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“So Einstein was wrong when he said, ’God does not play dice.’ Consideration of
black holes suggests, not only that God does play dice, but that he sometimes confuses
us by throwing them where they cannot be seen.”

Stephen W. Hawking
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Abstract

GRAVITY in the Galactic Center: exploring the central parsec through

optical interferometry

by Gustavo RODRÍGUEZ COIRA DE LA PEÑA
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The central parsec is one of the most interesting regions of our Galaxy. It is populated
by a nuclear stellar cluster where massive, energetic and young stars coexist with
colder evolved stars, hot plasma and streams of interstellar matter. A compact object
called SgrA∗ with a mass of several million solar masses lies in its center becoming the
closest supermassive black hole candidate, but being fainter in all wavelengths than
other galactic nuclei. One of the closest stars to SgrA∗, S2, completes an orbit around
it in just 16 years and is bright enough to be used as a robust probe the gravitational
potential of the central source by orbit tracking. In the infrared, SgrA∗ presents
a quiescent emission with random short episodes called flares where its brightness
sharply increases up to a factor 4, lasting several hours before dimming. The origin of
these flares is likely due to the presence of accretion processes in the close environment
of the black hole and their study can provide essential information about the exotic
nature of SgrA∗. Unfortunately, these events are random and require a sufficiently
sampled monitoring over time.

The GRAVITY instrument, part of the second generation of VLTI, enables the use of
optical interferometry to study the Galactic Center. It is able to track the orbit of the
star S2 with unprecedented accuracy, up to 10 micro-arcseconds. This thesis work is
focused on the data analysis of the first products of the GRAVITY instrument in the
Galactic Center.

In the first part of the thesis, the astrometry of the star S2 is obtained by the use of the
first two years of GRAVITY observations, in which I have actively participated. For
that purpose, a binary star model is used to reproduce the interferometric data. Right
before and after the pericenter passage, who took place in 2018, I have obtained the
positions of S2 with respect to SgrA∗ reaching an astrometric accuracy of 30 micro-
arcseconds, comparable with the expected size of the shadow of the supermassive
black hole. In addition, I have obtained a new light curve of SgrA∗ which complements
the data already published and confirms the quiescent-flare scenario. The results
obtained are part of a larger study involving orbit fitting where several tests of General
Relativity have been successfully performed, as well as interpretations of the flares as
a product of accretion processes in the near SgrA∗ orbit.

The second part of the thesis is focused on an evolved star called GCIRS 7, which
is also located in the central parsec and serves as a reference for GRAVITY observa-
tions. This star, which has a large variability in the infrared, is known to contribute
to the interstellar medium of the Galactic Center. By complementing GRAVITY
archival data from 2017 with observations I have taken in 2019, I have implemented
an atmosphere model, widely used for the study of other advanced stars, to explain
the visibility curves of GCIRS 7 obtained by GRAVITY. The model consists of a
photosphere and a thin molecular shell. The results show that the data can be in-
terpreted as a photosphere with the same diameter for both epochs, but with a shell
being colder and larger in 2019 compared to 2017. An estimation of the density of
the thin shell reveals a saturation of the model for 2017 due to a high density, but
2019 data is partially reproduced. The results can be explained by a layer expansion
and cooling perhaps due to an episode of mass loss.
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Chapter 1

Introduction

The centers of galaxies harbor some of the most powerful gravitational fields in the
universe, due to the presence of supermassive black holes; a class of compact bodies
containing masses equivalent to several million times the mass of the Sun. Unfortu-
nately, a black hole does not emit light by definition, which makes them extremely
elusive as they can be detected only by the influence they exert to their surround-
ings (or by gravitational radiation). Despite the overwhelming physical size of these
objects (comparable to, or even greater than the Solar System itself), the greatest
obstacle to explore the gravitational fields in their close environments relies in the
immense distances where they are located at.

The closest supermassive black hole candidate can be found at the center of our own
galaxy, at 8 kpc away (around 25000 light years). The current technical capabilities
make its surroundings observable in the near infrared domain with very high angular
resolution (less than a light year scale). The high density of stars in its immediate
environment and their high proper motion make it one of the best laboratories to
study gravity in the whole sky. The study of the motion of these stars and its
interstellar medium can give invaluable knowledge not only about General Relativity,
but also about the History of the Galaxy itself.

1.1 The center of our Galaxy

As the largest structure observable in the night sky (Figure 1.1), the Milky Way is
known since antiquity, but it was not until the 20th century that it was identified
as a Spiral Galaxy which the Solar System is part of. The location of its center
constitutes the most dense region of the disk with abundant interstellar medium,
which highly increases light extinction on the line of sight. As a consequence, the
galactic center is not observable in the visible spectrum (the extinction reaches 27
magnitudes at λ = 550 nm, Becklin and Neugebauer, 1968) but it is accessible in
X-ray, in the infrared spectrum and in radio wavelengths, being known to be the
first extra-terrestrial radio source ever detected Jansky (1933). The most prominent
substructures that can be seen while approaching the central object are presented in
this section.
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Figure 1.1: Picture of the Milky Way as seen from La Residen-
cia (ESO, Paranal Observatory) during night observations. The four
adaptive optics facility (AOF) lasers of UT4 point towards the location

of the Galactic Center.

1.1.1 The central molecular zone

A region dominated by molecular gas with several substructures can be found by ex-
ploring the inner 4◦ of the galaxy (corresponding to 600 parsecs in physical distance).
It is known as the Central Molecular Zone (CMZ), and with a total M ≈ 107M⊙

it accounts for 10% of the neutral mass content of the whole galaxy (Güsten, 1989;
Dahmen et al., 1998). Its molecular clouds present temperatures of T ≈ 70 K (Morris
et al., 1983) and an estimated density of n ≈ 104 cm−3 (Stark et al., 1989), typ-
ically higher than the density of other molecular clouds in the galactic disk (n ≈
102 − 103). The turbulence of its molecular clouds, with supersonic internal velocities
v & 15 − 50 km s−1 and especially the shape of the CMZ suggest this structure has
evolved from an AGN torus, revealing that the nucleus of the Milky Way could have
been active in the past (Ponti et al., 2013, and references therein).

An image of the CMZ obtained by Kassim et al. (1999) is displayed in Figure 1.2. The
gas distribution is heterogeneous, presenting several spherical clouds as a product of
the supernova explosions of massive stars (labelled SNR in the picture, from Super
Nova Remnant). Other substructures such as filaments reveal the presence of large
scale magnetic fields and star formation processes (André et al., 2014; Federrath et
al., 2016). Aligned with the galactic equator, three giant molecular clouds stand out:
SgrC, SgrB (also subdivided in the clouds B1 and B2) and finally SgrA, the largest
and more prominent of them.
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Figure 1.4: Left: Image in false color made with three FORCAST
filters in the Mid Infrared (19.7µm, 31.5µm, 37.1µm). Right: Image of
HST (1.9µm) of the same field of view, where the nuclear stellar cluster
is revealed. Source: Figure 1a: NASA/DLR/USRA/DSI/FORCAST

Team/Lau et al. (2013); Figure 1b: NASA/HST/STScI/AURA.

1.1.3 The Nuclear stellar cluster

The first infrared observations of the central parsec (Rieke and Low, 1973; Becklin
and Neugebauer, 1975) revealed a population dominated by evolved stars (mainly
red supergiants and AGB stars) in a dense nuclear stellar cluster. However, more
recent observations (Genzel et al., 2000, 2003b; Paumard et al., 2006; Lu et al.,
2009; Bartko et al., 2009; Yelda et al., 2014) have reported the presence of two disks
rotating in opposite directions (clockwise and counterclockwise respectively) of young
and massive stars, most of them being massive O-type supergiants and Wolf-Rayet
stars (Martins et al., 2007; Bartko et al., 2010; Sanchez-Bermudez et al., 2014). A
recent work (Ciurlo et al., 2019) also revealed that the central parsec is filled with
clumps of dust and molecular gas.

Two objects from the Nuclear stellar cluster are involved in this thesis: the cluster
IRS 16, used as a reference, and the supergiant star IRS 7 whose structure is deeply
studied.

The IRS 16 complex

The infrared source labelled as 16 in Becklin and Neugebauer (1975) was found to be
an extended source, matching with the location of the central radio source previously
reported by Balick and Brown (1974). Several years later its K band spectrum was
published by Hall, Kleinmann, and Scoville (1982), revealing the presence of strong
and broad He emission lines without significant absorption lines, in contrast to the
CO bands of IRS7, a late type star described in the next section. Further observations
at that time led to an identification of IRS 16 as the dynamical nucleus of the Galaxy
enclosing the central object (Storey and Allen, 1983) and identifying three compo-
nents: two HII ionized regions due to the presence of hot stars (Teff ≈ 20000 − 30000
K) and a cluster of late type stars in the center. The hypothesis of IRS16 hosting
the central cusp of the Galaxy was finally rejected by Allen and Sanders (1986) with
a new 2.2 µm new image providing the highest resolution at that time (1-2 arcsec-
onds). They found that the observed brightness of SgrA∗ in K band is too low to
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reproduce an expected energy diffusion cusp that IRS16 does reproduce. A few years
later, Tamblyn and Rieke (1993) arrived at the same result by constructing stellar
population models and concluded that IRS16 is a product of stellar evolution due to
a star formation event.

Najarro et al. (1997) showed that the helium emission of the complex IRS 16 is due to
the presence of evolved blue supergiants close to the Wolf-Rayet evolutionary stage.
With the increase of angular resolution, further observations (Paumard et al., 2006,
and references therein) have resolved this complex into a cluster of at least ten stars.
All of them present physical characteristics of post main sequence OB stars, becoming
luminous blue variable candidates (Paumard et al., 2001).

