulates the electro-optics modulators of the photonic correlator. We use an 8-beam photonics chip to ensure a pairwise correlation function using the same technique that we used for PIONIER and GRAVITY. 17, 18 On the VLTI side two main modifications would have to be undertaken:

• insertion of additional mirrors to redirect the light of all eight telescopes to the VLTI laboratory;

• adapt the VLTI software and organization to handle the simultaneous operation of eight telescopes.

Sensitivity analysis

Although the quantum noise still limits heterodyne sensitivity in the N band the gap between direct interferometry and heterodyne can be significantly reduced (and almost cancelled in the Q band). In order to quantify The table in figure 5 summarizes the limiting flux at 10.5 microns necessary to reach a coherent signal-tonoise ratio of 10 (5 on the squared visibility) after a 20min incoherent integration for an atmospheric coherence time of 120ms. MATISSE performance is extracted from each of its advertised instrumental configurations. For MATISSE, limiting fluxes obtained by averaging all spectral pixels is shown in parenthesis.

This analysis leads us to conclude that, despite the systematic better sensitivity of MATISSE with respect to ISI and V8, both heterodyne instruments fare globally well in terms of sensitivity by reaching limiting fluxes compatible with many sources in the southern hemisphere. This is particularly the case for Red Super Giants, Asymptotic Giant Branch stars and post AGB stars for which several tens are significantly brighter than the limits computed here. We note that coupling AT with UTs allows decent limiting fluxes per spectral channel to be obtained. Those are comparable with MATISSE's performance per spectral channel on the AT's.

Our conclusion is that a simple heterodyne instrument at VLTI would be perfectly capable of mapping tens of evolved sources and massive young embedded stars, even without a fringe tracker. Our scientific motivation to pursue this instrumental research avenue is therefore the trade between sensitivity and an incomparable mapping capability since V8 would sample 28 baselines instead of 6 with MATISSE.

V8-VLTI spatial frequency sampling

We were able to explore the (u,v) coverage that V8 would allow by adapting Antoine Mérand's public code (https://github.com/amerand/UTILS) and including a noise estimation presented in section 3.2. As can be seen in figure 6, the instantaneous coverage is considerably denser than with available four beam instruments. Furthermore, the heterodyne scheme would allow a full sky coverage, unlike what is currently offered with direct interferometry. Our sensitivity estimation shows that, even under the assumption of an incoherent integration, we should be able to reach a 5σ signal to noise ratio on squared visibilities in 20 minutes on a hundred of science targets. If one includes a conservative bracketing calibration of 20 minutes on both sides of the science measurement V8 should be able to provide a calibrated measurement every hour. An example of the instantaneous spatial frequency coverage that could be obtained on the Red Super Giant α Sco (Antares) with V8 is shown in the middle of figure 6. Bottom of figure shows a typical visibility curve of a 25 Jansky source if fringe tracking allows 40 min coherent integration.

CONCLUSION

In this work we propose to explore the idea of using all 8 VLTI telescope in a coherent mode using heterodyne interferometry in the mid-infrared. We argue that, with limited developments, currently available photonics technologies provide a relatively simple path to build a mid-infrared instrument, V8, which could be a possible precursor to PFI mid-infrared technologies. Such an instrument would bring an unprecedented imaging capability at VLTI on several tens of bright mid-infrared sources allowing for the spatio-kinematical monitoring of the still mysterious mass-loss processes in evolved stars.

Our overarching technological motivation is to explore the feasibility of an all-fibered-linked mid-infrared facility. To achieve even higher performances we also need to advance in the conceptual design of a fiber-fed nearinfrared direct combination companion fringe tracker. Therefore by pushing forward V8 we are helping advancing both direct and heterodyne interferometry. Our next step is to demonstrate in the laboratory a complete two-way mid-infrared instrument concept and show that sensitivity performances are indeed as predicted and to test its operational robustness.

INTRODUCTION

Astronomical long-baseline interferometry is a technique that enables astrophysical objects to be studied at the highest angular resolution by looking at the spatial coherence properties of the incident light, which can be related to the object intensity distribution through the Zernike-van Cittert theorem [1,2]. The interferometric combination of a large number of telescopes over kilometric baselines in the mid-infrared currently represents one of the most exciting challenges of astronomical instrumentation, and a future decisive step toward the imaging of the key processes of planet formation [3]. As an alternative to classical Michelson interferometry, which necessitates a complex infrastructure to transport and combine the light coming from multiple telescopes, heterodyne interferometry, in which the light is coherently detected at the level of each telescopes, has been proposed as a practical way to combine signals in the 10 µm -20 µm wavelength regime [4][5][6]. Despite a less demanding infrastructure, one of the limitations of heterodyne interferometry resides in its particularly narrow detection bandwidth, which severely restricts the sensitivity and the spectral coverage of this type of detection. The advent of wide-bandwidth mid-infrared detectors, in particular QWIP and QCD, with laboratory demonstration up to 20 GHz [7,8] and up to 70 GHz [9], and the current development of mid-infrared frequency combs, have recently enabled to envision both an increase of the instantaneous bandwidth of a detector by more than one order of magnitude, and, by dispersing the light of a frequency comb on multiple photodiodes, to record simultaneously multiple spectral channels in order to cover a larger bandwidth [5,6]. These new features push back the former limitations of heterodyne detection and bear the promise of renewed sensitivity limits, which open major scientific opportunities in astronomy [6,10]. This potential increase of bandwidth raises at the same time the question of the correlation of hundreds of channels, each one with dozens to a hundred GHz bandwidth. For that purpose, a first estimation applied to digital correlation, which is routinely used, for example, in millimeter-wave interferometry, converged to the need of a computing power more than two orders of magnitude larger than the current capabilities of the world's largest facilities [6]. In this context, the concept of an analog correlation based on the use of photonics components to process wide bandwidth RF signals was proposed specifically for infrared heterodyne interferometry [11]. The general idea behind the concept of photonic correlation is to encode the wide bandwidth RF signals originating from each telescope on a continuous wave (CW) laser at a telecommunication wavelength, through the use of e.g. a phase modulator, and then extracting the mean multiplication product i.e. the correlation product at one delay, from the photodetection of the optical signal. A first version of this concept based on phase modulation, along with a laboratory proof-of-principle using standard telecom components, has enabled the correlation of two simulated single channel telescope signals, using fibered Electro-Optical Modulators (EOMs) and a dedicated phase stabilization scheme, with a noise figure compatible with sensitive application [11]. In this paper, we propose to formalize and extend the concept of photonic correlation to both phase and amplitude modulation, and to provide an experimental proof-of-principle of the latter. Section 2 recalls the basics of infrared heterodyne detection and the classical expressions of the correlation of heterodyne signals. Section 3 describes two possible photonic correlation architectures, based on phase and amplitude modulation respectively. The experimental implementation of the amplitude modulation scheme is given in Section 4. Finally, Section 5 discusses the extension of this concept to an astronomical interferometer with a large number of telescopes and a broad wavelength coverage through multiple spectral channels, along with the different constraints encountered in practice to correlate astronomical signals. Overall, this study points towards an advantage of the amplitude modulation scheme over phase modulation.

INFRARED HETERODYNE INTERFEROMETRY A. Infrared Heterodyne Detection

The principle of heterodyne interferometry consists in detecting the electro-magnetic field of the astronomical signal, by mixing the incident astronomical light with a local oscillator (LO) on a detector squaring the field. In the infrared regime, the LOs are stable lasers, the detectors are fast infrared photodiodes, and the overlap between the astronomical signal and the LO produces an interference term, whose voltage is written, once the DC component is filtered :

   s 1 (t) = η IR,1 E LO,1 E s (θ, ω s )e iΦ 1 (t) + c.c. s 2 (t) = η IR,2 E LO,2 E s (θ, ω s )e iΦ 2 (t)+iφ tot (θ,ω s ) + c.c. (1) 
with c.c. the abbreviation of complex conjugate, η IR,k the total throughput at telescope k, including detector quantum efficiency, E LO,k the LO field, E s (θ, ω s ) the astronomical field originating from an angular direction θ and at angular frequency ω s . φ tot (θ, ω s ), whose expression is detailed in Appendix A Eq (18), is the phase difference associated with the optical path difference between telescopes 1 and 2 as well as additional radio-frequency delays.

Of particular importance are the phase terms φ tot (θ, ω s ) and Φ k (t), that enclose the coherence properties of the interferometric signal. Φ k (t) is written as :

Φ k (t) = (ω s -ω LO,k )t -φ LO,k (t) (2) 
with φ LO,k (t) the phase of the local oscillator at telescope k. Eq (1) and Eq (2) express the fundamental properties of heterodyne detection : the observed signal is a downconverted version of the incident field, observed at the frequency difference between the signal and the LO frequency, and this signal preserved the phase of the incident astronomical field. The frequency at which the incident signal is downconverted is usually called the intermediate frequency (IF) [12], written ω if , which verifies the relation :

ω s = ω LO ± ω if ( 
3) The ± refers to the two possible incident optical frequencies which can be folded on the same intermediate frequency ω if in the RF domain. The higher frequency refers to the so called upper-sideband, and lower to the lower-sideband. For more details on heterodyne detection, we refer to the aforementioned references [12][13][14].

B. Correlation

The signal detected at the output of each telescope is proportional to the electric field of the incident astronomical light. The visibility of the astronomical field can thus be extracted by computing the correlation product of the IF signals detected at the level of each telescopes. This operation basically consists in the multiplication product of the two incident signals, integrated in time. According to Eq (1) , this operation is :

s 1 (t)s 2 (t) ∝ |E s (θ, ω s )| 2 e i[Φ 2 (t)-Φ 1 (t)] e +iφ tot (θ,ω s ) + c.c. (4)
where the terms corresponding to the sum of the frequency averaged out [13]. Without further operation, this correlation product will result in the integration of all the intermediate frequencies ω if over the detection bandwidth ∆ν. In the infrared ∆ν is equivalent to a very high spectral resolution. By contrast, in radio-interferometry it is usually of interest to further decompose the detection bandwidth into smaller sections to perform spectroscopy. [15,16]. Integrated over the detection bandwidth, the correlation product is (see Appendix A for a detailed derivation from Eq (4) ) : the complex response of the detection chain, that has an amplitude H 0 , and a phase φ G resulting from the phase difference of the amplifiers and filters in the detection and correlation chain [12]. We have also introduced the delay difference ∆τ(t) between the two interferometric arms, which takes into account both the elevation of the astrophysical objects and the potential delay introduced downstream in the processing chain, and f 12 the frequency at which the fringes are encoded, which takes into account the relative phase difference of the local oscillators and the continuous variation of the phase of the fringes due to earth rotation, sometimes called the "natural fringe frequency" (see Appendix A). The expression of Eq ( 5) is also detailed in Appendix A, and is similar to radio-astronomy [12,13].

s 1 (t)s 2 (t + ∆τ(t)) = |F c (B/λ, ω s )|e iφ V (B/λ,ω s ) e 2iπ f
The expression Eq (5) represents the response of a correlator for a single sideband (upper or lower) separately, which provides the basis to describe the correlator response. In practice, these sidebands are not necessarily measured separately, which will require to introduce a distinction between single-sideband and double-sideband operation.

B.1. Double-sideband correlation

In the case where the two signals are multiplied and integrated without additional operations, the upper-and the lowersideband are added. In this case, the response of the correlator is :

s 1 (t)s 2 (t) DSB = |F c (B/λ, ω s )|e iφ V (B/λ,ω s ) e 2iπ f 12 t |G(∆τ(t))| × e +iφ G e +iω c ∆τ(t) + e -iφ G e -iω c ∆τ(t) + c.c. = |F c (B/λ, ω s )| • |G(∆τ(t))| cos ω c ∆τ(t) + φ G cos 2π f 12 t + φ V (B/λ, ω s ) (6)
In the following, the photonics scheme considered here will mainly rely on double-sideband operation.

B.2. Single-sideband correlation

In the case where it is possible to isolate a single-sideband, the correlator output is given by Eq (5) , which is written :

s 1 (t)s 2 (t) SSB = |F c (B/λ, ω s )| • |G(∆τ(t))|× cos 2π f 12 t + ω c ∆τ(t) + φ V (B/λ, ω s ) + φ G (7) 

PHOTONIC CORRELATION : PHASE AND AMPLI-TUDE MODULATION

In a general manner, photonic correlation can be performed both in phase and in amplitude modulation. The respective principles of these approaches are presented in this section. Amplitude modulation is favored, given its convenient use to encode the fringe frequency and the less demanding requirements on phase stabilization. We first consider a Mach-Zehnder interferometer in which each arm is modulated by an EOM. In practice, the modulators can be placed directly at each telescope, at the RF output of the heterodyne detection unit, the modulated optical signal being then propagated through fibers over the array to the recombination unit. Assuming an incident carrier laser E 0 at frequency ω 0 , and a transmission t k for the channel associated to each telescope (two telescope combination here), the field at the output of the interferometer is :

E(t) = E 0 e iω 0 t t 1 e iβ 1 s 1 (t) + t 2 e iβ 2 s 2 (t) e iφ 0 (8) 
with β k = π V π,k , and V π,k the half-voltage of the modulator, which is defined as the input tension necessary to introduce a relative phase-shift of π between the arm of the modulator. Using a balanced detection, which enables to reject common mode noise and DC component, the intensity detected is :

I(t) = 4I 0 V i cos(β 1 s 1 (t) -β 2 s 2 (t) -φ 0 ) (9) 
with V i = 2t 1 t 2 /(t 2 1 + t 2 2 ). Assuming that the relative phase between each arm is set at φ 0 = 0 or φ 0 = π, and that the incident RF signal is sufficiently small compared to V π , Eq (9) becomes

I(t) = 4I 0 V i 1 2 β 2 1 s 2 1 (t) + β 2 2 s 2 2 (t) ± β 1 β 2 s 1 (t)s 2 (t) (10) 
where the + sign corresponds to φ 0 = 0, andsign to φ 0 = π. These quadratic functioning points permit the product term s 1 (t)s 2 (t) to appear, which corresponds to the correlation product of the two incident signals, and is precisely the term we seek to compute. Two broad noise signals s 2 k (t) are also present in the spectrum, but can be considered as negligible as their power is distributed over the entire detection bandpass. As detailed in Sec B.1 , the product term can be encoded as a fringe peak, whose frequency f k can be adjusted by the difference of the midinfrared LOs. The width ∆ f of this fringe peak is given by the total integration time ∆ f ≈ 1/t, set ideally by the maximum time during which the relative phase between the two telescopes channel is stable, i.e. the coherence time.

A.2. Phase stabilization

The main constraint of phase modulation resides in the fact that the Mach-Zehnder has to be placed in a quadratic regime. As mentioned earlier, this imposes a given 0 or π phase difference, which has to be stabilized at a fraction of 1.55µm over time. Such a phase stabilization loop was demonstrated in [11]. In the following, we will see a second possible correlation scheme, based on amplitude modulation, and how it relaxes, in part, the requirements on this phase stabilization.

B. Amplitude modulation

B.1. Amplitude modulation without frequency shift

We now consider a Mach-Zehnder in which the EOMs of Sec A are replaced by amplitude modulators. These amplitude modulators consist themselves in integrated Mach-Zehnder Modulators (MZM), which are driven by the telescope RF signals.