These stars are the closest bright sources to the actual galactic center, providing an
excellent reference system for astrometry. They are easy to identify in the field of
view (Figure 1.6). In this thesis work, two stars of the cluster (IRS 16NW, IRS 16C)
are used for that purpose. As the work involves an interferometric study, they are
use as a phase reference to measure the separation between the central source and
the star S2, presented in Chapter 3.

1.1.4 IRS 7: The brightest infrared source of the central parsec of

the Galaxy

Figure 1.5: Radio images of the Sgr A West HII region. IRS 7 is the
first source located directly at the north of SgrA*. The cometary tail
can be seen extended towards the north of the image. Source: Morris,

Zhao, and Goss (2017).

IRS 7 has been one of the first identified sources of the central parsec of the Galactic
Center, observed for the first time by Becklin and Neugebauer (1968) with a spatial
resolution of 2.5′′ at λ = 2.2 µm. It was confirmed as a stellar source by Becklin
and Neugebauer (1975) being reported as the brightest object in 2.2 µm found in the
central 2 parsecs with an absolute magnitude of M = −8. A year later, Neugebauer
et al. (1976) gave it the name IRS 7 (Infra-Red Source 7) and classified the source as a
late type super giant star, due to the strength of CO absorption. This was confirmed
independently by Lebofsky, Rieke, and Tokunaga (1982) with high resolution K band
spectroscopy (R ∼ 1000 − 2000 at λ = 1.9 − 2.5 µm) revealing the CO molecular band
of IRS 7, and ranking the star among the three most luminous stars of the Galaxy
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known at that time. Five years later, the first estimate of the extinction in K band
in the direction of IRS 7 (AK = 3.1 ± 0.2) is obtained by Sellgren et al. (1987) also
through K band spectroscopy.

Observations in radio with the Very Large Array (VLA) by Yusef-Zadeh and Morris
(1991) showed a cometary tail extending 5′′ whose origin is IRS 7 and pointing to
the opposite direction from Sgr A∗. The mid-infrared (MIR) [NII] emission (12.8
µm) of the tail is reported simultaneously by Serabyn, Lacy, and Achtermann (1991).
Both works conclude that the origin of this cometary tail is the warm dust generated
and expelled by the outer environment of the star, which is being dragged by the
strong interstellar winds due to the presence of the central object. Morris, Zhao, and
Goss (2017) provide the most recent image of the region in radio emission where the
cometary tail can be clearly identified (Figure 1.5), although that work is not focused
in IRS 7.

Regarding the structure of the star, the work of Paumard et al. (2014) presents data
from 40 years and determines the fundamental parameters of the star as well as an
estimate of its age (6.5-10 Myr), in agreement with the recent star formation event
corresponding to IRS 16. This work reveals that the star presents variability in H
and K band during these 40 years with variations from peak to peak of up to one
magnitude in H band. The most recent work about this star, Tsuboi et al. (2020),
estimates the mass loss of the star for the first time at 10−4 M⊙/yr, in agreement
with the expected mass loss of a typical red supergiant star.

The interest on studying IRS 7 relies not only in the general properties of the mass loss
processes triggered by an individual RSG, but also in the presence of a Betelgeuse-
like star in a dense and rich environment such as the central parsec of the Galaxy. It
is indeed a truly unique scenario where the influence of the wind of several massive
stars and even a SMBH over the outer layers of a low gravity star and circumstellar
environment can be studied.

Is the atmosphere of IRS 7 similar to Betelgeuse-like stars? Does it show different
properties due to the presence of the external winds corresponding to the massive
stars in the environment? Does the diameter of the star change during this sharp
brightness variations? Is it possible to link the variability with punctual mass loss
processes that would enrich the nuclear interstellar medium? These are the aims of
the work I allocated the second half of my thesis to, whose details can be found in
Chapter 4.
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Figure 1.7: Orbits of the closest 20 stars to the central source.
Source: Gillessen et al. (2009).

1.1.6 SgrA∗: The central object

The first detection of the central object was reported by Balick and Brown (1974), re-
vealing an unresolved central radio source whose position is compatible at 1 pc within
the center of the galactic nucleus. A year later, Lo et al. (1975) detected a compact
radio source whose position is compatible with the same object, and suggested its
variability in radio. Such variability was later confirmed by Brown and Lo (1982),
which links the study of the central source to the nucleus of other quasars and radio
galaxies. The first estimate of its size was obtained by Lo et al. (1985), calculating a
top limit of 20 AU and calling it SgrA∗.

The central source is, by far, the closest supermassive black hole candidate, 100 times
closer than the second one, in the nucleus of M31. With a luminosity of 〈LSgrA*〉 ≈
10−9LEdd it is also the Galactic Nucleus with the lowest bolometric luminosity known,
very far from its Eddington limit1 which makes it a low-luminosity AGN (Genzel,
Eisenhauer, and Gillessen, 2010). The fact that the interstellar environment reveals
traces of higher activity in the past (Ponti et al., 2013) makes SgrA∗ the keystone to
study galactic formation and evolution in the Milky Way, as it can be related with
studies of other farther AGNs observed.

1This limit is defined for a source of light as the luminosity needed for the radiation pressure to
overcome gravity.
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Since their first detection in 1995, the S stars have served as test particles to probe
the potential well around the central object, providing ever tighter constraints on the
mass and distance of the central object. Several works have been published by the use
of this technique, highly depending on technical observing capabilities: Schödel et al.
(2002), Ghez et al. (2003), Eisenhauer et al. (2003, 2005), Ghez et al. (2005, 2008),
Gillessen et al. (2009), and Boehle et al. (2016). Although not all the measurements
are compatible with each other, all the results on the orbit tracking of the closest
stars agree in a central mass compatible with M ≈ 4 × 106M⊙ at a distance of R ≈ 8
kpc revealing the nature of SgrA∗ as a compact object beyond any reasonably doubt,
likely a supermassive black hole.

The first estimations using the orbit of S2 (Ghez et al., 2003) yield M = 4.1 ± 0.6 ×
106 M⊙ (assuming R0 = 8 kpc). Eisenhauer et al. (2005), by using the orbits of
the stars of the central 30 light days, obtained M = (3.61 ± 0.32) × 106 M⊙ and a
measurement of R0 = 7.62 ± 0.32 kpc. The most recent estimation of the parameters
of the central source (before the deployment of GRAVITY) is Gillessen et al. (2017),
with M = (4.28 ± 0.21) × 106 M⊙ and a measurement of R0 = 8.32 ± 0.14 kpc using
a sample of 17 S stars. This work also reveals a potential compatible with a point
mass, with up to 1% of the mass attributable to an hypothetical extended object (not
detected yet).

A Flaring source

Figure 1.8: A flare detected in X-rays by the telescope NuSTAR.
The background image was taken with the Spitzer telescope. Source:

jpl.nasa.gov .

The central source, SgrA∗ is known to be truly faint in all wavelengths. It presents
an apparently irregular variability in every wavelength domain, which could be in-
terpreted as accretion processes in the environment of the super massive black hole
(Genzel, Eisenhauer, and Gillessen, 2010, and references therein). Indeed, the detec-
tion of flares coming from SgrA∗ was firstly confirmed by Baganoff et al. (2001) in
X-ray (Figure 1.8). The work of Genzel et al. (2003a) identified a quiescent state for
SgrA∗ with rapid (a time span of less than three hours), apparently random flares
in the near infrared domain, whose flux can reach more than triple of the quiescent
state. Due to its variability, the origin of the infrared emission of these flares is pre-
dicted to be the environment of SgrA∗ at few milliarcseconds tracing hot gas from



1.1. The center of our Galaxy 11

the innermost accretion region (at several Schwarzschild radii). However, this flares
had not yet been registered in radio.

The work of Markoff et al. (2001) discussed the origin of the strongest X-ray flare up
to that date. They find that the flare is compatible with two scenarios: a jet model
or shock acceleration, but they reject the possibility of this flare being the result of
an increase of the accretion rate due to the low variability in radio. Five years later,
Tagger and Melia (2006) proposes a model of the infrared and x-ray flares based
on a Rossby wave instability inside the accretion disk (a model hereinafter called
RWI ), proving by magnetohydrodynamic simulations that a flare can last for several
hours. The same year, Yusef-Zadeh et al. (2006) finds the flares in radio (VLA) and
interprets the burst emission as an expanding outflow cooling down as it leaves the
environment of SgrA∗.

Another different scenario was proposed by Hamaus et al. (2009), called from now the
hotspot model. Following the interpretation of Genzel et al. (2003b), this model pro-
poses that the flare is generated by the heating of a dense clump of material rotating
in the accretion disk of SgrA∗. This model would be reflected in the periodicity of the
flare and would be distinguishable with an optimal performance of the future (now
present) instrument GRAVITY. A posterior work from Do et al. (2009) interpreted
the near infrared flares as pure red noise (RN) as they did not detect periodicity.

Astrometric signal can be used to determined whether the origin of the flares is
due to material ejection, a hot spot model or the product of red noise (Vincent et
al., 2014, Figure 1.9). An interferometer with an accuracy comparable to tens of
Schwarzschild radii (which in the case of SgrA∗, it implies tens of µas) would give
invaluable measurements approaching the immediate environment of a supermassive
black hole.

A light curve built with 5 years of photometric data was published by Dodds-Eden
et al. (2011). They confirmed at a longer timescale the initial findings of Genzel
et al. (2003b) and defined the two state scenario observed in the light curve: SgrA∗

presents a continuous and variable quiescent emission (defined by a flux less than
5mJy) followed by random flares (flux higher than 5 mJy) sometimes as bright as
the star S2. The maximum peak is observed at 27.5 mJy (mK = 13.5), which nearly
reaches double of S2. The quiescent state is well explained by a log-normal distribu-
tion with a median flux of 1.1 mJy, but in the case of a flare the flux distribution
flattens revealing a different nature.

Unfortunately, the flares cannot be predicted. Any study of them requires a consis-
tent monitoring of SgrA∗ with the highest amount of observations possible. This is
precisely one of the aims of the first part of the thesis work, which is discussed in
Chapter 3. All the data of the GRAVITY consortium during the epochs 2017 and
2018 is presented and a new light curve is obtained with all the results.
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1.1.7 Testing General Relativity

Since the formulation of the Law of Universal Gravitation by Newton (1687), the
observed orbital motion of any celestial object was able to be expressed under first
principles. It was not until 1859 that a discrepancy was found, by the observations of
the director of Observatoire de Paris at that time, Urbain Le Verrier. His work was
focused on the stability of the Solar System as a whole, considering the gravitational
perturbations on the orbit of every planet based, of course, on Newtonian Physics.

The perihelion precession of the orbit of each planet, to which the rest of the bodies
of the Solar System contribute, could be successfully described by ellipses in a flat
geometry under Newtonian Mechanics except for two planets: Uranus and Mercury.
The discrepancy of the orbit of Uranus was solved by assuming that an extra planet
was causing such perturbations, which led to the discovery of the planet Neptune, first
observed in 1846 under the instructions of Le Verrier. Due to his success with Uranus,
Le Verrier proposed the same solution for Mercury (Le Verrier, 1859), accounting for
an extra planet in the Solar System between the Sun and Mercury, but this planet was
never observed. For half a century, the orbit of Mercury became the only discrepancy
known relative to celestial mechanics which Newtonian Physics could not reproduce.

A consistent solution was not found until the General Theory of Relativity was formu-
lated by Albert Einstein. Precisely, Einstein (1915) addresses the perihelion problem
and obtains analytically a precession of 43” per century. The most recent observations
at that time estimated the precession as 45 ± 5” per century. The solution to a 50 year
problem was elegantly found by switching the flat geometry inherent to a Newtonian
point of view by a new paradigm based on the curvature of the space-time. This is
historically considered the first successful test of the General Theory of Relativity.

A second test was performed in 1919 by Sir Arthur Eddington to confirm or reject
the deviation of light by a massive object (Eddington, 1919). For this purpose,
a ray of light coming from a known location must be observed after trespassing the
surroundings of certain object in the line of sight. As it depends on the characteristics
of the gravitational field, the deflection is proportional to the mass of the object, but
it is unfortunately too small for any object manipulable in any laboratory on Earth.
For the deviation to be easily detected, the mass of the object must be of the order
of magnitude of a stellar mass, making a solar eclipse the perfect scenario to study
the deviation of light by gravity. During the solar eclipse of 29th May 1919 in West
Africa, Eddington observed a star that should not be observable assuming hat light
is not affected by the influence of gravity in a flat space-time, as its physical location
was covered by the Sun. This work confirmed the existence of gravitational lenses, a
phenomenon predicted by Einstein’s theory.

The third test involves the brightest star of the sky (after our Sun), the binary Sirius
(Holberg, 2010). The General Theory of Relativity predicts a spectral, non-Doppler
redshift of a ray of light in the environment of a gravitational field as a consequence of
the curvature of space-time, that can be interpreted as the loss of linear momentum
of the light while moving out of a potential well, such as a massive particle would.
Although this effect is present in the environment of a main sequence star, the shift
is extremely low and therefore difficult to measure. However, if the object is highly
dense this effect is much more noticeable, which makes the white dwarf Sirius B the
ideal candidate for this experiment due to its proximity to the Sun. Also proposed
by Eddington, the first measurement of this gravitational redshift was published by
Adams (1925) obtaining 23 km s−1 by spectroscopic measurements of the binary star.
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Although it is indeed a measurement of the gravitational redshift, the fact that central
source is much brighter than the companion can contaminate the measurements if
analyzed via spectroscopy. The target has been deeply studied during the following
decades with a much better understanding of stellar structure and stellar evolution
(Greenstein, Oke, and Shipman, 1971; Barstow et al., 2005; Joyce et al., 2018),
obtaining measurements closer to 80 km s−1.

The fourth classical test was proposed by Irwin Shapiro forty years later than Adams’
results by using Mercury again, in Shapiro (1964). If Mechanics are described by the
Theory of General Relativity, then the light does not travel in a straight line as a
consequence of the curvature of space time due to the presence of certain mass. This
phenomenon yields a time delay comparing to a case where Mechanics are described by
Newtonian Physics, where the light travels in straight line. Such delay, proportional
to the strength of the gravitational potential in the path of the ray of light, must be
measurable by the reflection of radar emission (sent from Earth) on the surface of
any object closer to the Sun, as Mercury itself. The Shapiro delay was confirmed four
years later by Shapiro et al. (1968).

The last of the classical tests was the first one to be carried out in a laboratory.
The work of Pound and Rebka (1959a), proposed a way to measure the gravitational
redshift by studying γ-ray scattering over a solid surface at two different heights
in a tower. The use of this technique overcame the difficulties of other tests based
in atomic or molecular transitions, usually needing to compare the frequencies at
two heights separated several kilometers. Their results confirmed the detection of
the gravitational redshift in Pound and Rebka (1959b). This experiment paved the
way for precision tests of General Relativity, such as Vessot et al. (1980), which
measured the gravitational redshift in the frequency of a maser transition in a rocket
and compared it with the same transition on Earth.

Strong gravitational field regime

The solution of the Einstein field equations for a gravitational field outside certain
spherical mass M is given by the Schwarzschild metric, whose temporal component2

is a function of M and the 3-dimensional distance r:

g00 = ±
(

1 − 2Φ(M , r)

c2

)

, (1.1)

where Φ(M , r) = GM/r is the 3-dimensional gravitational potential, c is the speed
of light in vacuum and G is the gravitational constant. The gravitational field is
considered weak at r = r0 if Φ(M , r0) << c2, a scale applicable even for the most
massive stars in their close surroundings. For a gravitational field to be considered
strong, the value of Φ(M , r0) has to be comparable with c2. These gravitational fields
can be found only in the close environments of extremely compact objects, such as
neutron stars or black hole candidates, which are extremely difficult to detect and
observe.

2Whether the sign is positive or negative depends on the convention used to write the metric, as
long as it is the opposite sign to the one used to write the spatial components.
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One of the first successful tests of General Relativity in strong regime was presented
by Taylor and Weisberg (1982). In this work the authors determined the mass dis-
tribution and orbital parameters of the Hulse-Taylor pulsar, a neutron star binary
discovered in 1974 (Hulse and Taylor, 1975). The orbital period decay reveal a loss
of energy explained via gravitational radiation, another prediction of the General
Theory of Relativity. For more than 30 years this was the best confirmation of the
existence of gravitational radiation until the direct observation of an extra-galactic
binary black hole merger by LIGO and VIRGO (Abbott et al., 2016), opening a new
door to gravitational astrophysics. Concerning the galactic nuclei, a detection of the
gravitational redshift was reported on an active galaxy through the measurement
of the X-ray iron Kα line broadening (Tanaka et al., 1995). This phenomenon was
observed afterwards in a wider sample of AGNs (Fabian et al., 2000).

General Relativity is not a theory easy to test due to the lack of highly compact mas-
sive bodies at stellar scale known in the Solar neighborhood. The existence (or not) of
a scale at which General Relativity fails to reproduce Astrophysical phenomena still
remains as one of the unanswered questions in Physics. Probing General Relativity
in the strongest fields of the Universe pushes further our understanding of Nature
and tests the limits of our actual knowledge.

Figure 1.10: Potential-mass map displaying several tests of General
Relativity. The test in grey colour correspond to future expected find-
ings. In blue, the test where this thesis work has mainly contributed

to. Source: Gravity Collaboration et al. (2020a).

A map gravitational potential-mass including all the tests described in this same
chapter is presented in Figure 1.10. The upper right corner (from M = 1035 − 1045 g)
corresponds to the most challenging tests, approaching a region called the event
horizon (where Φ = c2). This thesis work presents and discusses my contribution to
the results obtained by the GRAVITY Consortium about the test marked in blue,
relative to the orbit of the star S2 around the supermassive black hole candidate
SgrA∗.
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1.2 The contribution of this thesis work

The collaboration I have been participating on corresponds to the first interferometric
study of the Galactic Center in the infrared domain. The thesis work can be divided
in two main parts, described in detail in Chapters 3 and 4:

• Astrometry of the star S2 and detection of flares of the supermassive black hole
SgrA∗ before and after the pericenter passage: I have participated in the tuning,
testing and improvement of a code developed by the team of the Observatoire de
Paris to reach the maximum astrometric accuracy of the instrument GRAVITY
while measuring the position of the star S2 on sky in its orbit around SgrA∗. I
have been part of the observing team for four observing runs (the final commis-
sioning run in 2017 and three other runs during 2018). With a total of 2 years
of data, I have measured the coordinates of the star S2 with unprecedented
accuracy as well as detected three bright flares from the close environment of
SgrA∗. I have also considered and tested detection of extra sources in the field
with the obtained data. My measurements have been combined with those of
two other groups using independent codes to build the final GRAVITY mea-
surements, which confirmed the detection of the gravitational redshift and the
Schwarzschild precession for the first time in our galactic center. The results of
this research have been part of four scientific papers inside the GRAVITY Col-
laboration, in the journal Astronomy & Astrophysics where I have been listed
as coauthor within the alphabetically-ordered list.