Here, we assume that each amplitude modulator is at the minimum of transmission. Using the same notation as Sect A, and the same small signal approximation, the field at the output of each MZM prior to combination is

E k (t) = t k E 0 e iω 0 t e iφ k 1 -e iβ k s k (t) ≈ -it k E 0 β k s k (t)e iω 0 t+iφ k (t)
(11) Using a single photodiode, the intensity detected is

I(t) = I 0 t 2 1 β 2 1 s 2 1 (t) + t 2 2 β 2 2 s 2 2 (t) + 2t 1 t 2 β 1 β 2 s 1 (t)s 2 (t) cos ∆φ 12 (t) (12) 
with ∆φ 12 (t) = φ 2 (t)φ 1 (t) the relative phase difference between the arms of the Mach-Zehnder interferometer. This signal is almost identical to Eq (10). It also necessitates a given functioning point and requires the same kind of stabilization loop as in phase modulation. In this case, the phase and this amplitude set-up are comparable. Contrary to phase modulation, the square components s 2 k (t) can be removed here by the use of a balanced detection.

The regime in which this small signal approximation is valid is detailed in Appendix B. In addition, we assume that the phase perturbation φ k (t) is much smaller than π and much smaller than the rms phase value originating from the signal β k s k,rms (t), in order not to affect the value of the correlation product, which sets the tolerance on the stabilization of the null of the MZMs.

B.2. Amplitude modulation with frequency shift

Let us now assume that a frequency shift is applied between each arm of the Mach-Zehnder, upstream or downstream of the amplitude modulator. In practice, this frequency shift is applied with an Acousto Optical Modulator (AOM) in one arm, or two AOMs with slightly different driver frequencies, the latter solution being generally preferred. We note ∆ω k the angular frequency shift introduced by the AOM in each arm. The electric field at the output of the AOM in each arm is

E k (t) = -it k E 0 β k s k (t)e i(ω 0 +∆ω k )t+iφ k (t)
Using a single photodiode, the detected signal becomes

I(t) = I 0 t 2 1 β 2 1 s 2 1 (t) + t 2 2 β 2 2 s 2 2 (t) + 2t 1 t 2 β 1 β 2 s 1 (t)s 2 (t) cos ((∆ω 2 -∆ω 1 )t + ∆φ 12 (t)) (13) 
Using a balanced detector, this signal is

I(t) = 4I 0 V i β 1 β 2 s 1 (t)s 2 (t) cos (∆ω 2 -∆ω 1 )t + ∆φ 12 (t) (14)
Here, the fringes are encoded directly at a frequency difference that can be tuned inside the photonic correlator through the frequency difference between the AOMs. At this point, we note three fundamental advantages of this type of recombination over phase modulation. First, the correlation product does not depend of a particular functioning point, but only needs to be relatively phase-stabilized over a coherent integration time. Second, it enables another degree of freedom on the frequency encoding of the fringes, which does not need to be controlled exclusively at the level of the infrared LOs. Third, it definitely eliminates the broadband terms s 2 k (t).

These different reasons, along with its ease of use in a practical set-up, tends to favor the use of amplitude modulation over phase modulation.

B.3. Double-sideband correlation

In the following, we only consider a set-up with amplitude modulation and frequency shift. For the set-up described in Sec B.1, the upper-and lower sidebands add together, and the correlation product is given by the response of a double sideband correlator Eq (6) . For f 12 = 0, where the LOs have the same frequency, and the natural fringe frequency is also 0, the correlation product is encoded on a single peak at angular frequency (∆ω 2 -∆ω 1 ) ; for f 12 = 0, the instantaneous phase of the signal at the ouput of the correlator is :

φ ± (t) = (∆ω 2 -∆ω 1 )t ± 2π f 12 t ± φ V (B/λ, ω s ) + ∆φ 12 (t) (15 
) According to this expression of the instantaneous, the correlation product is encoded on two peaks centered on both sides of (∆ω 2 -∆ω 1 ), whose frequencies are ((∆ω 2 -∆ω 1 ) ± 2π f 12 ), and where the phase under each peak is (±φ V (B/λ, ω s ) + ∆φ 12 (t)). From Eq (15) , the coherent flux and the interferometric phase can be extracted from the amplitude and the phase (respectively) of these two peaks :

   Ĩ = 2I 0 V i β 1 β 2 |F c (B/λ, ω s )| • |G(∆τ(t))| cos ω c ∆τ(t) + φ G φV = 1 2 (φ + -φ -) (16 
) For more than 2 telescopes, additional common observables, and in particular closure-phase, can be constructed from Eq (16) , as in optical and radio-interferometry.

B.4. Phase stabilization

As above-mentioned, in both phase and amplitude modulations, the overall photonics (fibered) link still has to be phase-stabilized, however the exact requirements on this phase stabilization are different in each case. In the case of phase modulation (Sec A.1,Eq (9) ) and of amplitude modulation without frequency shift (Sec B.1,Eq (12) ), the phase functioning point must be stabilized and locked at a specific value (0 or π). In the case of amplitude modulation with frequency modulation, the phase between each arm has to be stabilized in time but does not have to be fixed to a specific value, which is a significant advantage of this method.

EXPERIMENTAL DEMONSTRATION OF AMPLITUDE CORRELATION

In this section, we present a proof of principle of the doublesideband amplitude correlator described in B.3. The methodology and the results obtained with amplitude correlation share strong similarities with the previous demonstration of phase modulation [11].

A. Experimental set-up

The schematic of our experimental proof-of-princples is shown in Fig. 3, and is implemented with standard fibered components at telecom wavelength 1.55µm. The references and the characteristics of these components are given in Appendix C.

A sub-kHz laser is divided in two arms using a fibered 1:2 coupler (50:50). Each arm is modulated in amplitude with fibered MZMs with 10 GHz bandwidth, and then shifted in frequency through AOMs. The frequency difference of the AOMs drives the frequency at which the fringes are encoded, as described in Eq (15) . The AOMs are fed with 81 MHz and 82.7 MHz respectively, which were chosen to avoid potential parasitic RF signals at 80 MHz and small residual amplitude modulation signals of the AOMs at 80 MHz. Finally, the signal is recombined through a fibered 2:2 coupler (50:50) on a balanced photodiode. The signal at the output of the balanced photodiode is recorded on a rapid oscilloscope, downloaded on a computer and then Fourier transformed. Two correlated heterodyne signals, previously registered in a heterodyne detection bench described in [11], are generated a posteriori through Arbitrary Waveform Generators (AWGs) and applied to the MZMs. A set of 2 16 samples were generated at a rate of 100 MSa/s, and encode the fringes at a frequency difference of f 12 = 350 kHz after generation, thus creating two fringe peaks at 1.7 ± 0.35MHz at the output of the amplitude correlators, according to Eq (15). The frequency difference f 12 contained in our heterodyne signals arises from the initial set-up described [11], based itself on the method used in the Infrared Spatial Interferometer (ISI, [17]) to encode the fringes. In the initial set-up in [11], before the detection of the heterodyne signals, the fringe are encoded through a fixed frequency difference introduced between the infrared local oscillators ( 7MHz, sampled at 2 GSa/s), which translates into a frequency 0.1 2 × 7 MHz = 350 kHz after generation, taking into account the playback rate of AWGs.

B. Fringe signal and coherence envelope

The typical fringe peaks registered at the output of the amplitude correlator are shown in Fig. 4. As described in Eq ( 16) , the amplitude of each peak is proportional to the coherent flux, and will constitute the main observable in the following. We will not focus on the phase of the fringes, which can be exploited here, but do not contain particular information in this demonstration. The coherent flux is estimated by integrating the coherent peaks in frequency and computing the average of the amplitude obtained on the two peaks. This operation is repeated for several relative delays between each correlator arm. Experimentally, the numerical ns-delay is introduced at the level of the AWGs between the two RF signals. The change in the coherent flux peaks with respect to the relative delay shows the coherence envelope G(∆τ) of the incident signals, as shown in Fig. 5. The coherence envelope retrieved in Fig. 5 from this measurement exhibits a Gaussian shape, consistent with the noise statistics of the incident signal, and a typical full-width at half maximum (FWHM) of 12ns, consistent with the AWG playback rate and the minimum rise-time of the AWGs. The comparison between the numerical correlation of the signals and the actual correlation obtained through photonic processing in Fig. 4 shows a ratio of Signal-to-Noise Ratio (SNR) larger than 90%. This value is comparable or better than in phase modulation.

C. Phase stabilization

Given the relatively short acquisition time considered here, not greater than a few tens of milliseconds, the relative phase variations between the arms of the photonics correlator do not limit the coherent integration time. The typical phase variations of the optical bench are of the order of few milli-seconds to a second typically. In this case, the correlator is operating in a truly passive way, in contrast to correlators based on phase modulation for the same typical integration time, which had to be locked at a precise functioning point. Depending on whether the maximum coherent time is set by the atmosphere, or by the environmental phase perturbations inside the photonic processing, a phase stabilization loop would be needed to counter the environmental phase perturbations to reach the ultimate sensitivity of the correlator, for which part of the phase stabilization strategy developed in [11] could be used.

DISCUSSION

The general framework of this study is an heterodyne interferometer such as PFI [3], combining a large number of telescopes and covering a large bandwidth with a dispersed frequency comb at each telescope. In this section, we discuss the extension of the photonic correlation scheme in this perspective, taking into account the compensation in the photonic correlator of the optical delay between telescopes (Sec A), and the extension of the correlation scheme to a large number of telescopes (Sec B) and a large number of spectral channels (Sec C).

A. Optical delay difference compensation

For astronomical applications, one has to take into account that the source crosses the sky due to sidereal motion, which causes a propagation delay difference between the telescope. Moreover, the finite width of the coherence envelope |G(∆τ(t))| of the signal constrains the optical delay between each arm to within a coherence length c∆τ(t) c/∆ν. This delay can be compensated in the RF domain, by introducing RF cables with different lengths as was done in the ISI [17], or any time downstream in the photonic processing chain with a fibered optical delay. This latter solution is the preferred option envisioned to handle large delays. This stage of the fibered delay line could consist in a set of different fiber lengths, switched at a relatively low rate (of the order of few seconds). This first stage could benefit from standard fibered components developed in the frame of telecom industry or phased array applications. In this approach, the minimum length difference between each fiber would then be covered by a second stage, covering this smaller range with a higher precision (coherence length) and continuous variations, given that the relative position of the zero delay varies in time, depending on the elevation of the object and on the telescope baseline. This second stage is also currently under study. Finally, a last consequence of earth rotation is the non-zero phase velocity of the fringes, as mentioned in Section 2, and detailed in Appendix A. As a phase variation, it can be compensated by a frequency shift, either at the level of the LOs or downstream in the photonic correlator itself. In particular, in the case of the amplitude correlation with frequency shift (Section B.3), this effect can be simply compensated by computing the correction frequency in advance and applying it to the AOMs.

B. Extension to a large number of telescopes

The beam combination scheme described so far enables the correlation of the signal coming from two photodiodes i.e. only two telescopes, with one spectral channel integrated over the whole detection bandpass. In our experiments it is carried with a fiber coupler. In the context of a future facility such as PFI, we have to extend this concept to a large number of telescopes (N t ≈ 30). The use of photonics technologies borrowed from the telecommunication industry allows integrated-optics-based beam combination solutions to be used for the final beam interference function of the correlator. For example, four beam combiners have been developed for astronomical direct interferometry [18] and 8 beam combiners have been designed [19]. The fact that, here, the correlation works with a narrow spectral line laser simplifies the chromaticity and throughput constraints previously encountered in astronomical broadband applications. There are several architectures that can ensure the beam-interfering function inside the correlator depending on the type of correlation flux encoding (e.g. spatial, temporal or static-phase shifting) and the beam routing, (e.g. pair-wise, all-in one, hybrid) as described in [20]. Theoretically all architectures should be applicable provided the instrumental encoding can handle the 66 baselines requested in PFI minimum configuration [3] or the 435 baselines requested in a more ambitious 30 telescope array. In a general manner, all architectures (spatial, temporal, static-phase shifting) and all modulation schemes (phase and amplitude modulation) discussed here require a stabilization of the relative phase of the channels. This requires either a separate dedicated metrology sub-system or to use a beam combination architecture compatible with high cadence single-pixel telecommunication detectors, such as demonstrated in [11]. The latter option is preferred because it allows for the integration of the metrology system in the same channel that the signal channel. The need for an architecture compatible with high cadence detection leads us to prefer temporally-encoded pair-wise or all-in one schemes, compatible with this high cadence operations, compared to spatial or static phase-shifting encoding.

B.1. Pair-wise combination

The first immediate application of photonic correlation to a larger number of telescopes consists in the pairwise correlation of each telescope signal individually. This could be done via phase or amplitude modulation, by combining each pair of telescope signals as described in Eq (10) or Eq (14) respectively. At the output of the combiner, N t (N t -1)/2 × n c outputs are simultaneously detected, with n c the number of outputs registered simultaneously at one baseline. In particular, n c = 2 for operation using balanced detection (Eq (10) and Eq ( 14) respectively), corresponding to two outputs with opposite phases. In practice, as aforementioned, such a pairwise correlation of photonic signals is already done in classical interferometry for more than two decades, and the integrated optics combiners developed for this purpose [18,19] could be directly used in photonic correlation. In particular, the AC combination scheme, which offers two opposite phases output per baseline, would be favored as they are perfectly adapted to operate with a balanced detector. Notably, contrary to classical interferometry, where the splitting of the telescope signals induces a decrease of the optical carrier flux coming from each telescope, splitting the signal in heterodyne interferometry does not induced a fundamental loss of sensitivity, as long as the noise figure of the photonic processing does not dominate the budget of the detection chain. This problem, together with the figures of merit to evaluate the quality of the photonic processing chain, enters precisely in the frame of microwave-photonics developments [21]. However, a pairwise combination scheme for more than 12 telescopes might prove a technological challenge since the integrated optics would need to interfere at least 66 telescope combinations. Massive progress in the field of highly confined photonics (e.g. silicon based, see [22]) might provide a way out but this remains to be explored and led us to examine the all-in-one scheme.

B.2. All-in-one with frequency encoding

The alternative to this pair-wise concept consists in summing together all the telescope signals at once, and then separating each baseline with a non-redundant frequency encoding. This is the so-called all-in-one combiner. In this scheme, each telescope still has a carrier light with a designated MZM and AOM, with angular frequency shift ∆ω k . These different channels are summed together and detected on a photodiode. The expression of the intensity detected by the photodiode can be written :

∑ k β k s k (t)e i∆ω k t 2 = ∑ k (β k s k (t)) 2 + 2Re ∑ k =l β k β l s k (t)s l (t)e i[(∆ω k -∆ω l )t+φ k (t)-φ l (t)] (17) 
where the frequency differences (∆ω k -∆ω l ) are chosen so that they are non-redundant for every k = l. Each baseline associated to the telescope pair (k,l) is thus encoded at a given frequency difference ∆ω k -∆ω l , which does not overlap with any other pair of telescopes. The fundamental advantages here would rely on the fact that the information is encoded in the frequency domain, which can bear a massive multiplexing capability with simple hardware requirements and less complex combination routing, since it could rely on a cascade of directional couplers. For an array of 30 telescopes, there are 435 unique combinations. The ratio between the smallest and largest spacing in the frequency domain for a non-redundant encoding scheme is approximately 1000 [23]. For a frequency minimum spacing of 10 kHz, which is constrained by the atmospheric coherence time, the non-redundant frequency series extends to 10 MHz, where this is certainly compatible with telecom photodiodes and electronics. Such a combination would represent a major simplification of the design of the combiner compared to pairwise correlation, as it would only require summing N t channels, rather than physically performing N t (N t -1)/2 combinations, where N t is the number of telescopes.