• A study of the outer structure of the red supergiant star GCIRS 7: By using
data obtained with GRAVITY in 2017 and taking advantage of the spectral res-
olution of the instrument I have applied a model consisting in a single thin shell
to explain the different diameters observed in the molecular lines of the spectra
of this star. By using allocated observing time of the team, I have prepared and
carried out two observing runs with VLTI-GRAVITY in 2019 to complement
the 2017 data and study the temporal evolution of the star. Thanks to the su-
perb sensitivity of GRAVITY I have been able to measure the size of GCIRS 7
with an accuracy of 2%, resulting in the smallest angular diameter measured to
date on a red supergiant. The observations are compatible with the expansion
of an external molecular layer, for the first time seen in a red supergiant star
which is known to present stellar pulsations. The outcome of this research has
been presented in the Galactic Center Workshop 2019 (Yokohama, Japan). I
have also produced a scientific paper submitted to the journal Astronomy &
Astrophysics where I am the first author inside the GRAVITY Collaboration.
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Chapter 2

The GRAVITY instrument

This section serves as a shallow introduction to the techniques and the instrument
which the thesis is focused on, to provide a guide of several non trivial concepts used
in further chapters of the thesis. The interferometric observables will be introduced.
At the end, the reduction and calibration pipeline used is described in detail as well
as the estimators of the interferometric observables.

2.1 An introduction to Optical interferometry

2.1.1 The Michelson stellar interferometer

Let us imagine two telescopes of the same aperture A located at positions x1, x2 re-
spect to a common coordinate system, and therefore separated by a distance given by
the vector B = x2 − x1 (called baseline vector). There is a single astronomical source
located at a distance given by the vector S with respect to the origin of coordinates
of the telescopes, that the user wants to observe with this pair of telescopes, whose
pointing direction is given by the unit vector ŝ = S/|S|. The influence of the atmo-
sphere is not considered yet (see Section 2.1.4) and the beam of light is assumed to
be monochromatic with wavelength λ. In the case of GRAVITY, the interferometer
is designed to operate in coaxial beam combination, where the light collected by the
telescopes interferes before being registered at the detector. Due to the inclination of
the source in the sky, one of the telescopes always receives the light before the second
one, resulting in a phase shift and a loss of coherence. For this reason there has to
be delay lines of length d1, d2 before the beam combination which compensate this
phase shift and guarantee coherence. The length of the delay lines depends on the
distance of the telescopes, which is a fixed quantity, and the position of the source
in the sky. Therefore, the delay lines must be moving elements. A picture of such
interferometer is displayed in Figure 2.1 (Lawson, 2000).

The wave describing the beam of light E collected by the telescope j = 1, 2 is:

E1 ∝ e−ik(d1+ŝ·B)e−iωt

E2 ∝ e−ikd2e−iωt

where ω = 2πc
λ

and k = 2π
λ

. For an interferometer in coaxial beam combination, both
waves arrive at the beam combiner, where interference happens. The wave function
resulting from the combination of two beams is E = E1 + E2:

E ∝ e−iωt
[

e−ik(d1+ŝ·B) + e−ikd2

]

. (2.1)
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but this method has shortcomings due to finite sampling, noise or photometric fluc-
tuations. To estimate the modulus |V | and the phase φ12 modern algorithms involve
the use of four samples ABCD (Colavita et al., 1999) recording the fringe at four
different phase shifts (at 0, π/2, π, 3π/2) building estimators for the visibility from
them (see Section 2.1.5).

2.1.2 Astrometry based on metrology

In absence of chromatic dispersion, the position of the maximum of the interferogram
is the one which minimizes the absolute value of the element inside the cosine from
Equation 2.2:

|k (ŝ0 · B + d1 − d2) + φ12| = 0 .

If the phase φ12 is zero, this defines a phase reference. By setting the phase to zero
here, a phase center is defined. Then, as the distances di are known, the location of
the maximum of the interferogram will be where ŝ0 · B = d2 − d1. Let us consider
now a second source separated by a distance ∆s from the phase center (defined by
the first source), such as ŝ1 = ŝ0 + ∆s. In this case, the response of the interferogram
reads:

P (x) = P (x)0 + P (x)1

or in other words, two interferograms whose maxima are separated a distance ∆ŝ,
that can be obtained by measuring the optical path difference:

∆opd = ∆s · B = ŝ1 · B − ŝ0 · B = ŝ1 · B + d1 − d2 . (2.5)

Equation 2.5 implies that the position ŝ1 with respect to ŝ0 can be obtained by mea-
suring the optical path difference between the maxima of the two interferograms. The
accuracy at measuring the positioning of the source then relies on the precision at
measuring the length of the optical paths and of the fringe positions. In first approx-
imation, as δs (the astrometric accuracy) and δd (the accuracy on the optical path)
are related via δs = δd/B, for a baseline of 100 m an astrometry can be determined
with an accuracy of 10 µas if δd = 5 nm, which is feasible with a measurement system
based on laser metrology.
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2.1.3 Aperture synthesis

The description of an extended source can be understood as a spatial distribution of
point sources in a given area of the sky. Calling F the source intensity as a function
of the position ŝ and assuming that the radiation coming from several locations is
incoherent, the output of the interferometer pointing at ŝ0 with a baseline B can be
modified to account for this distribution as (Lawson, 2000):

P (ŝ0, B, δ) =
∫

dΩA(∆s)F (∆s) [1 + cos (k∆s · B + δ)] (2.8)

with ∆s = ŝ − ŝ0. The term δ is a small added phase who accounts for any small shift
added to the delay lines and dΩ is the solid angle unit. For simplicity the source is
assumed to be monochromatic again. This equation can be expressed in the following
way:

P (ŝ0, B, δ) = P0(1 + Re{V eikδ}) (2.9)

by defining (Lawson, 2000):

P0 =
∫

dΩA(∆s)F (∆s) (2.10)

and:

V (k, B) =
1

P0

∫

dΩA(∆s)F (∆s)e−ik∆s·B . (2.11)

By assuming that ∆s is perpendicular to ŝ0 (which is true if the field of view is suffi-
ciently small) the separation ∆s ≈ (α, δ) and the complex visibility can be expressed
as a Fourier transform:

V (k, B) =

∫

dαdδA(α, δ)F (α, δ)e−2πi(αu+δv)

∫

dαdδA(α, δ)F (α, δ)
(2.12)

where (u, v) = (Bx, By)/λ are nothing but the Fourier pair of the coordinates in the
sky. They have dimensions of m−1 and are called spatial frequencies. This result
is known as the Van Cittert-Zernike theorem (van Cittert, 1934; Zernike, 1938) and
relates the complex visibility with the spatial distribution of the target. The angular
separation of the first and second fringes projected in the sky yields:

∆s =
λ

|B| (2.13)

which defines the resolving power of a stellar interferometer. The same target, ob-
served by a single aperture with diameter D gives a spatial resolution of:

θ =
λ

D
(2.14)
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If coherence is reached by a pair of telescopes separated by a distance |B|, the equiv-
alent spatial resolution is the one of a telescope of diameter |B|. That is, the spatial
resolution available in imaging mode by an interferometer built from two telescopes
is the same that the one a single telescope of diameter equivalent to the separation
of them has. A pair of telescopes can provide a better angular resolution by orders
of magnitude while comparing to a single aperture observation. However, the main
drawback is the loss of spatial coverage, therefore losing imaging capabilities.

The most powerful result of Equation 2.12 is the possibility to combine several aper-
tures to improve the spatial coverage. Indeed, the larger the number of telescopes,
the better the spatial coverage would be. Intuitively, it can be seen as an incomplete
single dish telescope with a size equivalent to the largest baseline, with a measurement
for each baseline. As the spatial frequencies depend intrinsically on the wavelength,
this coverage can be also increased if the interferometer has a spectral response. Fi-
nally, the baseline coverage is complemented with the rotation of the Earth, which
together with the baseline vector projects an ellipse on the sky whose shape depends
on the position of the target in the sky and the location of the telescopes on Earth.
This effect is called supersynthesis and can be used to wisely plan the observations
to benefit from an improved spatial coverage.

2.1.4 The effect of the atmosphere

The main boundary condition while planning the deployment of any ground observa-
tory is always the minimization of the atmospheric effects. In the case of optical and
infrared astronomy, the atmosphere is always an external optical element that must
be taken into account to perform any observation in order to remove any non desired
effects over the data.

Modelling the behaviour of the atmosphere in detail is an extremely complex task.
From the point of view of an optical system and assuming a small field of view, it can
be approximated as a set of multiple layers that the light coming from an external
source must pass through. The coherence length r0 or Fried parameter (Fried, 1966)
defines a diameter where the telescope and the atmosphere optical transfer functions
have the same cut-off frequencies. It is closely related to the seeing point spread
function as αseeing ∝ λ/r0. If the turbulence is strong, the value of r0 decreases. As
a function of wavelength it can be expressed as:

r0 ∝ λ6/5 .

The work of Taylor (1938) proposed that the turbulence caused by a layer can be
seen as a frozen pattern transported by the wind if the turbulence velocity is much
lower than the air stream velocity. In the simplified case of a single turbulent layer
of speed v, the temporal variation of the turbulence can be characterized by the time
scale:

τ0 =
r0

v
∝ λ6/5 , (2.15)

where v is the wind velocity, typically 10 m/s. A Fried parameter of r0 = 10 cm
yields τ0 ≈ 10 ms. The fact that the atmosphere is a turbulent fluid always adds an
additional stochastic phase to the interferogram resulting in a decrease of contrast
that could cause the intensity of the fringes to be below the detection threshold.
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The parameter τ0, called coherence time, defines a time scale during which the phase
varies by 1 rad2 leading to a degradation of spatial coherence by e−1/2 in the case
of differential piston. By this formalism, if the observation is performed in a time
interval shorter than τ0 (short exposure) the atmosphere can be considered frozen.
In practice, τ0 is an average along the line of sight, as a more accurate modelling of
the atmosphere involves the presence of a few turbulent layers with different speeds
v.

This is the main reason why the available amount of observable sources is extremely
limited in optical interferometry, as the integration time must be lower than τ0 so
the source must be extremely bright to be registered. There are, however, ways to
overcome this issue by the use of adaptive elements such as fringe tracking (see Section
2.3.1).

2.1.5 Interferometric observables

The aim of any interferometry observation involves the measurement of the complex
visibility and the use of Equation 2.12 to derive the spatial distribution of the object.
For any visibility measurement to be meaningful, it must include information about
the modulus and the phase, as it is a complex quantity. An interferometer made of
two telescopes (or a single baseline) can measure the following observables:

• V 2 or the square of the modulus of the complex visibility. In modern inter-
ferometers it can be estimated by the use of four samples ABCD (Colavita,
1999):

V 2 =
π2

2
〈(X)2 + (Y )2 − Bpn − Brn〉

〈N〉2
(2.16)

where (A, B, C, D) is the intensity output of the interferogram in four separate
bins by adding offsets to the measured phase φ0 as (φ0, φ0 + π/2, φ0 + π, φ0 +
3π/2), N is the total number of photons (N = A + B + C + D), Brn is the
bias due to the detector readout noise and Bpn the counting photon bias. The
terms X, Y are X = C − A and Y = D − B. Instead of applying a temporal
modulation, GRAVITY measures the samples ABCD directly by the use of
integrated optics beam combiners (Gravity Collaboration et al., 2017).

• φ, or the observed phase. By the ABCD algorithm again (Colavita, 1999):

φ = arctan
(

Y

X

)

(2.17)

with X, Y described above. It is affected by a small vertical variation (called
atmospheric piston) which is a consequence of the distance of the two telescopes,
as the signal does not arrive at the same time to both pupils. By using only
a pair of telescopes, any phase shift due to this effect cannot be distinguished
neither from any internal phase error nor from an intrinsic phase of the source.



24 Chapter 2. The GRAVITY instrument

A new measurement of the phase, independent from atmospheric piston, can be ob-
tained from the visibility phases if at least a third telescope is available. In that case,
calling φ

obj
ij the visibility phase of the object measured by the baseline (i, j) and ǫi

the atmospheric piston of the telescope i, for the triangle (i, j, k):

φij = φ
obj
ij + ǫi − ǫj

φjk = φ
obj
jk + ǫj − ǫk

φki = φ
obj
ki + ǫk − ǫi

The sum of the three visibility phases cancels the atmospheric piston while holding
the object visibility phase information. This allows to define another observable:

• T3φ as the closure phase of the triangle (ijk):

T3φ(ijk) = φ
obj
ij + φ

obj
jk + φ

obj
ki (2.18)

This observable encloses all the phase information but it removes the atmo-
spheric piston resulting in an unbiased and more stable phase measurement.
For a number of telescopes N there are (N − 1)(N − 2)/2 independent triangles
and N (N − 1)/2 phases (one per baseline). If the observed source is spherically
symmetric, this observable returns a value of zero. The closure phase can be
seen as a sign of the presence of asymmetries in the object, giving essential
information about its nature.
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2.2 The VLTI interferometer

The observatory of Cerro Paranal in the North of Chile (Figure 2.3) is the European
Southern Observatory (ESO) main observing site in the field of optical astronomy.
Up to date, it has the most numerous set of telescopes belonging to ESO, being a
unique facility where the most advanced instruments and techniques can be tested,
commissioned and put into operation. It has a total of 10 telescopes from which 2
of them are used for survey observations (VST and VISTA). The remaining 8 are 2
quadruplets of telescopes that, when operated simultaneously, form the Very Large
Telescope Interferometer (VLTI):

• The four Unit Telescopes (UT): with a 8.2m diameter single dish primary mirror,
they are the largest telescopes of the observatory. Each of them hosts several
instruments provided by different scientific collaborations associated with ESO.
While operated individually, they are called Very Large Telescope (VLT). Their
primary mirrors are assisted by active optics as well as by adaptive optics with
a laser guide star if needed, depending on the instrument. In addition, they
can operate simultaneously forming the most sensitive optical interferometer
actually in use with a maximum baseline of 130m1. Due to their vast instru-
mentation and the high number of institutions participating, their use as an
interferometer is limited to science cases requiring the highest sensitivity and
faint targets (up to mK = 19), such as the Galactic Center, studies of AGNs,
exoplanets or young stellar objects.

• The four Auxiliary telescopes (AT): a set of telescopes with a primary mirror
of 1.8m. Unlike the UTs, they can be only operated in interferometric mode.
The main advantage of the ATs is their mobility, as they can be placed in
several configurations alongside the facility reaching a different interferometric
coverage depending on the science target. The maximum baseline available for
the ATs (200 m) is larger than the one of the UTs making this interferometer
more appropriate for smaller targets (with a resolution of 2.2 mas in imaging
mode against 3.5 mas for the UTs) as long as they are sufficiently bright (up
to mK = 16.5). It is, however, less sensitive due to the smaller size of their
primary mirrors.

While operating as an interferometer, the UTs are always assisted by adaptive optics
thanks to the performance of MACAO (with wavefront sensing in the visible, Arse-
nault et al., 2004) and CIAO (with wavefront sensing in the infrared, Kendrew et al.,
2012). Part of the collected light by the telescopes is sent to a curvature wavefront
sensor, located in one of the Coudé focus of each UT telescope, who corrects the
atmospheric aberration by acting over a deformable mirror in real time. This system
is needed to perform interferometric observations due to the large size of the primary
mirrors, which are more sensitive to the effects of the atmospheric turbulence than
smaller telescopes. In the case of the ATs, the use of this interferometer was limited
to nights where the quality of the sky was excellent. By the addition of NAOMI in
2018 (Woillez et al., 2019), these telescopes are also assisted by adaptive optics on
each of the stations, significantly improving the amount of observing time.

1It is not, however, the optical interferometer with the largest baseline as this record is hold to
this date by CHARA with 330m.
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A sketch of the instrument can be seen in Figure 2.6, where only two telescopes (out of
four), only one of the wavefront sensors (out of four, one per telescope) and only one
beam combiner (out of two, one for science and the other one for the fringe tracker)
are shown. The beam combiner instrument inside the cryostat is composed of the
following subsystems:

• The fiber couplers: these four devices receive the beams from the four telescopes
respectively and stabilize them to inject the light into fluoride glass single-mode
fibers, designed by Le Verre Fluoré. Apart from the optics, it contains a system
of motors to rotate the field and piezo actuators to stabilize the pupils, tip-tilt
jitter and atmospheric piston (Pfuhl et al., 2014). The field rotation is also used
to select objects in the field.

• The fiber control unit: the optical fiber subsystem collects the light from the
fiber couplers and inject it into the beam combiners where interference happens.
These fibers add a differential delay line, and are controlled by actuators which
can vary the distance up to 6 mm with a relative accuracy up to 1 nm (given
by the metrology) by stretching the fibers with the piezos. A second group of
actuators twist the fibers acting as rotators used to control the fiber polarization.
With these fibers it is possible to control the optical path difference between
the science object and the phase reference, as well as to align the polarizations
of all beams to maximize fringe contrast.

• The integrated optics (IO) beam combiners: these optical devices are an analog
to an electrical integrated circuit. There is one per source input (FT and SC). It
is here where interference happens and the interferograms are sampled (Jocou
et al., 2014). It has four inputs from the fiber control unit (one per beam) and
24 outputs corresponding to four estimators at 0◦, 90◦, 180◦, 270◦ phase shift
(ABCD, following the scheme of Colavita, 1999) for each baseline. A picture
of an integrated optics beam combiner is displayed in Figure 2.7 and the circuit
used in GRAVITY is presented in the next Section, in Figure 2.9.

• The spectrometers: for each fiber input (FT and SC) there is a spectrometer
receiving the output of the 24 channels of the respective IO beam combiner
(Straubmeier et al., 2014). They split the light in the range ∆λ = 1.95 − 2.45 µm
for the observation of the interferometric signals of one target (single field) or
two targets, one of them bright being the fringe tracker source (dual field). The
science spectrometer is optimized for long integration times (from a second to a
minute) configured to provide three different spectral resolutions recording the
spectral coverage in a different number of channels according to the needs of
the observer:

– LOW resolution: the number of spectral channels is 15 (R = 22). This
mode maximizes the amount of light per channel and is optimal for source
detection, or faint targets. The spectral information obtained, however, is
poor.