B.3. Direct-imager

The two previous correlation techniques are derived from current radio and optical infrastructure architectures, which are built to measure the spatio-spectral coherence of the incoming electro-magnetic field at as many spatial frequencies as possible. This, in turn, makes it possible to reconstruct an image. A significantly different option could consist in forming directly the image of the astronomical object. This could be done by arranging the outputs of the fibers coming from each telescope in a scaled-down version of the entrance pupil of the telescope array and imaging the direct combination. In this way, the image is convolved by the response of the array and forms in the focal plane of the lens, where it can be recorded on a camera. This principle was already proposed in the context of millimeter wave imaging by Blanchard et al. [24] and shares intrinsic similarities with optical beamforming technologies. In principle, it also shares analogous ideas with the Fizeau and densified pupil (hypertelescope) modes in classical interferometry [25]. Direct-imager mode requires stringent operating conditions on the fiber link in order to observe a proper image of the object. First and foremost, every baseline has to be coherenced and cophased simultaneously, otherwise the final image will be blurred. This condition imposes a simultaneous phase stabilization of the entire fibered link, based either on a potential external phase stabilization mechanism, or on Redundant Phase Calibration (RSC) as proposed in [24]. The extrapolation of this second solution remains problematic in the case of an astronomical array with low redundancy. Phase stabilization still remains an open question to be solved in the case of the direct imager. Notably, the principle proposed by Blanchard et al. was regained and extensively developed in the context of millimeter wave imaging, to combine simultaneously 224 apertures with a 75 GHz bandwidth and a Noise Equivalent Temperature Difference (NETD) compatible with sensitive imaging in this wavelength regime [26]. An additional nuance of this method lies in the fact that one of the sidebands of the modulated optical carrier has to be suppressed in order to avoid the superposition of two centro-symmetric replicas of the image [24]. Sideband suppression can be performed by the use of dual parallel Mach-Zehnder modulators or by very narrowband optical filters [START_REF] Shoeiby | Real time all optical correlator for serialized time encoded signals[END_REF].

Overall, it is more likely that the direct combination is fully advantageous for a significantly large number of telescopes (N t > 30), for which pairwise correlation would appear cumbersome. For N t ≤ 30, pair-wise and all-in-one schemes appear as the preferred options, as they enable the independent control and registration of each baseline, and to post-process the whole visibility information in the UV-plane. Given its much less demanding requirements on the beam combination unit, all-in-one appears as a particularly interesting perspective for both a small and a large number of telescopes.

C. Extension to a large number of spectral channels

The general framework of this study is an heterodyne interferometer with a large number of telescopes and covering a large bandwidth. In this interferometer architecture, the extension in bandwidth is achieved by a frequency comb, which by definition emits discrete laser lines, equally spaced in frequency, and with a stable relative phase between them. Before the detection, these lines, which we refer to as "teeth" in the following, are dispersed by a spectrograph on multiple photodiodes, where each of them act as a mid-infrared local oscillator, to record simultaneously a large number of spectral channels. As a consequence, in addition to a large number of telescopes, the photonic architecture considered in this paper aimed at correlating simultaneously a large number of detectors associated to these spectral channels. In this section, we propose two main strategies to handle this multiplexing in the photonic correlator.

C.1. Wavelength multiplexing

The first approach consists in multiplexing the information associated to the mid-infrared spectral channel in the wavelength domain of the photonics correlator. The schematic principle of this architecture is represented in Fig 6. At the level of each telescopes, the modulators associated to one mid-infrared detector (i.e. one tooth of the frequency comb, Fig 6) could be associated to one telecommunication wavelength (i.e. Dense Wavelength Dispersed Multiplexing DWDM). Then, all the telecommunication wavelengths could be transported in the same transport fiber, and injected in the same pair-wise combiner described in Sec B.1 (or the all-in-one combiner of Sec B.2). At the output of the combiner, the spectral information is then recovered by dispersing the light, producing N t (N t -1)/2 × N s outputs (or N s for an all-in-one combiner) , with N s the number of spectral channels processed simultaneously. To this end, this wavelength multiplexing scheme benefits from the DWDM technology of the telecom industry. The principal constraint here would be to limit the chromatic dispersion during the propagation through the fiber, which could be facilitated by the relatively modest distance considered here (up to 1km or a few kms typically) compared to typical distances in telecom (several 100kms). Phase stabilization can be achieved using the frequency modulation system demonstrated in [11], where each spectral channel can be stabilized separately using the AOMs.

C.2. Frequency multiplexing

A second potential path could encode the spectral information non-redundantly in the frequency domain. In particular, this strategy could exploit techniques used by dual-comb spectroscopy [START_REF] Willner | Optical Signal Processing Aided by Optical Frequency Combs[END_REF][START_REF] Bourdarot | Toward a large bandwidth photonic correlator for infrared heterodyne interferometry[END_REF]. The schematic principle is shown in Fig 7. Let us first consider a pair-wise combination (Sec B.1), and a telescope array on which a mid-infrared frequency comb is placed at level of each telescope station. As in dual comb spectroscopy, the frequency spacing f s of the teeth for each comb can be chosen to N t distinct values : given that the output RF signals are encoded at the frequency difference between each LO frequency, plus a possible adjustment at the level of the AOM, the correlation signal produced at the output of the combiner will consist in the difference of two combs with slightly distinct frequency spacing f s,1 and f s,2 . This frequency difference results in a RF comb with frequency spacing f s,2 -f s,1 . In that respect, the output of the combiner will be made of N t (N t -1)/2 physical outputs, from which N s spectral channels could be extracted from such a RF comb in the frequency domain. Here, we have implicitly considered that the carrier envelope offset frequency ( f ceo ) of each mid-infrared comb are set to the same fixed common value.

The main advantage of the frequency multiplexing approach would be to put aside the need of physical demultiplexing with DWDM at the output of the beam combiner, the signal being multiplexed in the RF frequency domain. This approach would take full benefit of the massive multiplexing capability that can be performed in the RF domain, and would relax the requirements on the hardware. On a prospective basis, it could be envisioned that a specific non-redundant computation of both the repetition rate and of the carrier envelope offset frequency ( f ceo ) of the frequency combs of each telescope could enable to multiplex both the different spectral channels and the different baselines, possibly avoiding part or all of the need of a pair-wise combiner, at the benefit of an all-in-one combiner. At the output of the combiner, the demultiplexing is achieved in the frequency domain, by looking at the frequency difference of the initial mid-infrared combs, in an analogous way to dual-comb techniques.

CONCLUSION

In this paper, we have shown that photonic correlation of two heterodyne signals can be performed both by using the intermediate frequency signal to modulate in phase or in amplitude a narrow line laser source. The amplitude modulation scheme has been implemented experimentally, with a performance comparable to that of phase modulation. Amplitude modulation is preferred over phase modulation given its simple implementation and less demanding requirement on phase stabilization, and its capability to add an additional degree of freedom on frequency encoding of the fringes. This concept could be potentially extended to a large number of telescopes (N t ≤ 30) with the use of integrated optics combiners. Direct imaging combination proposed in the context of millimetric imaging could also be applied, presumably with an advantage for a larger number of telescopes (N t ≥ 30). Photonic correlation could be scaled to a larger number of spectral channels through the use of DWDM technologies, and more prospectively through the use of concepts derived from dual comb spectroscopy. The noise analysis of these different types of photonics correlator is the subject of a forthcoming work. In its simple form (N t ≤ 8, and one or a few spectral channels), the photonics correlator could be coupled to a set of modular heterodyne detection units adaptable to existing astronomical infrastructures. A remaining item is the development of fibered delay lines at telecommunication wavelengths. Altogether, these elements could enable exploitation of the full imaging capabilities of current infrared interferometric facilities, such as VLTI [10], and serve as a basis of a demonstration of technology for a kilometric baseline imaging interferometer in the mid-infrared. 1732-1738 (2005). 28. N. Picqué and T. W. Hänsch, "Frequency comb spectroscopy," Nat.
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APPENDIX A : CORRELATION OF ASTRONOMICAL HET-ERODYNE SIGNALS

In this section, we detail further the expression of the correlation signal and of the fringe frequency at the output of an heterodyne interferometer, as provided in Eq. ( 5). For a complete description in the context of radio-astronomy, we refer the reader to [12]. First, the phase term of the fringes can be broken down into its different contributions, by introducing S 0 the center of the interferometric field of view, σ the angular position relative to the center of this field of view, and τ off the delay introduced in the RF domain to compensate for the delay between each telescopes :

φ tot (θ, ω s ) = ω s B c S 0 (t) + σ -(±ω if τ off ) = ω s B c S 0 (t) τ B (t) + ω s B c σ φ(θ,ω s ) -(±ω if τ) ( 18 
)
, with τ B (t) the delay between each telescope, φ(θ, ω s ) the astrophysical phase of the object and τ the additional delay introduced in the RF chain downstream the correlator.

The correlator performs the multiplication product of the heterodyne signals described in Eq (1), which results in Eq (4) for one incident frequency ω s of the intermediate frequency bandpass and one angular direction θ in the interferometric field of view. Without further operations, all the angular directions as well as all the wavelengths are integrated in the output, which results in : The last equation corresponds exactly to Eq (5), with the fringes frequency described by :

s 1 (t)s 2 (t) ∝ ω if θ |E s (θ, ω s )| 2 e i[Φ 2 (t)-Φ 1 (t)] e i[
∆Φ(t) + ω L0,1 τ B (t) = 2π f k t ( 19 
)
The frequency of the fringes is thus described by two terms : first, the phase difference between the two mid-infrared LOs ∆Φ 21 (t), and second, ω L0,1 τ B (t), which corresponds to the so-called natural fringe frequency. Eq (19) makes clear how a small frequency difference between the mid-infrared LOs can compensate for the natural fringe frequency. More generally, Eq (19) summarizes how the fringe frequency at the output of the correlator are encoded, taking into account the relative phase stabilization of the LOs and the contribution of the natural fringe frequency.

APPENDIX B : VALIDITY OF THE SMALL SIGNAL AP-PROXIMATION

The small signal approximation assumed in the case of amplitude modulation is valid within the range of values for which the non-linearities of the modulator can be neglected. In our case, the terms of order 2 are either suppressed by the balanced detection s 2 k (t) , or are the terms we seek to compute to obtain the correlation product s1(t)s2(t) . The first non-linearity that affects our measurements is thus the non-linearity of order 3. In a Mach-Zehnder, this quantity is usually characterized by the Intercept Point of order 3 (IP3), which corresponds to the input RF power on the modulator at which the power of the 3rd order intermodulation (IMD) is equal to the fundamental signal [START_REF] Ambs | Optical Computing: A 60-Year Adventure[END_REF]. In the same way, the Intercept Point of order 2, can be defined as the input RF power where 2nd order IMD is equal to the fundamental signal. In Mach-Zehnder modulators, the expression of IP 3 and IP 3 are [21] :

IP 3 = 4 R L V 2 π π 2 ; IP 2 = 2 R L V 2 π π 2 (20) 
The small signal approximation is fulfilled when the power of the 3rd order IMD signal is negligible (typically 10dB smaller) compared to the 2nd order IMD. We define IP 23 the input electrical power at which the 3rd order IMD is equal to the 2nd order IMD. In Fig 8,it 

The 2nd order and the 3rd order IMD are respectively a power of 2 and 3 of the input electrical power (slope 2 and slope 3 in Fig 8. If we take as a criteria that the 3rd order IMD is 10dB smaller than 2nd order IMD, and taking into account the dependence of each IMD with the input power (slope 2 and slope 3), the maximum input electric power on the modulator is equal to :

IP 23 = IP3 -2/3 × 10 dB = IP3 -3 dB (log scale) (22) 
In our modulators (IXBlue MXAN-LN-10), the specifications for IP3 is 30dBm, which leads to a maximum incident power of 27dBm, or 25 dBm (4Vrms) if we take some margins, which sets the maximum input value that can be used in our set-up.

APPENDIX C : COMPONENTS USED IN THE EXPERI-MENTAL SET-UP

In this appendix, we provide basic details about the components and their operation. All the components in the following are commercial off-the-shelf components.

The laser source is a Koheras E15, operating at 1.55 µm with sub-kHz linewidth and an optical power up to 40mW. The laser is fibered, and every component after the laser in the chain are polarization maintaining fibered components. The couplers are standard 1:2 and 2:2 couplers. Concerning the modulators, we used Mach-Zehnder Modulators (MZMs) from the company IXBlue (MXAN-LN-10), with 10 GHz input analog bandwidth, typical half-wave voltage V π = 10 GHz, IP3=30 dBm, and input load R L = 50 Ω. We used Acousto-Optic Modulators (AOMs) from the company AA-OPTO (MT80), and are also fibered and polarization maintaining. These modulators operate at a frequency shift of +80 MHz, with a tuning range of ±5 MHz around this value. We used a balanced detector Thorlabs PDB470C, with a detection bandwidth DC -400 MHz, a typical responsivity 0.9 A/W at 1.55 µm and a common mode rejection ratio 25 dB. The rapid oscilloscope is a Lecroy HRO 64Zi, with 400 MHz analog input bandwidth, 2GSa/s maximum sampling rate, and 12 bit ADC resolution. The Arbitrary Waveform Generators (AWGs) are Keysight 33612A, with 80 MHz analog bandwidth, a maximum sampling rate of 1 GSa/s, and typical rise time of the of 2.9 ns. In order to playback the heterodyne signals s 1 (t) and s 2 (t) previously registered (the generation of these signals is described in [11]), we loaded a set of 2 16 points of these traces s 1 (t) and s 2 (t) into the memory of the AWGs. In the AWGs, a Direct Digital Synthesis (DDS) generates the two output analog voltage from these numerical waveforms. We used either a unique AWG with two output channels to generate s 1 (t) and s 2 (t), or two channels on two different AWGs. In the latter case, the AWGs were synchronized to each other through a standard 10 MHz synchronization channel included in the AWGs.

Introduction

The development of an infrared interferometric array recombining a large number of telescopes over kilometric baselines represents a major step in observational astrophysics, in particular for the study and the image reconstruction of protoplanetary environments with milli-arcsecond (mas) and sub-mas resolution in the infrared, such as proposed in the Planet Formation Imager (PFI) initiative (Monnier et al. 2018;Ireland & Monnier 2014).

In the mid-infrared, heterodyne interferometry, which consists in detecting the amplitude of the field (coherent detection) as a radio-frequency (RF) signal and in correlating these RFs signal between each pair of telescopes, offers a practical solution while relaxing the requirement on a hard infrastructure. In this perspective, the V8 concept (this work and Berger et al. in the same proceedings) proposes to take advantage of the scalability of heterodyne interferometry and of the current state of mid-infrared technologies to combine the 8 telescopes of VLTI simultaneously in the VLTI lab through an heterodyne combiner, which handles the correlation and the delay function on the heterodyne signal, in order to exploit the full imaging capability of VLTI. In the following, we complement the photonic correlation proposed in this perspective and present a preliminary 2 beams combiner at 10.6 µm dedicated to the validation of a complete detection and correlation chain.