– MEDIUM resolution: the number of spectral channels is 250 (R = 500).
This mode requires a moderately bright target and a science case who
profits from spectral information.
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• The detectors: the science channel is equipped with a HAWAII2RG detector
made of 2048 × 2048 pixels with a pixel size of 18 µm and a λcutoff = 2.5 µm
(Finger et al., 2008). It presents a quantum efficiency of 80% at λ = 2 µm and
a read noise of 3 e-rms by Fowler sampling. The fringe tracker detector is a
Selex SAPHIRA near-infrared avalanche photo diode array (Finger et al., 2016)
with 256 × 320 pixels in total and a pixel size of 24 µm. It registers the fringe
tracker output in a twenty-four 32 × 3 pixel array, and it is designed for a fast
readout (300 Hz-1 kHz). Its quantum efficiency is 70% at λ = 2 µm with a
resulting effective read noise of less than 1 e-rms (Gravity Collaboration et al.,
2017).

• The acquisition camera: another HAWAII2RG detector with the same speci-
fications as the science channel registers four different outputs from the four
telescopes simultaneously in a layout made of 2048 × 2048 pixels: the pupil
tracker, the aberration sensor, the pupil imager and the field imager (Amorim
et al., 2012). The pupil tracker displays four pupil images on the detector
enabling the correction of the pupil motion in both lateral and longitudinal
axes. The aberration sensor displays the output of a 9 × 9 Shack-Hartmann
wavefront sensor which is able to measure the non-common path aberrations in
the delay lines. This device is used to correct such aberrations together with
adaptive optics for the UTs, as well as focus the telescopes for the ATs. The
pupil imager displays the full pupil of each telescope and is used to check if the
pupils are properly aligned during the observations. The field imager provides
the field of view observed by each individual telescope, from which the fringe
tracker target and the science target can be selected to be pointed and tracked
by the respective fibers. It also displays the coordinates of each fiber measured
by the metrology system, which allows to obtain the offset needed to correct
by tip-tilt in the fiber coupler. The acquisition camera operates in H-band
(∆λ = 1.45 − 1.85 µm).

• The metrology laser: the differential optical path between the two targets on
sky (SC and FT) is determined by the metrology system (Lippa et al., 2016), by
measuring the internal optical path difference inside the interferometer between
the two sources. For this purpose a two-stage laser system (λ = 1908 nm) is
implemented: a low-light level laser controlling the path inside the cryostat is
propagated from the detector up to the fiber coupler where another brighter
laser (1 W) propagates backwards from the fiber coupler up to the four tele-
scopes. The metrology detectors are located on the secondary mirror spider
arms of each telescope such as the whole optical trajectory is taken into ac-
count. The reason for this two step configuration is a compromise between
distance and power: a single bright laser inside the cryostat would lead to non-
linear effects and detector saturation, while a single low-light laser would lead
to a very low SNR for the metrology system after the enormous dilution of the
beams in the UT 8m pupils. The metrology system also provides the projected
position in the sky of each fiber which is displayed in the acquisition camera.
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2.3.1 Fringe tracking

Obtaining an infrared interferogram of certain astronomical source is a difficult task
mainly due to the influence of the Earth’s atmosphere. Any small fluctuation produces
a phase shift which breaks the coherence of the light beams who are interfering.
Without any adaptive technology, any observation under a very stable atmosphere
would still be possible for a given interferometer, but it would limit the integration
time to less than the atmospheric coherence time. The physical picture behind this
phenomenon is simple: to obtain a measurement of the visibility contrast, the detector
must be fast enough to freeze the interferometric fringes resulting from the two beams
coming from the telescopes in the image. The more turbulent the atmosphere is, the
faster the detector would have to be.

Concretely in the K band, the typical atmospheric coherence time is τ0 < 100 ms. All
the information coming from that astronomical source would have to be collected in
that time with an ultra fast detector. Considering also possible loss due to reflections
as an interferometer is a complex optical circuit, the amount of collected photons
during that interval is typically low (1%), unless the source is significantly bright or
the diameter of the telescope primary mirrors is large. As a long integration is not
available, in general the number of sources available to be observed by the use of
optical interferometry is limited to hundreds.

One of the major contributions of GRAVITY to the instrumentation of VLTI is the
fringe tracking subsystem (Lacour et al., 2019). Guided by the principle of adaptive
optics (where a deformable mirror corrects the atmospheric turbulence according to
the information sent by the wavefront sensor), an element is added to the optical
path of the delay lines to overcome the phase shift injected by the atmosphere in
real time. This is done by feeding two channels with an identical integrated optics
beam combiner each. The first of them is called the science channel, which can
integrate the desired time if fringe tracking is available. The second one is the fringe
tracker channel, which operates in the lowest resolution available (R = 22) and at
two available sampling rates: 300 Hz or 1kHz. The elements of the fringe tracking
subsystem are the following:

• The fringe sensor: by taking the data output of the FT channel detector, the
fringe sensor measures, for every baseline, the phase delay and the group delay
(a detailed derivation of this quantities can be found in Lacour et al., 2019).

• The actuators: these elements form a two-stage system composed of a slow
actuator in the VLTI delay lines and fast actuators in the fiber coupler. Their
purpose is to control the optical path delay to guarantee the detection and
tracking of the fringes according to the response on the detectors.

• The OPD controller: this element computes the necessary correction that will be
sent to the actuators through a Kalman model, whose parameters are updated
in a time span of seconds by exploring the OPD residuals and the response of
the actuator. The purpose of the Kalman model is to reduce the vibrations on
the optical path difference and predict turbulence during flux dropouts (Menu
et al., 2012; Choquet et al., 2014).
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The use of fringe tracking requires the presence of a bright target in the field to
stabilize the fringes in the same way as adaptive optics requires a guide star. In
the case of the UTs, the magnitude of this star must be mK < 10, and for the ATs,
mK < 7 (Gravity Collaboration et al., 2017). Thanks to this technique and the
use of adaptive optics, GRAVITY can integrate on the science channel2, increasing
the number of available targets up to a brightness limit of mK = 19. Moreover,
the possibility of obtaining the interferometry from two targets simultaneously with
high sensitivity opens the way to astrometric measurements based on the instrument
metrology reaching an unprecedented accuracy.

2.3.2 Observational modes

Depending of the science case, the instrument is configured to operate in the following
modes:

• Single field: the fringe tracking fiber and the science fiber point to the same
target, and then the light is split between FT and SC channels. This mode is
appropriate if the science target is bright enough to track the fringes (mK < 7
for the UTs or mK < 10 for the ATs). The beam-splitter feeds the FT and the
SC channels with 50% of the light respectively.

• Dual field: the fringe tracking fiber and the science fiber point to different
targets in the same field of view (2′′ for UTs and 6′′ for the ATs). This mode
has to be selected if the science target is too faint to be used as fringe tracker.
As the phases are recorded with respect to the FT source, this mode is required
for astrometric measurements. Depending on the distance between FT and SC
objects, the set-up can be:

– Dual field on-axis3: used for separations lower than 0.27′′ for UTs or lower
than 1.17′′ for ATs. The same beam-splitter as the single field mode is
used, feeding each channel with 50% of the total amount of light.

– Dual field off-axis: used for larger distances, higher than 0.27′′ for UTs or
higher than 1.17′′ for ATs. In this case 100% of the light of each source is
injected into each fibre.

2The maximum integration time does not directly depend now on the coherence time, but in the
confusion of the (u, v) plane due to the rotation of the Earth.

3Only this mode is applicable for this thesis.
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2.4 Estimation of interferometric observables

The reduction and calibration processes are fundamental to give any physical meaning
to the measurements taken in the observatory. They involve the transformation of the
electrical signal of the detector into physically measurable quantities of the target, as
well as remove the instrumental and atmospheric biases. In this section the quantities
used for the astrophysical analysis of the sources are formally described, from the
detector to the final interferometric observable estimators.

In the case of GRAVITY, an observing block for a given science target is made of:

• Several science frames (SCI) which the astrophysical information is obtained
from. These data frames must be corrected by all the atmospheric and instru-
mental effects that are present in the astrophysical signal.

• An interferometric calibrator (CAL frame), needed to debias the SCI observa-
tion from instrumental phase shifts and visibility losses. For this purpose an
astrophysical target must be selected, to be observed at the same air mass as
the science target to minimize errors due to anisoplanatism of turbulence and
refraction effects of the atmosphere. They must be observed in the same in-
strumental configuration as the SCI frames, with the same DIT and number
of exposures (NDIT). The calibrator, which is selected by the user, must be a
very well known and stable object with a high and predictable visibility (close
to one), to obtain the response of the interferometer. The calibration is applied
as a multiplicative factor.

• At least a SKY frame for each observing sequence (CAL or SKY), typically
interleaved between two SCI frames or two CAL frames. The purpose of these
frames is nothing but remove the average bias of the sky on top of the target.
These frames are obtained by applying a slight offset in an empty region of the
sky. The processed SKY is directly substracted from the signal.

All of these data frames are recorded during the night. In addition, several extra
frames are needed for a proper reduction of the data and its posterior calibration,
obtained through a process who takes place after the end of the observations. They
are the following:

• One DARK file associated with the observation, in the same instrumental con-
figuration. They are obtained by recording the response of the detector without
any source illuminating it. Its use is needed to remove, from the SCI frames,
the bias due to the readout of the electronics of the detector. The correction is
subtractive in a similar way as the SKY frames, being directly substracted from
the signal of every frame. At the end of the night, there must be one DARK file
for each configuration used. For example, if the dataset of the night includes
two different Detector Integration Times (DIT), there will be two DARK files.
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The whole reduction and calibration, for every frame used for this thesis work, is
performed by using a pipeline written in C and developed by the GRAVITY collab-
oration, which is summarized in Figure 2.8 and its details can be found in Lapeyrere
et al. (2014). The process from raw data to reduced visibilities is the following,
performed both for the SCI files and the CAL files (steps 1 and 2 in 2.8):

(a) The first step builds the instrument response calibration. By using the DARK
file corresponding to the 6 P2VM_RAW files, the WAVE and WAVESC files
and the four FLATs the pipeline generates a map with the response of bad pixels
(BAD_CALIB), the master calibration files (DARK_CALIB, FLAT_CALIB,
WAVE_CALIB) and finally the reduced P2VMs corrected by the detector bias.

(b) In the second step the spectra of the instrument are extracted from the detector
readout and calibrated in wavelength by the use of the files DARK_CALIB,
FLAT_CALIB and WAVE_CALIB.

(c) The third step obtains the values of the visibilities and telescope fluxes by the
use of the reduced P2VMs and the extracted spectra of the instrument. Once
they are computed, the visibilities are reduced by phase referencing involving
the metrology.

After these steps, the dataset is ready for calibration, which is finally obtained by the
following process, corresponding to the step 3 in Figure 2.8:

(a) A transfer function is built for the phases and for the amplitudes of the visibil-
ities respectively by the use of the CAL visibilities and the known diameter of
the calibrator. It is also interpolated to the time of the SCI frame to calibrate.

(b) The reduced visibilities of the science frames are finally calibrated by dividing
by the transfer function for the observables related to the amplitude of the
visibility, or subtracting them from the phases for the observables related to
the phase.

In case of any observation done by using the Wollaston prism (SPLIT mode), the two
channels are reduced and calibrated independently. The final output of the whole
pipeline returns all the visibility observables completely calibrated.

In the following sections, the whole process from the detection to the visibility cal-
ibration is described in detail. Due to the fact that the HIGH resolution mode is
not used in this thesis (and it involves indeed a different approach), the following
equations are only applicable for the LOW and MED resolutions. If SPLIT mode is
chosen, the observables are estimated for both polarization outputs individually4.

A full description of the pipeline can be found in Lapeyrere et al. (2014) or in the
GRAVITY Pipeline User Manual (v 1.4.0). The quantities and indices used in this
section are summarized in Tables 2.1 and 2.2.

4The study of polarized visibilities is not addressed in this thesis.
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Table 2.1: List of quantities used in this section.

Quantity Meaning

Y Spectrum extracted from the detector readout

E Incident electric field

S Total flux registered by a detector

T Transfer function term from the optical system

C Instrumental coherence term

V Natural coherence term (visibility)

R Real part of the complex coherent flux

I Imaginary part of the complex coherent flux

F Flux recorded by each telescope

Table 2.2: List of indices used in this section.

Index Meaning Values

f Frame, a single integration DIT From 1 to NDIT

o Output region of the detector From 0 to 3 (ABCD)

i The spatial direction of the pixel map Pixel map size x

j The spectral direction of the pixel map Pixel map size y

l The wavelength channel
From 0 to 15 in LOW
From 0 to 250 in MED

t The telescope index From 1 to 4

b The baseline index From 1 to 6

n The beam index From 1 to 4

m A beam index different than n From 1 to 4

k The output pixel index From 1 to 24 (6 × o)

λ The wavelength of the channel From 1.95 to 2.45 µm

τ The time interval in a single integration From 0 to DIT

A diagram of the beam combiners is displayed in Figure 2.9. In the nomenclature of
Table 2.2, the four inputs n correspond to each telescope t. The 24 pixel outputs k

are subdivided in four regions o corresponding to the samples ABCD. Each set of four
regions corresponds to a baseline b labelled with the index of the two inputs (n, m)
corresponding to two telescopes t.
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respectively. The reason why the SKY is used instead of the DARK is the short
exposure time of the FT channel, where the background emission of the sky
around the target is negligible.

To ensure all the spectral samples j of the region o refer to the same effective wave-
length, a spectral wavelength calibration must be performed. The wavelength tables,
which are different for each output region o of the detectors, are stored in the files
WAVE_CALIB and WAVESC_CALIB (FT and SC respectively). Depending on the
spectral resolution chosen (LOW, MED or HIGH), a number of channels λl will be
defined, but this wavelength cannot be directly used because the transmission of each
channel may be different. For each region o, the target wavelength λl is located some-
where between two spectral samples jol and jol + 1. In the SC channel, a common
wavelength is then defined by:

λ′

ol = λojol
+

(λl − λojol
)(λojol+1 − λojol

)

(λojol+1 − λojol
) + (λojol+1 − λl)

Lojol+1

Lojol

, (2.20)

where the quantity Loj is the flat recorded on the internal light source and stored in
the file FLAT_CALIB. The flat correction guarantees that any spectral channel with
a bad pixel is set to zero. The fluxes must be corrected by this offset, and that is
done by defining the following quantity:

aol =
λoj+1 − λ′

ol

λoj+1 − λoj
. (2.21)

Finally, the spectrum of the frame f in the region o and the wavelength channel l is
then linearly interpolated as:

Yfol = aolYfojol
+ (1 − aol)Yfojol+1

σ(Y )fol =
√

a2
olσ

2(Y )fojol
+ (1 − aol)2σ2(Y )fojol+1

(2.22)

2.4.2 P2VMs

By denoting E the incident electric field and S the output electric field, an optical
system can be generally described by its transfer function T such as Sk =

∑

n TknEn,
n being the input channels and k being the output channels. In the case of the
integrated optics beam combiners, where interference takes place, there are 4 input
channels n = 1, 2, 3, 4 (one per telescope) and 24 output channels k = 1, ..., 24 (the
four ABCD shifts to estimate the observables per baseline, see Figure 2.9). The flux
registered by the pixel k at wavelength λ averaged over the interval τ = (0, DIT) is
modelled as (Lacour et al., 2019):
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. (2.23)

As the way GRAVITY is designed there is a measurement qλ
k for each wavelength

channel λ. Hereinafter, the index τ is omitted for simplicity and the mean values



2.4. Estimation of interferometric observables 39

〈|En|2〉 are referred to integration over DIT. The quantities E and T are complex,
which allows to decompose Equation 2.23 in the following:
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m 〉
]

, (2.24)

where the index ∗ denotes the complex conjugated. The second term accounts for
the loss of coherence inside the beam combiner, which have two components:

• An instrumental loss of coherence from now called Cknm that takes place inside
the optical path of the beam combiner. It must be calibrated for each detector
k in each baseline n, m.

• The intrinsic source spatial coherence term, from now called Vnm due to the
spatial brightness distribution of the astrophysical target, which is the quantity
we want to measure for each baseline n, m.

By approximating the second term as:

〈T λ
kmT λ∗

kmEλ
nEλ∗

m 〉 = |T λ
kmT λ∗

km|Cλ
knm

√

〈|Eλ
n |2〉〈|Eλ

m|2〉V λ
nm , (2.25)

Equation 2.24 can be written as a matrix product as:
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. (2.26)

Every component E and V are enclosed in the column vector at the right, which
has n + n(n − 1)/2 elements (n telescopes plus their baselines). The matrix V2PM,
called visibility to pixel matrix (Tatulli et al., 2007) encloses all the dependence on
the components T and C, accounting for all the instrumental effects related to the
transfer function of the optical system. This matrix is not squared, with k rows and
n + n(n − 1)/2 columns.

The calibration of the V2PM matrix is needed to extract any astrophysical infor-
mation for the observations and is done during daytime by illuminating the inputs
with an internal source of GRAVITY located inside the cryostat (non resolved, guar-
anteeing Vnm = 1 (∀n 6= m ∈ 1, 2, 3, 4)). Firstly, the individual transmissions Tkm

corresponding to every beam are calibrated by illuminating the inputs n individually
closing the rest of the shutters. Secondly, the instrumental coherence terms Cknm are
obtained by illuminating the inputs opening the shutters by pairs (and closing the
rest). Finally, the instrumental closure phases are measured by illuminating all the
inputs simultaneously.
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The measurement of the coherent fluxes requires the inversion of the V2PM matrix,
but unfortunately it is not squared. For this purpose, the pseudo-inverse matrix,
called pixel to visibility matrix (P2VM) is obtained by splitting the V2PM into real
and imaginary parts, and then performing a singular value decomposition (Lapeyrere
et al., 2014). After inverting the V2PM matrix, the P2VM provides the measurements
of the complex coherent fluxes per baseline and the individual telescope fluxes:

(Fftl, Rfbl, Ifbl) = P2VMo
btl × Yfol

[σ2(F )ftl, σ2(R)fbl, σ2(I)fbl] = (P2VMo
btl)

2 × σ2(Y )fol ,
(2.27)

where the indices are again the ones presented in Table 2.2. For the estimation of
the variances, the propagation is done by assuming no correlation between the inputs
Yfol.

From the product of the P2VM and the spectra the following relations are derived:

Rfbl = Yf0l − Yf2l ,

Ifbl = Yf1l − Yf3l .
(2.28)

Which correspond to the real and the imaginary part of the (non-normalized) coherent
flux of the baseline b Γfbl = Rfbl + iIfbl, obtained by using the regions o of each
baseline b from the spectrum Yfol. In addition, for each baseline output the following
equation is satisfied for the telescope fluxes Fftl:

Fft1l + Ff2t2l = Yf0l + Yf1l + Yf2l + Yf3l , (2.29)

which constitutes a system of 6 linear equations (from which 2 are redundant) with
a unique solution for the 4 variables Fftl. Following the ABCD method of Colavita
(1999), Equations 2.28 and 2.29 identify with R = A − C, I = B − D and F1 + F2 =
A + B + C + D.

The flux F obtained for each frame provides the first observable, which corresponds
to an estimate of the photometric spectra of the source.