Photonic correlation

The principles of photonic correlation consists in encoding a wide band RF signal through a photonic modulator on a optical carrier, typically at telecom wavelength, which is then transported and combined on a photodiode. The scheme that enables to extract the correlation product of the signal can be based either on phase modulation or amplitude modulation. In both cases, the signal that is extracted is proportional to the multiplication product of the two input RF channels integrated in time i.e. the correlation product of the input RF signals at one delay. This principle is very similar to the analog RF correlator implemented on the Infrared Spatial Interferometer (Hale et al. 2000). 

Photonic correlation in phase modulation

In the phase modulation scheme, the RF signal at the output of the rapid mid-infrared photodiode is encoded on the optical carrier through a phase modulator, placed at the level of each telescope. This signal then propagates in telecom fiber and is combined with an arm coming from an other telescope, which forms a Mach-Zehnder, as shown in Fig 1. The key idea of phase modulation consists in noticing that at a minimum or at a maximum of intensity of a Mach-Zehnder, the output intensity of the Mach-Zehnder varies as the square of the relative phase modulation between the arm. Since the phase modulation is proportional to the input RF signal, the output intensity contains the product term of the two input RF signals, which is the correlation product we seek to compute. A detailed description of the functioning principle as well as its experimental demonstration is given in Bourdarot et al. (2020). The stabilization of the Mach-Zehnder to a given functioning point (maximum or minimum of intensity) is an important constraint of this scheme. In the next section, we describe a second correlation scheme, based on amplitude modulation, which enables to relax the requirement on phase stabilization.

Photonic correlation in amplitude modulation

In the amplitude modulation, an amplitude modulator, on which is imposed the output RF signal of the heterodyne detection stage, is placed in each arm of the Mach-Zehnder, and used at the null of transmission.

The optical field E k (t) in each arm (numbered k) after these two components is :

E k (t) = E 0 e iω0t e iφ k 1 -e iβ k s k (t) ≈ -iE 0 β k s k (t)e iω0t+iφ k (t) (2.1)
where we have assumed that each modulator is at a minimum of intensity, with E 0 the amplitude of the optical carrier at telecom wavelength (carrier), ω 0 the angular frequency of the optical carrier, β k = π Vπ with V π the half-voltage of the modulator, s k (t) the RF signals coming from the heterodyne stage, and φ k (t) the phase perturbation in the fiber link. In addition, a fiber frequency shifter (Acousto-Optic Modulator abrev. AOM) can be placed downstream the amplitude modulator, and has the effect of shifting the central frequency of the optical field i.e. multiplying the electric field by e i∆ω k t , with ∆ω k the angular frequency shift in arm k. The V8 and photonic correlation in mid-infrared heterodyne interferometry 239 beating term at the output of the Mach-Zehnder (measured with a balanced detection for example) is finally : is thus encoded at a given (angular) frequency (∆ω 2 -∆ω 1 ). In this way, the correlator does not require the stabilization to a given functioning point, but only a relative stabilization over the coherent integration time.

I(t) = 4I 0 V i β 1 β 2 s 1 (t)

Experimental demonstration

Following the same methodology than in (Bourdarot et al. 2020), the amplitude modulation scheme was implemented with commercial fibred components, and enables to demonstrate the correlation of heterodyne signals that were previously registered and generated a posteriori with Arbitrary Waveform Generator (AWG). We measure the correlation fringes with a noise factor > 90 %, and we measure the coherence envelop of the incident signal by varying numerically the relative delay between each arm of the Mach-Zehnder. The results of this proof-of-principles are shown in Fig 1.

Extension to a large number of telescopes

The photonic correlation scheme described so far is adapted to the correlation of two channels. This scheme can be extended to the correlation of a larger number of telescopes. Different architectures can be envisioned, as in direct interferometry [START_REF] Lebouquin | Comparison of integrated optics concepts for a near-infrared multi-telescope beam combiner[END_REF]). These beam combinations can be categorized in different type of flux encoding (spatial, temporal, static phase-shifting) and beam routing (pair-wise, all-in-one, hybrid), cf Fig. 2. In our photonic scheme, temporal techniques are favoured, as they are more suited to the temporal encoding of the fringes in the architecture presented so far, and to the integration of a metrology system in the same channel that the signal channel. In temporal techniques, all-in one combinations based on frequency multiplexing of the fringes, and pair-wise combination, are both compatible to the correlation of a large number of channels. Alternatively, direct-imager combiner, such as proposed in (Blanchard et al. 1999), could also be envisioned, but are less suited to the correlation of a large number of spectral channels, contrary to temporal techniques. These different techniques and the parallel with direct interferometry are summarized in Fig. 2.

3 Preliminary 2 channels heterodyne demonstrator at 10.6 µm

We propose the implementation of a 2 beam heterodyne combiner at 10.6 µm in order to demonstrate the detection and correlation architecture devised earlier, to produce a complete sensitivity analysis of this chain, and to validate in the laboratory the technological sub-systems required for V8. The current layout of the demonstrator is shown in Fig. 3. In this demonstrator, the local oscillator (LO) is a Quantum Cascade Laser (QCL), splitted in two channels to two detectors, which naturally ensures the relative phase stability of the LO between the two channels. The signal channel can be either fed by a laser signal (e.g. the initial QCL) or an independent source (laser, black-body). The current detectors are commercial detectors (VIGO company, 1 GHz bandwidth) , and the correlator is a photonic correlator in amplitude modulation, identical to Sec 2.2. The demonstrator is currently under development, and is designed to observe an heterodyne interferometric signal on a black-body at 900K. 

Conclusions

The recombination of large number of telescope over kilometric baselines in the mid-infrared can benefit from the use of heterodyne interferometry. We complement the photonic correlation architecture proposed in this purpose with the introduction of amplitude modulation and the extension of this technique to the correlation of a larger number of telescopes. We present the preliminary implementation of a 2 channels heterodyne combiner at 10.6 µm whose goal is to validate the complete detection and correlation chain of our renewed heterodyne architecture, its sensitivity budget, and its essential technological blocks. Once demonstrated, this essential step could be scalable to the correlation of a larger number of telescopes and adaptable to existing infrastructures, in particular to the simultaneous correlation of the eight telescopes of VLTI in the mid-infrared, so-called V8 concept.

Introduction

Correlation is a general concept, that characterizes the degree of similarity between data sets.

It finds many practical applications in information processing, for statistical analysis, pattern recognition, classification and data extraction tasks [1]. Correlation is also particularly useful for processing time-dependent signals. If one considers two real signals 1 ( ) and 2 ( ), the cross-correlation (CC) function defined as 1,2 ( ) = 1 ( ) 2 ( + ) (where stands for an average over a given time-window) quantifies the mutual degree of correlation of the two signals as a function of their relative time delay . Determining the value of that maximizes the degree of correlation is at the basis of time-delay analysis employed in numerous detection and imaging techniques [2]. In active techniques such as radar, lidar, or sonar, the distance to the target is deduced from the measurement of the time of flight (ToF) from the transmitter to the target [3]. In passive systems such as global positioning systems and radio-location systems at large, the position of the receiver can be inferred from time difference of arrival (TDoA) analysis of signals emitted by several transmitters, whose positions are known [5]. Conversely, TDoA makes it possible to locate transmitters by comparing the signals received at different locations, a concept employed in various applications, e.g. for locating natural disaster victims, hunting down interference in mobile communication networks, tracking radio-frequency (RF) jammers, and identifying threats in a war zone [5,6]. In both ToF and TDoA, when short pulsed signals are transmitted, location information is generally obtained from direct measurement of the signal times of arrival. On the contrary, in the case of long or continuous transmitted waveforms, correlation is employed, since it makes it possible to retrieve a temporal resolution limited by the bandwidth of the transmitted waveform, rather than by its duration [2]. In addition, the process of correlation is closely related to convolution and to matched filtering, a feature that guarantees the optimization of the SNR in the case of additive stochastic noise [7]. Finally, beside simple time-delay analysis, a deeper analysis of the correlation function can be useful for advanced high-resolution imaging techniques such as aperture synthesis in radio-astronomy [8].

For all these reasons, the development of correlators for RF signals is a major challenge.

Beyond simplicity and low size, weight, power and cost, a significant requirement of correlators is their capability to process broadband signals in real-time. Indeed, depending of the targeted application, broadband signals are intrinsically related to a high density of information and to a high temporal resolution. Additionally, real-time capability is an important feature of correlation, in order to avoid blind times and to offer a 100 % probability of interception. This capability is particularly important for defense applications, or for the observation of low intensity sources in radio-astronomy, among others.

In practice, many correlation techniques have been used so far, both in the frequency and in the time domain. Nowadays, most of correlation techniques are digital, where the signals are quantized and digitized in discrete data series [9]. Frequency domain approaches are based on the Wiener-Khinchin theorem, which states that the CC function can be retrieved from the inverse Fourier transform (FT) of the product ˜ 1 ( ) ˜ * 2 ( ), where ˜ 1 ( ) and ˜ 2 ( ) are the respective FTs of 1 ( ) and 2 ( ). In time domain approaches, the CC function is calculated by term-by-term products and successive relative shifts of the two series. However, in practice, digital CC in real time is constrained by two limitations. First, according to the sampling theorem, digital processing of wideband signals requires a sampling rate higher than twice the signal bandwidth.

Digitizers with sampling rates exceeding a few tens of GS/s are commercially available, but their effective number of bits is severely constrained by the jitter of the clock signal [10]. Second, such data rates are still way beyond the limits of conventional real-time processing techniques. Indeed, the bandwidth of commercial real-time analyzers does not exceed a few hundreds of MHz [11].

These two constraints set a compromise between the signal bandwidth and the probability of interception. In practice, cutting edge applications can overcome these limitations, but at the price of a high degree of complexity: to give an example, the state-of-art ALMA correlator (Atacama Large Millimeter/Submillimiter Array) uses more than 100 millions of processors to process in the real time all 8 GHz-bandwidth signals coming from 66 antennas [12].

On the contrary, analog approaches are a priori very attractive, because they do not require to acquire the signals, nor to process them digitally. Analog correlation of RF signals can be performed in the frequency domain, a feature widely employed in radar and sonar, where the received signal passes through the matched filter, achieving pulse compression [3] (Fig. 1).

However in practice, the technique is restricted to the cases where the signal to be detected (i.e.

the matched filter) is known. Moreover, this technique is not easily reconfigurable. In turn, time domain analog correlators have been used in the early days of radio interferometry [8], as well as in heterodyne optical interferometry [13]. values of the delay simultaneously [14,15]. However, despite their potential advantages, analog cross correlation techniques remain less developed than digital ones, mostly because of the poor bandwidth acceptance of analog RF components, and of the limited scalability of RF analog circuits.

Recently, the field of photonics has shown to offer efficient solutions for analog processing of RF signals, by taking advantage of the huge bandwidth of the optical spectrum, and of the availability of cheap and efficient components at the telecom wavelength [16,17]. Moreover, photonic architectures are immune to electromagnetic interference. Microwave photonics, which offers solutions for the processing of wideband signals through photonic architectures, has thus emerged and greatly developed in the past decades [18]. Besides, correlation is a common process in optics: it is at the heart of FT spectroscopy [19] and aperture synthesis in optical stellar interferometry [20], while non-linear AC techniques are widely used to characterize ultra-short optical pulses [21]. Therefore, several photonic-aided approaches have been proposed for RF signal correlation so far, and have demonstrated the capability of processing multi GHz-wide signals. Implementation in the spectral domain rely generally on the use of tailored linear filters [22][23][24], while temporal approaches make use of non-linear techniques [25][26][START_REF] Shoeiby | Real time all optical correlator for serialized time encoded signals[END_REF][START_REF] Willner | Optical Signal Processing Aided by Optical Frequency Combs[END_REF], or of direct up-conversion of the RF signal to the optical domain followed by photodetection [START_REF] Bourdarot | Toward a large bandwidth photonic correlator for infrared heterodyne interferometry[END_REF].

Other architectures of correlators based on free-space optics have been demonstrated in the frame of optical computing [START_REF] Ambs | Optical Computing: A 60-Year Adventure[END_REF][START_REF] Manzur | Optical correlator based target detection, recognition, classification, and tracking[END_REF], and adapted to the correlation of millimeter-waves by frequency up-conversion [START_REF] Blanchard | Coherent optical beam forming with passive milimeter-wave arrays[END_REF][START_REF] Schuetz | Sparse aperture millimeter-wave imaging using optical detection and correlation techniques[END_REF][START_REF] Wang | A Compact Analog Complex Cross-Correlator for Passive Millimeter-Wave Imager[END_REF]. Finally, wideband correlators based on diffraction in cryogenically cooled crystals doped with rare-earth ions have been developed and commercialized [START_REF] Merkel | A Photonics-based Broadband RF Spectrum Analysis and Geolocation System[END_REF][START_REF] Babbitt | Microwave photonic processing with spatial-spectral holographic materials[END_REF]. However, generally speaking, photonic solutions turn to have the same limitations as analog electronic ones: a high degree of complexity, a lack of reconfigurability in spectral approaches, and the need for point-by-point measurements in temporal ones.

In this article, we propose a novel analog correlation technique of RF signals based on a simple photonic architecture, which surpasses the capabilities of analog and digital conventional techniques. It relies on the multiplexing of the relative delay between the input signals , which avoids the need for point-by-point measurements of the CC function, and makes it possible to calculate the entire correlation function in parallel (i.e. for about 200 values of the delay simultaneously), and in real time. The architecture contains no moving part, and is easily reconfigurable: the delay-time step can be controlled over orders of magnitude down to the tens of ps scale, enabling the processing of multi GHz-wideband signals [START_REF] Patent | Dispositif large-bande de mesure de la corrélation croisée de signaux[END_REF]. The article is structured as follows. First, we provide a concise description of the photonic correlator. Then, we report both AC and CC of arbitrary RF signals. In particular, we demonstrate the reconfigurability of the architecture by performing CC with two different values of the delay-time step (125 ps and 4 ns). Next, we characterize the performance of the architecture for time-delay analysis of RF signals, and report a precision approaching 10 ps for a 100 ms integration time. Then, we provide a practical demonstration of transmitter localization by TDoA.

In the conclusion, we discuss the perspectives and the limitations of the technique for practical applications. A Supplement regroups complementary theoretical and experimental details on the operation of the correlator, as well as additional examples of correlation measurements.

Architecture of the photonic correlator

In this part, we provide a brief description of the correlator (Fig. 2). Its principle is the following.

We consider two input RF signals, 1 ( ) and 2 ( ). Both of them are transferred into the optical domain, so as to to generate a large number ( > 200) of time-shifted replicas. The values of the delay-time steps for the two signals are different, and are written 1 and 2 for 1 ( ) and 2 ( ) respectively. Moreover, the time-delayed replicas of the signals are simultaneously shifted in frequency, so that the replica that has been delayed times, has also experienced frequency-shifts. Similarly, the frequency shifts are slightly different, and are respectively noted 1 and 2 . The replicas of the two signals are combined on a photodiode (which plays the role of the square-law detector) followed by a low-pass filter. The photocurrent contains a large number of spectral components, each of them corresponding to the heterodyne beating between a specific pair of replicas of the two signals. Fourier processing of the photocurrent gives access to the CC coefficients of the two signals.

The practical implementation of this concept utilizes a pair of frequency shifting loops, or FSLs [START_REF] Guillet De Chatellus | Theory of Talbot lasers[END_REF]. A FSL consists of a fiber loop containing a frequency shifter (usually, an acousto-optic frequency shifter, or AOFS), an amplifier to compensate for the losses of the system (here, an Erbium-doped fiber amplifier, EDFA), and a tunable bandpass filter (TBPF). The role of the filter is to limit the amplified spontaneous emission (ASE) of the amplifier, and to control the spectral bandwidth, i.e. the number of roundtrips of the light in the loop. The FSL can be seeded by a CW laser (frequency: 0 ), modulated in amplitude by the RF signal under test, owing to an amplitude modulator (AM) biased at the null point. In this case, the FSL generates replicas of the RF input signal (transferred in the optical domain). The delay-time step of the replicas is simply equal to the travel time in the loop, while their separation in frequency is equal to the frequency shift per turn in the loop. As such, FSLs have proven many applications in the field of microwave photonics, for the processing and the generation of RF signals [START_REF] Guillet De Chatellus | Generation of ultrahigh and tunable repetition rates in CW injection-seeded frequency-shifted feedback lasers[END_REF][START_REF] Guillet De Chatellus | Optical real-time Fourier transformation with kilohertz resolutions[END_REF][START_REF] Schnébelin | Agile photonic fractional Fourier transformation of optical and RF signals[END_REF][START_REF] Guillet De Chatellus | Reconfigurable photonic generation of broadband chirped waveforms using a single CW laser and low-frequency electronics[END_REF][START_REF] Schnébelin | Programmable broadband optical field spectral shaping with megahertz resolution using a simple frequency shifting loop[END_REF], as well as in spectroscopy and ranging [START_REF] Duran | Coherent multi-heterodyne spectroscopy using acousto-optic frequency combs[END_REF][START_REF] Clement | Laser ranging using coherent pulse compression with frequency shifting loops[END_REF].

Here, the correlator architecture involves a pair of two FSLs, whose travel times are 1 and 2 . We define Δ = 2 -1 . The frequency shifts per turn are equal respectively to 1 and 2 , and we define similarly Δ = 1 -2 . The values of the frequency shifts are sufficiently close, to match the condition Δ < 2 /2, 1 /2. The two FSLs are seeded by the same CW laser, modulated by 1 ( ) and 2 ( ), respectively. In order to preserve the optical coherence between the signals, the FSLs are implemented in a bidirectional configuration [START_REF] Duran | Bidirectional frequency-shifting loop for dual-comb spectroscopy[END_REF][START_REF] Billault | All-optical coherent pulse compression for dynamic laser ranging using an acousto-optic dual comb[END_REF]. The two signals travel in opposite directions in the same fiber loop, except a short non-reciprocal section where they experience different time delays and frequency shifts (Inset Fig. 2). Output couplers enable to extract a fraction of the counterpropagating optical fields.

It can be shown that after the output couplers, the electric fields 1 ( ) and 2 ( ) write:

1,2 ( ) = 0 2 0 =0 1,2 ( -1,2 ) 2 1,2 -1,2 1,2 2 . ( 1 
)
Both fields are recombined on a balanced photodetector. The photocurrent passes trough a low-pass filter (cutoff-frequency: Δ ). Simple calculations derived in the Supplement show that the photocurrent, defined in complex formalism, by ( ) ∝ 1 ( ) * 2 ( ) writes, after low-pass filtering:

( ) ∝ 1 ( ) 2 ( -Δ ) 2 Δ -( 1 1 -2 2 ) 2 . ( 2 
)
This expression proves that the CC function sampled at multiples of Δ can be retrieved by computing the FT of ( ):

˜ ( Δ ) ∝ 1 ( ) 2 ( -Δ ) -( 1 1 -2 2 ) 2 . ( 3 
)
In other words, the CC function is mapped in the RF spectrum (the FT of the photocurrent):

the amplitude of the heterodyne beatnote at frequency Δ is proportional to the value of the CC function at a relative delay of Δ .

Advantageously, the system parameters can be adjusted, so that 1 1 -2 2 is an even integer.

In this case, the FT of the photocurrent after filtering provides directly the CC function of the input signals. When this condition is not met, the square modulus of the the FT of the photocurrent simply provides the square of the CC function. Interestingly, the operation mode of the correlator is closely related to multi-heterodyne interferometry as implemented in dual-comb techniques [START_REF] Coddington | Dual-comb spectroscopy[END_REF][START_REF] Picqué | Frequency comb spectroscopy[END_REF]: the information sought (here: the CC coefficients; in dual-comb techniques:

the amplitude and phase of the comb lines) is contained in the low frequency beatnotes in the RF spectrum produced by the interference of the teeth of the first comb, with their closest neighbor (in terms of frequency) in the second one. As said, the sampling delay-time step of the CC function Δ is directly set by the path difference of the bidirectional FSL. In practice, this value can be precisely tuned by means of a variable optical delay line (VODL). It can be set arbitrarily small, leading to the possibility of processing signals with tens of GHz bandwidth. Ultimately, the processing bandwidth is limited by the bandwidth of the TBPF inserted in the loop, i.e. 1 ( 2). Typically, this value approaches 20 GHz (assuming = 250 and 1 80 MHz). The advantage of the system is the capability to compute simultaneously and in real time, the CC coefficients for more than 200 values of the delay simultaneously, with no moving part. Therefore, the technique is not restricted to stationary signals, but can also be applied to the processing of time-dependent signals, provided that their change rate is smaller than the processing time of the system. The latter is about 1 ( 2), typically close to 20 s ( = 200 and 1 100 ns).

Experimental results

In a first set of experiments, we demonstrate the capability of the setup to measure the entire AC and CC functions of different input RF signals. 

Examples of cross-and auto-correlation of RF signals

We have implemented the photonic correlator with two different values of the delay-time step Δ . In the first case, Δ is set to 115 ps. This configuration is suitable for signal correlation, the bandwidth of which can be up to 8 GHz. Considering, = 200, the delay range between the two input signals reaches Δ = 23 ns. In order to measure a CC function whose zero delay corresponds to the center of the RF spectrum of the photo-current, we compensate the paths mismatch by inserting about 3 meters of fiber on the path of the output # 1 (FDL in Fig. 2). To satisfy the condition 1 1 = 2 2 , 1 and 2 were respectively equal to 80.0657 and 80.0000 MHz (Δ = 65.7 kHz).

First, we measure the AC functions of simple waveforms (white noise and sine waves). In Fig.

3

.a, we show the RF power spectra obtained by seeding the system with white noise of variable bandwidth (from 120 MHz down to 40 MHz). The traces consist of well defined beatnotes (more than 200), whose power is proportional to the square of the AC coefficient. The beatnotes dominate a noise background, that mostly comes from the ASE circulating in the FSL. Since the frequency of the beatnotes is precisely known (their frequency is an integer multiple of Δ ), the noise background can readily be filtered out numerically. In the data shown in the following of the article, this filtering has been implemented. As said, the relationship between the frequency axis of the RF spectrum and the time delay is linear, with a proportionality coefficient equal to Δ /Δ . As expected, the width of the AC function (i.e. the coherence time of the applied signal)

decreases with the spectral bandwidth of the signal. We also compare the AC traces obtained by the photonic correlator, with the expected ones. The latter are calculated by recording the RF signal with a fast digital oscilloscope, and computing the AC function. A good agreement is found between the experimental, and the expected traces. In (Simultaneously, to bring the position of the null relative delay at the center of the RF spectrum, we have added a 100 m long fiber delay line on the path of output # 1.) In this case, the value of is about 4 ns, which makes this configuration suitable for signals with bandwidth up to 250 MHz. The maximum delay range is now close to 0.8 s. A numerical signal has been specifically designed, so as to exhibit a relatively complex AC function with many side lobes.

This noise-like signal is sent to the system with different sampling rates (from 10 to 190 MSa/s), so as to vary its bandwidth. The results are displayed in Fig. 5. In this case too, the experimental traces obtained through the analog photonic correlator show an excellent agreement with the numerical correlation traces.

Time-delay analysis

A major application of correlation measurement is the possibility to measure the time delay between two mutually-delayed replicas of the same signal (written as ( ) and ( -)). The value of that maximizes ( ) ( -+ ) is simply equal to , the time delay. As said, the main advantage of time-delay analysis based on correlation is the matched-filtering effect: the delay information is contained in a correlation peak, whose duration is set by the spectral bandwidth of the signal [2]. This peak can be very narrow, even in the case of quasi CW signals. As said, this pulse compression effect is particularly useful to enhance the signal-to-noise ratio, e.g. in radar techniques based on matched filtering. Here, the system offers the capability to perform such time delay measurements directly in the time domain. To demonstrate this feature, we apply to the AMs two mutually-delayed replicas of the same signal (a numerically synthesized white noise with a 120 MHz bandwidth). The relative time delay between the replicas is controlled digitally.

We record the CC traces for different values of the time delay. As expected, the delay measured through the photonic correlator matches closely the digital delay applied to the input signals (Fig. 6.a). Then, we characterize the precision of the time delay measurement offered by the technique.

To do so, we acquire a 1 s-long time trace, and clip it numerically into sequences of duration equal to a multiple (labelled by ) of 15.2 s (i.e. 1/Δ ). For each value of , we calculate the position of the AC peak (i.e. the value of the delay) by a numerical fitting procedure, and determine the deviation of this measurement repeated over the full-length trace. The results are given in Fig.

6.b.

As expected the deviation decreases as the square root of the integration time. Beyond 100-ms integration times, the experimental results tend to deviate from this law, presumably due to the smaller number of statistical samples available. Nevertheless, the precision is close to 10 ps for 100 ms integration time, a value significantly smaller than the 8.3 ns-coherence time of the signal under test (1/120 MHz). It is also much smaller than the average period of the signal (16.7 ns), which means that the time delay is measured with a precision better than one thousandth of a wavelength (in 100 ms).

Application to time difference of arrival

In a last set of experiments, we demonstrate the capability of the system for the localization of an RF transmitter by TDoA. Here, we provide a 2D proof of concept at the lab scale with a single transmitter and two receivers, but the technique could be generalized to more complex antenna networks, e.g. to enable passive radar by triangulation. A complex noise-like signal is synthesized by combining a white noise generator and frequency multipliers with low-and high-pass filters. The spectrum of the resulting RF signal ranges between 0.4 and 1.2 GHz (Fig. In this case also, the delay retrieved from the analog photonic correlation matches precisely the geometrical delay between the antennas, demonstrating the capability of the system for TDoA analysis. 

Conclusion

In this paper, we have reported the first analog photonic-based architecture that enables to compute the cross-correlation of wideband RF signals for more than 200 values of the delay simultaneously. The architecture is considerably simpler than conventional analog or digital wideband correlators. Here, the optical circuitry is based on off-the-shelf telecom components.

No broabdand laser source is needed, but a low linewidth single frequency laser. Contrary to most conventional analog approaches in the time domain which rely on point-by-point measurements of the CC coefficients, our architecture contains no moving part, and computes the CC function as a whole, through 200 simultaneous values of the relative delay, enabling real-time signal processing. On a dynamic point of view, the typical computation time of the CC function is about 20 s, a value significantly lower than any other point-by-point CC technique. This value is also the time response of the correlator. Moreover, no truncation is applied to the input signal, which means that our architecture performs correlation with a 100% probability of interception.

The spectral bandwidth of the signals to be processed is an important parameter of the system.

In our architecture, it is set by two factors. The first one is the delay-time step. In the reported experiments, it could reach 125 ps, but this value could be arbitrarily smaller. The second limiting factor is the optical spectral bandwidth set by the TBPF (i.e. 2 ). One could imagine increasing the spectral bandwidth of the filter, which would simultaneously result in an increase of the number of roundtrips, and of the signal bandwidth supported by the system.

However, the saturation of the gain of the amplifier would lead to a decrease of the power as the photo-detector, could benefit from the proposed correlation technique [13,[START_REF] Bourdarot | Toward a large bandwidth photonic correlator for infrared heterodyne interferometry[END_REF]. Beside synthetic aperture imaging in astronomy, other applications based on time delay analysis are conceivable, including passive radar and localization of transmitters/receivers, among others. For most of these applications, the extension of the correlator to more than two signals would represent a significant advantage, e.g. to achieve long baseline interferometry with a large array of antennas, or to enable transmitter's localization by triangulation. The extension of the architecture proposed here to more than two signals is underway. On the long term, perspective of integration of this architecture are foreseeable. All components used in the dual FSL, including the frequency shifter, can be integrated [START_REF] Shao | Integrated microwave acousto-optic frequency shifter on thin-film lithium niobate[END_REF]. The combination of all components on a single chip could be accessible, presumably via hybrid integration techniques, and could open many possibilities of practical applications of the architecture.

Left : Fit of A I

A II data with the model of Eq.6.15. Right : fit of the standard deviation experimental data with Eq.6.16. A noticeable deviation between the model starts to be visible for large V pp, where the driving voltage is not negligible against V π of the modulators. . . . . . . . . . . . . . . . . . . . . . . . . . . . .

7.1

Schematic diagram of the two possible correlation approaches. The temporal approach (green) consists in retrieving the value of the correlation function at each time step τ by multiplying and integrating the two signals delayed by a relative amount τ ; in the case where the correlation function is mapped for a large number of delays τ , the spectro-visibility can be obtained by computing the Fourier transform of the correlation function C 12 (τ ). The frequency approach consists in computing directly the Fourier transform of each signals, and in multiplying one spectrum with the complex conjugate of the other. At the end, temporal and frequency approach enables to obtain the same observable. . . . .

7.2

Principle of a Frequency Shifting Loop (FSL) : an input field E in (t) enters the loop, where it is shifted in frequency f s by the AOFS and delayed by a time τ c . An optical amplifier (EDFA : Erbium Doped Fiber Amplifier) is inserted in the loop in order to compensate for the propagation losses and the output coupling losses to extract part of the flux. The output field E out is carried by a comb with frequency separation f s and which exhibits a quadratic phase (see text), where each tooth is associated to a replica of the incident field delayed by a time n∆τ .

7.3

Principle of the analog photonic correlator : the correlator consists in two FSLs, implemented in a bidirectional configuration. The input of the loop is composed of a CW laser seed, splitted in two arms, which are modulated by broadband amplitude modulator. The frequency shifts f 1 and f 2 and delays τ 1 and τ 2 are introduced in the non-reciprocal part of the loop, where the two respective loops are directed along two different paths by means of circulators. A Variable Optical Delay Line (VODL) is inserted in one arm, and enables to easily reconfigure the relative delay between each loops. Finally, the two arms are recombined on a balanced photodiode, which is low-pass filtered. The beating of the two combs with slightly different frequency separation creates a down-converted RF comb, in a similar way to dual-comb spectroscopy, where each tooth is here associated to the product of the input RF signals at different relative delays s 1 (t)s 2 (t -τ ) .

In this way, this output RF combs gives directly access to the value of the crosscorrelation function, evaluated for a large number N of relative delays. An additional portion of fiber is introduced in one arm in order to position the zero delay ∆τ = 0 at the center of the frequency window. . . . . . . . . . . . . . . .

7.4

Actual implementation of the analog photonic correlator in the laboratory. . . .

7.5

Regimes of the FSL depending of the gain of the amplifier relative to the passive losses. The power of the teeth and of the ASE are both represented. Adapted from [START_REF] Kanagaraj | Optimization of acousto-optic optical frequency combs[END_REF]. . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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 66 Fig. 6.6: Implementation of the phase modulation scheme in the lab.
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 67 Fig. 6.7: Closing of the phase stabilization loop Top: Open-loop is highlighted in red, closed-loop in green. The photodiode output signal (green line) is just above the oscilloscope dark current (gray), which limits the effective contrast of the null. Bottom: Histogram of the photodiode output is shown. Asymmetric shape of the photodiode output is typical of a null output.
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 68 Fig. 6.8: Left: Fringe peak at the ouptut of the correlator (linear scale in y-axis). The red dashed line indicates the numerical correlation of the input signal. The green solid line shows the correlation of the signal through the optical correlator. Right: The coherence envelope of the fringe signal (green dot), and the envelope computed numerically (blue cross) are shown.
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 69 Fig. 6.9: Principle of a photonic correlation based on amplitude modulation, with no additional frequency modulation
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 610 Fig. 6.10: Principle of a photonic correlation based on amplitude modulation, with two AOMs which encode the fringe frequency.

Fig 6 .

 6 10, which enabled to test both amplitude modulation with frequency shift and without frequency shift (no AOM). The implementation of the bench is shown onFig. 6.11. The set-up was implemented with similar standard fibred components than the demonstration for phase modulation, at telecom wavelength 1.55µm. Each arm is modulated in amplitude using commercial fibered Mach-Zehnder Interferometer (MZI) modulators with 10 GHz bandwidth (IXBlue MXAN-LN-10 series), then shifted in frequency through AOMs. The AOMs are fed at 81 MHz and 82.7 MHz respectively, which were chosen to avoid potential parasitic RF signals at 80 MHz of the driving electronics and small residual amplitude modulation signals of the AOMs at 80 MHz. Finally, the signal is recombined through a 50:50 combiner on a balanced photodiode, and processed on a rapid oscilloscope.
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 611 Fig. 6.11: Implementation of the amplitude modulation scheme in the lab.
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 612 Fig. 6.12: Top : Spectrum modulus of the output signal of the photonic correlator with amplitude modulation. Bottom : phase signal. The position of the peak encoding the fringe information are highlighted in green. These peaks are centered around the central AOM frequency difference at 1.7MHz.
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 614 Fig. 6.14: Principles of a photonic correlation with amplitude modulation and frequency shift, extended to 3 telescopes. The encoding of the fringes is ensured by choosing a non-redundant frequency shift differences.
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 616 Fig. 6.16: Processing of multiple spectral channels in the photonics correlator through wavelength multiplexing.
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 618 Fig. 6.18: Left : Fit of A IA II data with the model of Eq.6.15. Right : fit of the standard deviation experimental data with Eq.6.16. A noticeable deviation between the model starts to be visible for large V pp, where the driving voltage is not negligible against V π of the modulators.
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 71 Fig. 7.1: Schematic diagram of the two possible correlation approaches. The temporal approach (green) consists in retrieving the value of the correlation function at each time step τ by multiplying and integrating the two signals delayed by a relative amount τ ; in the case where the correlation function is mapped for a large number of delays τ , the spectro-visibility can be obtained by computing the Fourier transform of the correlation function C 12 (τ ).The frequency approach consists in computing directly the Fourier transform of each signals, and in multiplying one spectrum with the complex conjugate of the other. At the end, temporal and frequency approach enables to obtain the same observable.
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 72 Fig. 7.2: Principle of a Frequency Shifting Loop (FSL) : an input field E in (t) enters the loop, where it is shifted in frequency f s by the AOFS and delayed by a time τ c . An optical amplifier (EDFA : Erbium Doped Fiber Amplifier) is inserted in the loop in order to compensate for the propagation losses and the output coupling losses to extract part of the flux. The output field E out is carried by a comb with frequency separation f s and which exhibits a quadratic phase (see text), where each tooth is associated to a replica of the incident field delayed by a time n∆τ .

Fig. 7 . 3 :

 73 Fig. 7.3: Principle of the analog photonic correlator : the correlator consists in two FSLs, implemented in a bidirectional configuration. The input of the loop is composed of a CW laser seed, splitted in two arms, which are modulated by broadband amplitude modulator. The frequency shifts f 1 and f 2 and delays τ 1 and τ 2 are introduced in the non-reciprocal part of the loop, where the two respective loops are directed along two different paths by means of circulators. A Variable Optical Delay Line (VODL) is inserted in one arm, and enables to easily reconfigure the relative delay between each loops. Finally, the two arms are recombined on a balanced photodiode, which is low-pass filtered. The beating of the two combs with slightly different frequency separation creates a down-converted RF comb, in a similar way to dual-comb spectroscopy, where each tooth is here associated to the product of the input RF signals at different relative delays s 1 (t)s 2 (t -τ ) . In this way, this output RF combs gives directly access to the value of the cross-correlation function, evaluated for a large number N of relative delays. An additional portion of fiber is introduced in one arm in order to position the zero delay ∆τ = 0 at the center of the frequency window.
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 74 Fig. 7.4: Actual implementation of the analog photonic correlator in the laboratory.
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 75 Fig. 7.5: Regimes of the FSL depending of the gain of the amplifier relative to the passive losses. The power of the teeth and of the ASE are both represented. Adapted from (Kanagaraj et al., 2019).
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 76 Fig. 7.6: a) Auto-correlation of a sine function for increasing amplitude value. The plot is divided in 5 frequency bins, corresponding to each local peak of the auto-correlation function (bin 1 : 0.2 to 1.5 MHz ; bin 2 : 1.5 to 3.5 MHz ; bin 3 : 3.5 to 5.5 MHz ; bin 4 : 5.5 to 7.5 MHz ; bin 5 : 7.5 to 9.5 MHz). b) The maximum PSD amplitude of each frequency bin is extracted for each voltage, and plotted versus corresponding input RF power. The dashed line corresponds to the theoretical quadratic growth of the auto-correlation PSD.
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 77 Fig. 7.7: a) Auto-correlation of a noise waveform signal with 120 MHz bandwidth. b) Maximum amplitude of the correlation envelope versus input input RF power. A dashed line corresponding to a linear growth is over-plotted in comparison.
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 78 Fig. 7.8: a) Auto-correlation of a noise waveform signal with 120 MHz bandwidth. b) Maximum amplitude of the correlation envelope versus input input RF power. A dashed line corresponding to a linear growth is over-plotted in comparison.
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 79 Fig. 7.9: Auto-correlation of PN3 (left) and PN4 signal (right).
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 710 Fig. 7.10: Auto-correlation of sinusoidal signals modulated in frequency. The parameters of the input signals are (see text for the notation used) f = 100 MHz, f ∆ = 10 MHz and (Left) f r = 100 Hz ; (Center) f r = 400 Hz ; (Right) f r = 4 kHz (note the different scale on time axis).
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 7 Fig. 7.11: a) Auto-correlation of broad noise signals with temporal resolution ∆τ = 115 ps. The PSD is proportional to the square modulus of the auto-correlation. b) Auto-correlation of noise signals (heterodyne signals generated in Sec 6.4.1) with temporal resolution ∆τ = 4 ns. Both : the theoretical autocorrelation traces are superimposed in dashed lines.
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 7 Fig. 7.12: a) Spectrum of noise signals with 120 MHz bandwidth (orange), and the same signal on which a notch filter is applied (65 MHz -85 MHz). b) Square modulus of the autocorrelation function. One can notice the significant side-lobes on the filtered signal (acquisition time : 200ms). c) Square modulus of the cross-correlation of the two signals (acquisition time : 200ms). All : the theoretical autocorrelation traces are superimposed in dashed lines.
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 713 Fig. 7.13: Autocorrelation of 120 MHz noise signals : a relative digital delay is applied between each channel, which can be compared to the delay measured by the photonic correlator.
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 7 Fig. 7.14: a) Spectrum of the signal emitted by the Tx antenna. b) Experimental set-up used to correlate two monopole antennas. c) Plot of the cross-correlation traces with respect to their position (100ms acquisition time).
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 715 Fig. 7.15: Schematic diagram of the scale-up of the analog correlator to a large number of channels.In an analogous way to the simple amplitude photonic correlator, the basic idea consists in encoding each pair of correlation signal in a non-redundant frequency pattern at the output of the correlator.
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 575 Paper : Wideband multi-delay analog photonic correlator for RF signal processing (submitted) Paper : Wideband multi-delay analog photonic correlator for RF signal processing(submitted) 
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 81 Fig. 8.1: Optical layout of H2T10 alignment Left: QCL+QCL beating Right: QCL+black body beating.Gray area : In the first implementation, only one QCL we be used as the same local oscillator for each detection channel. The final goal will be to phase-locked two QCLs together in order to obtain two separated local-oscillators. Schematic adapted from G. Bruel.
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 821 Fig. 8.2: Current implementation of the optical set-up of H2T10 at 10 µm, with one QCL and two detection channels. See description in Sec 8.2.
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 91 Fig. 9.1: Overview of the VLT on Cerro Paranal, with the 4 UTs (8.2m diameter) and 4 ATs (1.8m diameter), and the VLTI infrastructure.

  The schematic principle of V8 is shown inFig 9.8. The combiner is placed at the VLTI laboratory, where the 8 beams would have to be brought back. In the instrument, the astronomical signals are mixed with a mid-infrared local oscillator, which consists in a single laser distributed on each channel, onto 8 high-bandwidth unipolar detectors. The wideband RF signals are then correlated in a wideband correlator, either based on photonic correlation or digital based, in which is performed the delay compensation and the extraction of the object visibility. A brief detail on these different subsystems, based on the renewed architecture and technology presented previously, is given below (paragraph "Subsystems and VLTI infrastructure").
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 92 Fig. 9.2: General schematic of V8 concept.
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 93 Fig. 9.3: Structure of the code (upper) and an example of a 8 telescopes uv-track (left) and the associated dirty map and the sampling of the input image (middle).
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 94 Fig. 9.4: Left: VLTI baseline map Left (middle): Sky-coverage of the 8 telescopes combination, the sky coverage is limited by the shadow of the UT only Right (middle): uv-plane associated to the 8 telescopes combination Right: Dirty beam associated to the 8 telescopes combination, the dimension of the beam at 10.5 µm are indicated in upper left corner.
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 95 Fig. 9.5: The output image of CO5BOLD-OPTIM3D model (Chiavassa et al., 2009; Chiavassa et al., 2011) the visibility function (amplitude and phase) associated to this image. The image and the dirty beam are at the same spatial scale.
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 96 Fig. 9.6: Simulated observation of α Sco, 12 sequences of 5min incoherent integration.
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 97 Fig. 9.7: Up : Compact VLTI telescope configuration chosen to simulate the YSO observations.From left to right : VLTI telescope base ; Sky coverage ; UV-coverage ; Dirty Beam. (Bottom :) Simulated observation of a bright YSO (AB Aurigae), whose morphology is taken from MIDI observation (Varga et al., 2018). The MIDI observation (coherent flux) is inserted on the right.
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 98 Fig. 9.8: Point source sensitivity and brightness temperature of a V8, assuming the telescope configuration shown in Fig 9.7. We note that the point source sensitivity is smaller than the point source sensitivity criteria given in Tab 9.1, which was assuming the combination of only 2 telescopes, whereas the present estimation take into account the 8 telescopes of the array for the image reconstruction.
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 4533 and a resolution 10 times smaller than PFI (factor 10 2 = 100) : cumulated together (factor ∼ 300), these two factors are consistent with the larger sensitivity of an optimized PFI system with 1.2km baseline and 12 telescopes.
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 799 Fig. 9.9: Simulated observation of a non-resolved point source with a total flux of 70 Jy/polar. The parameters of the observation are indicated in the legend.
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 910 Fig. 9.10: Similar simulation to 9.9, with a total flux of 5 Jy/polar.
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 1 Fig. 1. Left: general layout of a 2 telescopes heterodyne interferometer. Right: general layout of an optical correlator. A Mach-Zehnder interferferometer, stabilized at the zero null, is modulated by EOMs placed in each arm. In this configuration, the output of the photodiode contains a term proportional to the product of the RF signals at the input of each modulator. Abbreviations as follows: LO: local oscillator; BS: beam splitter; PD: photo-diode; LNA: low-noise amplifier; LID: lock-in detection; LPF: low-pass filter; PID: proportional integral derivator; AOM: acousto-optic modulator; EOM: electro-optic modulator.
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 2 Fig. 2. Scheme of the simulator of a 2 telescopes interferometer at telecom wavelength. A shift of ∆ f = 7 MHz is introduced between each LO by the use of AOMs driven at f 1 = 80 MHz and f 2 = 87 MHz. The signal registered at the output of each PD has then been regenerated and correlated a posteriori on the optical correlator.

Fig. 3 .

 3 Fig. 3. Phase stabilization scheme. Top: open-loop is highlighted in red, closed-loop in green. The photodiode output signal (green line) is just above the oscilloscope dark current (gray), which limits the effective contrast of the null. Bottom: histogram of the photodiode output is shown. Asymmetric shape of the photodiode output is typical of a null output.

Figure 1 .

 1 Figure 1. General principle of a photonic correlator for a 2 elements heterodyne interferometer.

Figure 2 .

 2 Figure 2. Proof-of-concept demonstrator implemented with phase modulation. a) Details of the optical set-up, including the phase stabilization loop, which locks precisely the output of the Mach-Zehnder to the null. b) Quadratic variationof the intensity with respect to the phase difference between the two arms of the Mach-Zehnder. The orange sinusoid is a small amplitude reference modulation at frequency fm, which enables to probe the position of the interferometer in the quadratic profile, and thus to lock the fringes c) In the frequency spectrum (RF domain), a deviation from the null intensity is monitored with the amplitude of the 1st harmonic fm, which constitutes the error signal of the phase stabilization loop. The amplitude of the fringes (signal) are encoded at the frequency fc, which is independent from fm.

Figure 3 .

 3 Figure 3. Laboratory results of the phase-stabilization loop. Left : Open-loop is highlighted in red, closed-loop in green. The photodiode output signal (green line) is just above the oscilloscope dark current (gray), which limits the effective contrast of the null. Right : Histogram of the photodiode output is shown. Asymmetric shape of the photodiode output is typical of a null output.

Figure 4 .

 4 Figure 4. Left: Fringe peak at the outptut of the correlator (y-axis, in linear scale). The red dashed line indicates the numerical correlation of the input signal. The green solid line shows the correlation of the signal through the optical correlator. Right: The coherence envelope of the fringe signal (green dot), and the envelope computed numerically (blue cross) are shown. The experimental envelope fits a Gaussian profile, which differs from the numerical computation only at the feet of the envelope. This could be imputed both to the experimental measurement uncertainties and to the estimation of the impulse response of the AWG.
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 1 Extension to a large number of telescope 4.1.1 Pair-wise correlation

Figure 5 .

 5 Figure 5. Possible extrapolation of photonic correlation concept with phase modulation to N telescopes. Left, Pair-wise combination : each telescope pair is formed and detected separately in an integrated optic combiner, from which the interferometric visibilities are extracted. . Right, Direct Imaging combination : a scaled version of the telescope array is formed in the pupil plane of lens, and the image through the array is directly registered on a camera [20].

Figure 6 .

 6 Figure 6. Possible extrapolation of photonic correlation to N telescopes, M spectral channels. Each spectral channel is encoded on a different wavelegth λ1, λ2... λM near 1.5µm, and separated with a DWDM after the pairwise correlation.

Figure 1 .

 1 Figure 1. Conceptual scheme of a two telescope heterodyne optical chain

  t

Figure 2 .

 2 Figure2. Mid-infrared high bandwidth unipolar detector developed by LPENS with an heterodyne-locked QCL signal at 25GHz (courtesy of Carlo Sirtori), see e.g.6, 7 

Figure 3 .

 3 Figure 3. An analogical 2-way photonics correlator based on a Mach-Zehnder interferometer stabilized at the zero null (Bourdarot et al. 2020 13 ). Incoming signals modulate EOMs placed in each arm. In this configuration, the output of the photodiode contains a term proportional to the product of the RF signals at the input of each modulator. Abbreviations as follows: LO: local oscillator; BS: beam splitter; PD: photo-diode; LNA: low-noise amplifier; LID: lock-in detection; LPF: low-pass filter; PID: proportional integral derivator; AOM: acousto-optic modulator; EOM: electro-optic modulator.

Figure 4 .

 4 Figure 4. Schematic of the proposed V8 optical layout inside the VLTI laboratory.

Figure 5 .

 5 Figure 5. Performance comparison between MATISSE, ISI and V8 at the VLTI. Required fluxes to reach an SNR of 5 on squared visibility measurement after a 20 minutes incoherent integration time. For the heterodyne side a double-side band correlator on a single polarisation was considered.

Figure 6 .

 6 Figure 6. Top: Example of possible 4AT-4UT configuration and corresponding (u,v) coverage for Antares. Bottom: Simulation of expected squared visibility and closure phase with corresponding errors as a function of spatial frequency expected with V8. UT-UT, AT-AT and mixed AT-UT baselines are separated by color code. Top: Antares Bottom: Star with 25 Jy flux at 10 microns with 50 GHz detectors and an external 8 beam fringe tracker and 3 × 20mn coherent integration points.

Fig. 1 .

 1 Fig. 1. General schematic of an infrared heterodyne interferometer with a photonics correlator. The inset shows a heterodyne detection module, placed at the level of each telescope. See Section 2 for notation.

  12 t × |G(∆τ(t))|e ±iφ G e ±iω c ∆τ(t) + c.c (5) with F c (B/λ, ω s ) the coherent flux of the source at spatial frequency B/λ, φ V the phase of the astrophysical object, ω c the central angular frequency of the RF integration bandwidth, and |G(∆τ(t))|e iφ G = 2H 2 0 ∆ν sin(π∆ν∆τ(t)) π∆ν∆τ(t)

Fig. 2 .

 2 Fig. 2. Photonic correlation using phase modulation.

Fig. 3 .

 3 Fig. 3. Photonic correlation in amplitude modulation with frequency shift. The signal is split in two by a 1:2 coupler, modulated in amplitude in each arm by Amplitude Modulators (AM), shifted in frequency by Acousto-Optic Modulators (AOM), combined in a 2:2 coupler and detected on a balanced photodiode. The ratio of the 1:2 and 2:2 couplers are indicated next to the arms of these couplers.

Fig. 4 .

 4 Fig. 4. Intensity (top) and phase (bottom) of the correlated signals. Coherent flux peaks at the output of the amplitude photonic correlator can be seen and are highlighted in green. These peaks are centered around the AOMs frequency difference at 1.7MHz.

Fig. 5 .

 5 Fig. 5. Coherent flux versus delay for noise signal. The Gaussian envelope is the coherence envelope of the signal.

Fig. 6 .

 6 Fig. 6. Extension of the photonic correlator to the correlation of a large number of spectral channels with wavelength multiplexing. After the detection stage, the signals are encoded on an individual wavelength, transported in the same fiber, and combined to extract the different baselines (here in a pairwise combiner). The individual spectral channels are finally retrieved through a demultiplexing with DWDMs.

Fig. 7 .

 7 Fig. 7. Extension to the correlation of a large number of spectral channels with frequency multiplexing. After the midinfrared detection stage of one telescope, the signals are encoded on MZMs, plus a possible ajustement with AOM, and transported in the same fiber. The signals originating from the different telescopes are then combined in a pair-wise combiner. At the output of the combiner, the demultiplexing is achieved in the frequency domain, by looking at the frequency difference of the initial mid-infrared combs, in an analogous way to dual-comb techniques.

  ImagingXVI, vol. 8715 of Society of Photo-Optical Instrumentation Engineers (SPIE) Conference Series D. A. Wikner and A. R. Luukanen, eds. (2013), p. 87150I. 27. C. A. Schuetz, J. Murakowski, G. J. Schneider, and D. W. Prather, "Radiometric Millimeter-wave detection via optical upconversion and carrier suppression," IEEE Transactions on Microw. Theory Tech. 53,

  ω s τ B (t)-(±ω if τ)]
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  |G(∆τ(t))|e ±iφ G e ±iω c ∆τ(t) + c.c with ∆τ = τ B (t)τ, and ∆Φ 21 (t) = Φ 2 (t) -Φ 1 (t)

Fig. 8 .

 8 Fig. 8. The relation between input and output RF power in the Mach-Zehnder modulator (log scale), which illustrates the relation between IP 2 , IP 3 and IP 23 geometrically. See the text for notations definition.

Fig. 1 .

 1 Fig. 1. a) : Phase modulation scheme (EOM : Electro-Optical Modulator) b) : Amplitude modulation scheme c) : Correlation of heterodyne signals in amplitude modulation (fringe peak in green area). d) : Coherence envelope of the correlated signals.

Fig. 2 .

 2 Fig. 2. Extension of the photonic correlation scheme to a larger number of telescopes.

Fig. 3 .

 3 Fig. 3. Mid-infrared optics of the two beam heterodyne interferometric demonstrator at 10.6 µm.

  The product of the signals is calculated by a square-law detector, and the duration of the time-average window is set by the detector response time and by additional low-pass filters. Time domain approaches are intrinsically sequential: the measurement of the CC function is done point by point, by varying the relative time delay between the signals. In addition to the technical challenge related to the control of the relative time delay by moving parts, this mode of operation renders the technique intrinsically slow and unsuitable for non-stationary signals. Implementations of parallelized correlation schemes, or lag correlators, have been reported: they enable to calculate the correlation function for several

Fig. 1 .

 1 Fig. 1. a: Analog cross-correlation (CC) of two signals 1 ( ) and 2 ( ) in the frequency domain. 1 ( ) passes through a filter, whose transfer function is the complex conjugate of ˜ 2 ( ) (magenta: amplitude, green: phase). The output signal is 1,2 ( ). When 1 = 2 , the process corresponds to auto-correlation (AC), or matched filtering. b: Analog CC in the time domain. Analog multiplication of the signals time-shifted by is followed by low-pass filtering (LP) to calculate the CC coefficient 1,2 ( ). The measurement is repeated while varying the delay, to reconstruct the whole CC function 1,2 ( ).

Fig. 2 .

 2 Fig. 2. Sketch of the analog photonic correlator. A bidirectional fiber frequency shifting loop is seeded in both ways by a CW laser at 1550 nm, modulated in amplitude (AM) by two RF signals 1 ( ) and 2 ( ). Two variable optical attenuators (not shown) enable to control the light power injected in the loop. The non-reciprocal frequency shifter (FS) is sketched in the inset (top right). A variable optical delay line (VODL) enables to control the time delay between both ways Δ = 2 -1 . The loop contains an amplifier (EDFA) and a tunable bandpass filter (TBPF), both bidirectional. The loop produces replicas of the input signals transferred in the optical domain, shifted both in time and in frequency. Photodetection by the balanced detector (BP) produces multi-heterodyne beatings. After low-pass filtering (LP), the Fourier transform (FT) of the photocurrent (i.e. the RF spectrum) sampled at multiples of Δ = 1 -2 provides the CC coefficients for values of the relative delay multiples of Δ (see text). A fiber delay line (noted FDL) is inserted in path #1 in order to bring the position of the null delay (i.e. = 0) to the center of the RF spectrum.

Fig. 3 .

 3 Fig. 3. a: Square modulus of the AC of a white noise with different bandwidths (120 MHz to 40 MHz) (acq. time: 200 ms, log. scale). The dashed line is the expected (numerical) AC trace. b: Square modulus of the AC of sine waves with different frequencies (log. scale, acq. time: 100 ms). The noise background in the AC traces has been numerically filtered out (see text). c: Real part of the AC (linear scale). The residual modulations in the traces are due to sampling effects in the RF spectrum. The vignetting in the real part traces comes from a small residual quadratic phase in the RF spectrum.

Fig. 4 .

 4 Fig. 4. a: Spectrum of a 120 MHz-bandwidth noise, in orange, and of the same signal after a bandstop filter (65-85 MHz), in blue. b: Square modulus of the ACs of both signals (acq. time: 200 ms). c: CC trace between the unfiltered and the filtered signals (acq. time: 200 ms). In all plots, the experimental AC and CC traces are compared to the expected ones (in dashed line).

Fig. 3 .

 3 b, we plot the AC functions of sine waves with different frequencies. Interestingly, since ˜ ( ) maps the real part of the AC function, it is possible to retrieve the sign of the AC function. Examples of real values of the AC function are plotted in Fig. 3.c. In Fig. 4, we demonstrate the capability of the setup for CC. Two different RF signals are used: the first one is a 120 MHz-bandwidth white noise, the second one is the same signal after notch filtering (stopband: 65-85 MHz). The spectra of the input RF signals are displayed in Fig. 4.a. In Fig. 4.b, we recall the AC traces obtained separately with each of these signals. Then, both signals are sent to the system, and the experimental CC trace is shown in Fig. 4.c. Similarly to the previous case, the expected CC trace is computed numerically, and plotted for comparison.

Fig. 5 .

 5 Fig. 5. Solid lines: experimental AC traces of a specifically designed noise-like input signal. The time step of the correlator is set to Δ = 4 ns. The sampling rate of the input signal is increased, from 10 to 190 MSa/s. Dashed lines are the expected AC traces (acq. time : 100 ms).
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  .a). The RF signal is sent to a whip (monopole) antenna (Tx). Two receiving antennas (Rx1 and Rx2), identical to the transmitter, are placed at a distance of about 1 meter from Tx (see Fig. 7.b). Rx2 can be moved, to change the relative delay between the signals received by the antennas. These two signals are amplified, and applied to the AMs at the correlator input. The measured CC functions are displayed in Fig. 7.c. As expected, the CC traces shift with the position of Rx2.

Fig. 6 .

 6 Fig. 6. a: Top, experimental AC traces measured for time-delayed replicas of a 120 MHz-bandwidth white noise. Bottom: 2-D plot of the AC traces as a function of the delay. c: Allan deviation of the time delay measurement, as a function of the averaging time (see text). The red line is a guide for the eyes (slope: -1/2).

1

 1 

Fig. 7 .

 7 Fig. 7. Proof of concept of TDoA. a: RF spectrum of the transmitted signal. b: Sketch of the experimental setup. c: 2D plot of the CC traces as a function of the positions of the antennas (100 ms acq. time).

  

  

  

  

  

  The measurement of coherence of light can thus be achieved through different techniques, whose main domain of application are shown on Fig.2.2. The main interferometric schemes already demonstrated on-sky in optical interferometry (visible and infrared) at the time of writing are summarized in Tab. 2.2.

  Estimation of the size and the temporal slope of the resolved emission

		+0.04 -0.08	0.34 +0.03 -0.03
	Slope [AU/100yr]	-0.56 +0.14 -0.36	-0.30 +0.19 -0.19
	Tab. 3.4:		

3.5 Analysis

  

3

  Temporal monitoring of FU Orionis with 20 years of near-infrared interferometry data

	3.7 Appendix : FU Orionis' Spectral Energy Density
	(SED)

Tab. 3.6: Table

  of photometric data used in our SED of FU Orionis.

	λ [µm] Flux [Jy]	Catalog	Ref.
	0.53	0.55	Gaia DR1 (Gaia Collaboration et al., 2016)
	0.42	0.14	Gaia DR1 (Gaia Collaboration et al., 2016)
	0.77	1.2	Gaia DR2 (Gaia Collaboration et al., 2018)
	0.62	0.68	Gaia DR2 (Gaia Collaboration et al., 2018)
	0.50	0.35	Gaia DR2 (Gaia Collaboration et al., 2018)
	0.76	1.16	Gaia DR3	(Gaia Collaboration, 2020)
	0.58	0.64	Gaia DR3	(Gaia Collaboration, 2020)
	0.50	0.35	Gaia DR3	(Gaia Collaboration, 2020)
	22.11	6.95	TESS	(Stassun et al., 2019)
	11.57	4.16	TESS	(Stassun et al., 2019)
	4.60	5.82	TESS	(Stassun et al., 2019)
	3.35	3.91	TESS	(Stassun et al., 2019)
	2.17	5.83	TESS	(Stassun et al., 2019)
	1.63	5.46	TESS	(Stassun et al., 2019)
	1.25	3.97	TESS	(Stassun et al., 2019)
	0.55	0.61	TESS	(Stassun et al., 2019)
	0.44	0.22	TESS	(Stassun et al., 2019)
	0.67	0.70	Gaia DR1	(Zari et al., 2017)
	3.8 Appendix : output of the bootstrap analysis in H and
	K band			

3.7

Appendix : FU Orionis' Spectral Energy Density (SED)

  Assuming that the uv-coverage

	Item	Parameter	Value
	Wavelength	λ	10.5 µm
	Angular resolution	θ	2 mas
	Number of telescopes	N t	12
	Diameter	D	4.5m
	Quantum efficiency	η	0.4
	Telescope transmission	T t	0.6
	Noise penalty	n p	1.5
	Bandwidth	∆ν	25 GHz
	Spectral channels	N sp	100

Tab. 4.3: Technological parameters chosen for the sensitivity calculation of the array.

  Appendix 4.7.1 Signal-to-noise ratio in SSB and DSB correlation

	System type SSB complex	relative SNR 1	SNR Pν hν √ ∆νt
	SSB simple and fringe fitting DSB simple and fringe fitting	1 √ 2 √ 2	Pν hν Pν hν	∆νt 2
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4.7 

  Â|ψ i . The mean value of the output measurement is thus the sum of this mean value, weighted by the probability to have the system in state |ψ i :

1 with probability p 1 , |ψ 2 with probability p 2 , etc. Here, p i is considered in classical way. In the general case, the 112 Chapter 5 Noise analysis of heterodyne detection probability to measure an observable  in state |ψ 1 is ψ i |

  can be seen from basic geometrical arguments that IP 23 follows the relation (in logarithmic scale) :IP 2 + 2(IP 23 -IP 2 ) = IP 3 + 3(IP 23 -IP 3 ) ⇒IP 23 = 2 IP 3 -IP 2 (log scale)This last equation, combined with the expression of IP 3 and IP 2 in Eq(20), enables us to simply express IP 23 as a function of IP 3 : IP 23 = 2 IP 3 (linear scale) = IP 3 + 3 dB (log scale)

  s 2 (t) cos (∆ω 2 -∆ω 1 )t + ∆φ 12 (t)(2.2) with I 0 = |E 0 | 2 and ∆φ 12 (t) = φ 2φ 1 . At the output of the correlator, the correlation product s 1 (t)s 2 (t)

1.2 Protoplanetary disks

Chapter 1 Protoplanetary disks and the environment of young stars (Introduction Pt. I)

In the same manner as the impulse approximation, interaction with interior Lindblad resonances leads to an increase of the angular momentum of the planet, and a decrease in the case of exterior resonances 1.2 Protoplanetary disks

1.4 The image of protoplanetary disks with sub-AU resolution : science case of the Planet Formation Imager

We will define the transfer function as the Fourier Transform of the impulse response of the optical system.

2.2 Interferometry and coherence

Chapter 2 Infrared Interferometry (Introduction Pt. II)

We acknowledge that this is is not the most general expression of the coherence. However, this expression remains true in the case of a spatially and spectrally incoherent field, which will be the case considered in the rest of this thesis.2.2 Interferometry and coherence

At the time of writing, up-conversion techniques are currently evolving fast, however they are primarily demonstrated with decent up-conversion efficiency in the L (3.5 µm) and M (4.2 µm) band. This technique could potentially represents an interesting techniques in these mid-infrared domains, depending on the evolution of the conversion efficiency with on-going or future technological developments[START_REF] Lehmann | Towards a mid-infrared L band up-conversion interferometer: first on-sky sensitivity test on a single arm[END_REF].2.3 Introduction to infrared interferometry

As shown in[START_REF] Perrin | Single-mode interferometric field of view in partial turbulence correction. Application to the observation of the environment of Sgr A* with GRAVITY[END_REF], this situation is in fact more complex, and requires also to take into account the aberrations introduced by the atmospheric turbulence.

This is not true in the case of direct imager, which proposes to form directly an image of the object through the interferometer. This supposes the simultaneous cophasing of the whole array, which has not yet been demonstrated for the moment.2.3 Introduction to infrared interferometry

As an example, the total bandwidth of a 1 GHz photodiode observing a radiation at 10 µm (30 THz) is equivalent to a spectral channel with a spectral resolution R = 30 THz/1 GHz = 30 000

The beating signal described in Eq 2.16 essentially measures one quadrature of the field, rather than the complete electric field.32Chapter 2 Infrared Interferometry (Introduction Pt. II)

We also note that in the same period, single dish mid-infrared heterodyne spectroscopy provides important results in the field of spectroscopic study of planetary atmosphere (De[START_REF] Graauw | Infrared Heterodyne Detection of the Moon, Planets and Stars at 10 µm[END_REF][START_REF] Kaeufl | Construction of a 10-micron-wavelength heterodyne receiver for use at the Cassegrain focus of astronomical telescopes and spectroscopic investigation of the atmospheres of Mars and Venus[END_REF] 2.3 Introduction to infrared interferometry

1984), in particular providing the first evidence of natural laser gain emission in the CO2 atmosphere of Mars[START_REF] Mumma | Discovery of Natural Gain Amplification in the 10-Micrometer Carbon Dioxide Laser Bands on Mars: A Natural Laser[END_REF]. We will not focus on these applications in spectroscopy in the rest of this thesis.

In other words, in order to match the coherence length of detected signal, as detailed in Eq.2.28 in "Correlation Signal".2.4Heterodyne interferometry : correlation and interferometric signal

2.4 Heterodyne interferometry : correlation and interferometric signal

This was the case on the ISI, where the ∆φ(t) was compared with a 1 MHz reference (crystal oscillator) (D. D. S.Hale et al., 2000).

Fundamentally, this term is due to the frequency difference between the optical signal, where the geometrical delay due to the elevation of the object in the sky occurs (ωsτ (t)), and the frequency at which this delay is compensated for (ω if τ d (t)). See calculations for the exact derivation.2.4Heterodyne interferometry : correlation and interferometric signal

Chapter 3 Temporal monitoring of FU Orionis with 20 years of near-infrared interferometry data

https://gitlab.chara.gsu.edu/lebouquj/mircx_pipeline

http://oidb.jmmc.fr

http://archive.eso.org

Chapter 3 Temporal monitoring of FU Orionis with 20 years of near-infrared interferometry data

3.3 Methodology of the geometrical modeling and of the temporal analysis

3.4 Results

Tab. 3.5: Parameters of the different numerical simulations of FU Orionis outburst. These simulations were performed by Geoffroy Lesur. 62 Chapter 3 Temporal monitoring of FU Orionis with 20 years of near-infrared interferometry data

We note that at the time of writing very sparse photometric data are available for FU Orionis in H and K band in the literature.3.5 Analysis

3.5 Analysis

3.6 Conclusion and prospects

Chapter 4 A revisit of mid-infrared heterodyne interferometry

The power fluctuation associated to an incoherent field can be neglected here, given that we will only consider a weak thermal field in the following, and thus very low occupancy number of the photons. The power fluctuations being at the basis of the Hanbury-Brown Twiss effect, this highlights the intrinsically different physical nature of these two types of interferometry, heterodyne detection remaining a form of amplitude interferometry.

The calculation of the moments is provided inKingston, 1978 Chap 11.2 (pp 126-130). See alsoBoyd, 1983, which converges to a similar result.

The radiometer equation in radio-astronomy is usually without the factor 2 in the square root T A T S +T A √ ∆νt. TA and TS are the antenna and system temperatures, which corresponds to the load temperatures that produce the signal and noise power respectively (kTA and kTS resp.), seeThompson, Moran, and Swenson, 2017. The presence of the factor 2 in this case is justified inKingston, 1978, Chap 11.2, p129, which comes itself from the choice of convention of the low-pass filter (real integrator filter, rather than ideal filter, see also[START_REF] Bracewell | The Fourier Transform and its applications[END_REF].

We refer the reader to(Kingston, 1978), Chap 4, for more details on this notion.4.3 Heterodyne interferometry : signal to noise ratio

In the case of a combination of telescopes with different areas or transmissions efficiencies, quantum efficiencies, etc., the factor in Eq 4.24 is replaced by the geometrical mean of the two channels : ηA → √ η1η2A1A24.3 Heterodyne interferometry : signal to noise ratio

With the exception of densified pupil, whose implementation in mid-infrared on a large number of telescopes has not yet been envisioned.

In addition, this value of point source sensitivity can be scaled by the reader to a different set of parameters using Eq 4.24.4.4 Sensitivity performance

Comments This analysis converges with the initial estimation provided in[START_REF] Ireland | A dispersed heterodyne design for the planet formation imager[END_REF]. The result of the present sensitivity estimation is compatible with the sensitivity requirements of Chap 2 provided that two essential technological developments are implemented : first, a long-time coherent integration, which supposes stable relative phase of local oscillators on time scale of 10 4 s and the compensation of atmospheric phase fluctuations with an external fringe tracker ; second, massive multiplexing (100 channels), based on a dispersed heterodyne detection scheme. These two specific developments will be detailed in 4.5.

Or in space, where the absence of background noise boosts massively the sensitivity of any direct system.4.4 Sensitivity performance

This supposes already that we consider a dispersed heterodyne system covering 1 THz4.4 Sensitivity performance

This value is comparable but slightly larger than the value derived in[START_REF] Monnier | Infrared interferometry and spectroscopy of circumstellar envelopes[END_REF], likely due to a larger number of pixels considered here.94Chapter 4 A revisit of mid-infrared heterodyne interferometry

We do not consider any additional technical penalty factors due to the practical implementation of an instrument combining a large number of telescopes in direct interferometry.4.4 Sensitivity performance

https://www.alpeslasers.ch/?a=28,126,191 

In a way, this method is quite comparable to the comparison of noise in direct and heterodyne detection done in(Boyd, 1983).4.7 Appendix

One can notice that that a source at λ = 10µm with 1 Jy/polar (Nmag = 3.14), observed over 1 GHz bandwidth during 1ms brings 1 photon over the entire surface of 1 AT (1.8m diameter, with an unrealistic ideal transmission of 100%).

This is due to the fact that there is no tangible operator associated to the phase of a field in quantum mechanics.

We also remark that in the context of radio-astronomy, a close approach, based on statistical physics arguments, enable to go a step further in the justification of this "zero-point fluctuations". This argument is based on the Callen-Welton formula, and is based on the quantization of energy level of an harmonic oscillator. We will comment on this point later in this chapter.

We comment on this aspect later in this chapter and in the appendix.

5.1 Quantum noise analysis

Chapter 5 Noise analysis of heterodyne detection

The description over a box of dimension L does not limit at all the generality of this description : L can be chosen as large as needed against any other physical quantity of the problem.5.1 Quantum noise analysis

In the following, we will write the uncertainty relations using the Robertson-Schrödinger relation applied to two hermitian operators X and Ŷ : ∆ X∆ Ŷ ≥ 1 2 X, Ŷ .

Using the cyclic permutation property of the trace :tr M k ρM † k = tr ρM † k M k .114Chapter 5 Noise analysis of heterodyne detection

This is the way of defining a coherent state in the Heisenberg picture (time-independent operators, timedependent states). The similarity with classical monochromatic signals is even more striking in the Schrödinger picture (time-dependent operators, time-independent states) : a(t) = e -iωt a(0)(5.23) In the following, we will stay in the Heisenberg picture for more convenience.5.1 Quantum noise analysis

As a well-known property of coherent states, it can be seen from Eq.5.28 that the "scalar product" of two coherent states tends exponentially towards 0 i.e. two coherent states tend to be orthogonal as these states are more "distant" in the complex plane.

Here, our input state is the tensor product of the state at the two inputs |ψ1 ⊗ |ψ2 , that we will shorten with the notation |ψ1, ψ2 5.1 Quantum noise analysis

Using a different phrasing, this would consist in considering that we perform a generalized measurement using now the Kraus operator M = 1 π |β1, β2 β1, β2|, and then retrieve the probabilityp β 1 ,β 2 = Tr ρM † M = 1 π 2dαdβ exp -|µ -α| 2 -|ν -β| 2 P (α, β)

It is interesting to note that, even if the focus of the approach developed in this manuscript was to derive the SNR for a thermal state, it could be generalized to other states of astronomical light which would not have classical equivalent (squeezed states, etc.), which would also bring different expression of the SNR.

This type of operation will be investigated in the next chapter.6.2 General picture

Chapter 6 Correlation I : Introduction of photonic correlation

6.5 Amplitude modulation

We will return on the information contained in the phase when discussing potential extension to

telescopes and more.6.5 Amplitude modulation

6.6 Perspectives

Chapter 6 Correlation I : Introduction of photonic correlation

This measurement was done when characterising the coherence envelope of the simple

element correlator in Chap 6 for example.

X is designating the multiplication, and F the Fourier transform. XF correlator are also known as lag correlator.

See for example the analog lag correlator developed in the frame of CMB interferometry mentioned in Chap

4, (Holler et al., 2011).7.1 Motivation

Such quadratic phase term is in fact equivalent to the effect of dispersion, which can be easily tuned here. The physical property of this quadratic phase term is interesting by itself e.g. for the generation of chirped signal (Guillet deChatellus et al., 2018). See in particular[START_REF] Schnebelin | Analyse et generation de signaux dans les boucles optiques à decalage de frequence : analogie spatiale et nouveaux concepts d'auto-imagerie[END_REF] for a detailed discussion about the properties related to the quadratic phase.7.2 Principles
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7.3 Characterisation

7.4 Extension and perspectives

In the following, we refer as 'VIGO detectors' the detectors manufactured by the VIGO company. These detectors are the rare off-the-shelf high-bandwidth (up to 1GHz in our case) detectors commercially available in the mid-infrared (e.g. 10 µm). See : https://vigo.com.pl/en/home/

The relative phase stability between the local oscillator is ensured by the fact that the coherence of the laser is relatively large. The exact linewidth of the QCL is not yet characterized, but the typical value reported in comparable set-up is of the order of a few MHz, which corresponds to a coherence length of c/∆ν = c/1 MHz ≈

m, larger than the typical relative path difference between each LO.

We remark that the tunability range of a QCL can be very significantly by coupling the QCL with an external Fabry-Pérot cavity. This was already demonstrated in the case of astronomical heterodyne, in the infrared spectrometer THIS at 10 m[START_REF] Stupar | Fully reflective external-cavity setup for quantum-cascade lasers as a local oscillator in mid-infrared wavelength heterodyne spectroscopy[END_REF], enabling the coverage the full N-band in a scanning mode.190Chapter 8 Demonstrator for a 2T interferometer at 10µm

As an order of magnitude, compared to a detector with 25 GHz and QE=0.4, the point source sensitivity of our current instrument is smaller by a factor 0.4 0.085 × 25 GHz 1 GHz 1/2 ≈ 23.5. For a given SNR and integration time, this corresponds to a telescope diameter 4.85 smaller, or a coherent integration time

times larger.
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We will come back more rigorously on this point in Sec 9.5 when looking at the equivalent brightness temperature of the array.9.3 Sensitivity budget

This advantage is even larger when one consider the sensitivity of an equivalent direct interferometer

Publicly available on https://github.com/amerand/UTILS 206 Chapter 9 V8 concept : a 8 telescopes mid-infrared heterodyne instrument for the VLTI

Available at http://www.jmmc.fr/aspro

Available at : https://gitlab.chara.gsu.edu/lebouquj/mircx_pipeline 9.4 Simulation of the observations

Service available at https://amhra.jmmc.fr/.208Chapter 9 V8 concept : a 8 telescopes mid-infrared heterodyne instrument for the VLTI
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9.5 Perspectives : a pathfinder for the Planet Formation Imager

The theoretical sensitivity should be computed considering 16 AT-UT and 6 UT-UT combinations (AT-AT have an almost negligible contribution) : however Eq 4.25 and Eq 4.27 are only valid for pairs of telescopes with same 212 Chapter 9 V8 concept : a

telescopes mid-infrared heterodyne instrument for the VLTI

The total span of a single 25 GHz is compatible with a velocity range of ±200 km/s at 10 µm.214Chapter

V8 concept : a 8 telescopes mid-infrared heterodyne instrument for the VLTI
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9.8 Appendix
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Coherence envelope

Using the same methodology than the one used in the demonstration of the phase modulation scheme, we can explore the coherence envelope G(∆τ ) of the incident signals by introducing a numerical ns-delay at the level of the AWGs. Similarly to phase modulation, the coherence envelope retrieved in Fig 6.13 from this measurement exhibits a Gaussian shape with a typical FWHM of 12ns, consistent with the sampling rate and the minimum rise-time of the AWGs. 

SNR preservation

Using the same methodology as for phase modulation, we evaluated the preservation of the SNR between the input and the output of the correlator by comparing the numerical SNR and the experimental SNR obtained through the photonic correlator. We obtain a ratio r = (S/N )out (S/N ) in ≥ 92%. This number is comparable or better than in phase modulation, and enables to ensure that the amplitude modulation exhibit a SNR preservation compatible with sensitive applications.

Further improvements

Phase-stabilization for long integration times

Considering the good performances demonstrated by the amplitude modulation scheme with frequency shifts, the experimental set-up tested in this case could be applied to the correlation of rapid detectors in a mid-infrared set-up. In fact, given its relative advantage over the phase modulation scheme, we will choose the amplitude modulation scheme for the demonstrator of a 2-telescopes combiner at 10.6µm presented in Chap 8.

However, this set-up would remain affected by phase fluctuations and phase drifts for long integration time (typically >100 ms). A further improvements would consist in implementing a phase stabilization loop for such time-scales, in order to prevent a decrease of the interferometric contrast. Such phase stabilization could be inspired by the loop developed for phase modulation in Sec 6.4.2, but could also be based on a simpler design with a slower correction
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