• The flux of each individual telescope, in counts:

Ftl =
∑

f

Fftl (2.30)

2.4.3 Phase referencing

In dual field, SC and FT fibers are placed on different targets. The phase has to
be calibrated under a reference system given by a phase reference. By defining as
fF T the frames recorded in the FT during a SC exposure of the frame f , the phase
reference in SC is given by the following formula:

φref
fbl = arctan

(
∑

fF T
IfF T bl

∑

fF T
RfF T bl

)

+
2π

λl

(ufbdE + vfbdN ) + ∆
opd
fbl , (2.31)



2.4. Estimation of interferometric observables 41

where ufb, vfb are the spatial frequency coordinates sampled by the baseline b and
dE, dN are the offsets of the fibers from FT to SC (the sky coordinates). The term
∆

opd
fbl is the optical path difference introduced by the differential delay line, which is

obtained by the metrology based on the position of the fibers and a light dispersion
model. Equation 2.31 provides the phase reference for astrometric measurements
based on metrology.

2.4.4 Interferometric observables

To normalize the coherent flux collected by the SC channel, for the baseline b defined
by two telescopes t1, t2 a flux product is constructed as:

FFfbl = Fft1l × Ff2t2l . (2.32)

For the closure phases, the average bispectrum of the triplet of baselines bxyz (x 6=
y 6= z going from 1 to 6 each) is computed as:

Bbxyzl =
∑

f

(Rfxl + iIfxl) (Rfyl + iIfyl) (Rfzl − iIfzl) . (2.33)

In addition, to obtain the interferometric observables relative to the complex visibility,
the complex coherent flux has to be rotated with the phase reference:

R′

fbl = Rfbl cos
(

φref
fbl

)

− Ifbl sin
(

φref
fbl

)

,

I ′

fbl = Rfbl sin
(

φref
fbl

)

+ Ifbl cos
(

φref
fbl

)

.
(2.34)

Then the final estimators for the interferometric observables obtained by the GRAV-
ITY pipeline and used in this thesis work, for the wavelength channel l, the baseline
b and the triplet bxyz , are the following:

• The modulus of the visibility function5:

(|V |)bl =

√

(

∑

f R′

fbl

)2
+
(

∑

f I ′

fbl

)2

∑

f

√

FFfblvfbl

. (2.35)

• The phase:

(φ)bl = arctan

(
∑

f I ′

fbl
∑

f R′

fbl

)

. (2.36)

• The visibility squared6, which is debiased from noise variance:

(V 2)bl =

∑

f R2
fbl +

∑

f I2
fbl −∑f σ2(R)fbl −∑f σ2(I)fbl
∑

f FFfblvfbl

. (2.37)

5In single field mode, the values R
′ = R, I

′ = I. That is, there is no phase reference rotation.
6Note that this estimator does not use the rotated coherent flux. It is the same in practice as it

does not enclose any phase information.
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• The closure phase:

(T3φ)bxyzl
= arctan





Im
(

Bbxyzl

)

Re
(

Bbxyzl

)



 , (2.38)

where vfbl is a factor used to compensate the loss of contrast due to phase jittering,
and is computed by using the FT frames during that SC exposure. The final uncer-
tainties on the interferometric observables are computed by bootstrapping over the
frames. If the number of frames (NDIT) is larger than 100, the pipeline splits the
dataset in smaller segments and boostraps over them individually, changing the esti-
mation of the uncertainties. On the other side, if the NDIT is lower than 5 frames,
the dataset is complemented with mock frames adding a random theoretical noise
(using the theoretical variance). None of these cases apply in this thesis work, as
NDIT=30 for both science cases.

2.4.5 Calibration

In order to calibrate the SCI frames, a Transfer Function (TF) is built. For every
observation c of a calibrator (CAL file), a transfer function is obtained for each
baseline b and each spectral channel l as:

TFAblc =
(|V |)blc (πθBb/λl)

J1(πθBb/λl)
,

TFφblc = (φ)blc ,

TF(T3φ)blc = (T3φ)bxyzlc
,

(2.39)

where the term J1 is the Bessel function of the first kind, Bb being the spatial fre-
quencies sampled by the baseline b and θ the diameter of the calibrator, which is
known. The equation for TFA corresponds to dividing the visibility amplitude of the
calibrator by the expected visibility amplitude of a uniform disk7 of diameter θ. The
calibrator must be wisely chosen to be a source sufficiently small for the interferom-
eter not to be able to resolve it at all (typically with a diameter lower than 0.5 mas)
as the uncertainty on the diameter of the calibrator has little or no influence on the
measurement on the transfer function.

7A detailed explanation of this model can be found in Chapter 4, Section 4.4.2.
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To obtain an estimation at the time where the SCI measurement was taken, a weighted
average of all the calibrator TFs is considered:

TFAbl =

∑

c WbcTFAblc
∑

c Wbc

,

TFφbl = arg

[

∑

c

Wbc exp (iTFφblc)

]

,

TF(T3φ)bl = arg

[

∑

c

Wbc exp (iTF(T3φ)blc)

]

,

(2.40)

where the weights Wbc are chosen to obtain an estimation of the TF at the time τ

where the frame SCI was taken:

Wbc =
exp

[−2(τ − τc)2/D2
]

medl(σ2
blc)

. (2.41)

Here, medl corresponds to the median of the variances σ2
blc of the respective estimator

over the channels l, τc is the time where the calibrator observation was taken and
D is a free parameter quantifying the expected stability of the instrument and the
atmosphere responses. It is arbitrarily set at 2 hours such that the pipeline wisely
averages the calibrations if they are separated within the distance t − tc, interpolates
them if they are separated about this interval and rejects them if they are far from
this interval, guaranteeing that the calibrator always correspond to the appropriate
SCI frame.

Finally, the calibrated observables are obtained as:

(|V |)C
bl =

(|V |)bl

TFAbl

,

(φ)C
bl = arg

{

exp
{

i [(φ)bl − TFφbl]
}}

,
(

V 2
)C

bl
=

(

V 2
)

bl

(TFAbl)2
,

(T3φ)
C
bl
= arg

{

exp
{

i [(φ)bl − TF(T3φ)bl]
}}

,

(2.42)

where their error bars are obtained by error propagation.
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3.1 Observational properties of S2 and SgrA∗

In the context of the central S cluster, the case of the star S2 is one of the few where
a full orbit tracking is feasible in a reasonable time scale. This star, whose spectrum
was classified as B0-B2.5 (Martins et al., 2008) is one of the brightest of the S cluster
in K band with mK = 14. By studying 10 years of astrometric imaging data, Schödel
et al. (2002) estimated the period of its highly eccentric Keplerian orbit as P = 15.2
years for the first time, revealing a pericenter distance of dperi = 17 light hours
(122.6 astronomical units, approximately 4 times the mean distance Neptune-Sun).
Its short pericenter distance provides a truly unique scenario to observe, for the first
time, certain relativistic effects under a strong gravitational field regime such as the
gravitational redshift or the relativistic precession.

S2 is not, however, the star with the closest pericenter distance as confirmed later by
Meyer et al. (2012) with the detection of S0-102 (mK ∼ 17). However, S2 is three
magnitudes brighter and its orbit has been deeply studied in the last decade, making
it the perfect candidate to study the nature of SgrA∗. Indeed, Gillessen et al. (2017)
prove that an orbit fit by using S2 alone is robust enough to constrain the mass and
distance to SgrA∗. Their work provides the last orbital fit of S2 before the use of
infrared interferometry, fitting 25 consecutive years of data in total by using adaptive
optics assisted imaging and spectroscopy with VLT. The latest data obtained before
the arrival of GRAVITY are fully compatible with a Keplerian, non-relativistic model
(Gillessen et al., 2017) whose orbital parameters are listed in Table 3.1. This orbit is
represented in Figure 3.2.

Before the next pericenter passage which took place in 2018, the results of Gillessen
et al. (2017) could be considered the limit of what a single aperture approach can
bring to the study of the orbits of the Galactic Center and the supermassive black
hole lying on its core. However, through optical interferometry, the accuracy on the
orbit fitting can increase substantially.

Table 3.1: Orbital parameters of S2 from Gillessen et al. (2017).

Parameter Value
a (”) 0.1255 ± 0.0009

e 0.8839 ± 0.0019
i(◦) 134.18 ± 0.40
Ω(◦) 226.94 ± 0.60
ω (”) 65.51 ± 0.57

tP (years) 2002.33 ± 0.01
T (years) 16.00 ± 0.02

3.1.1 The pericenter passage

By the conservation of angular momentum, the pericenter is the point of the orbit
where the radial velocity of the orbit is maximal. The pair S2-SgrA∗ can be seen as a
binary system with an orbit of 16 years where the mass of the central source is about
105 times higher (Gillessen et al., 2017). The instantaneous orbital speed of the star
in the pericenter is v ≈ 7650 kms−1, which is nearly 2.5% of the celerity of light.
Indeed, the gravitational influence of SgrA∗ transforms the star S2 into a relativistic
body near the closest approach, making the central 100 astronomical units of the
Galaxy one of the best laboratories in sky to test and verify the theory of General
Relativity in a strong regime.



3.1. Observational properties of S2 and SgrA∗ 47

Figure 3.2: Black line: S2 Keplerian orbit fit by Gillessen et al.
(2017). The orbit is not closed due to a residual drift motion of the
mass in the reference frame. Blue dots: VLT data used in the orbit fit.
Grey crosses: positions where a flare has been recorded (VLT data).
Red circles: S2 data by Boehle et al. (2016) corrected by the reference
frame shift. Green cross: estimated location of S2 at the beginning of

the thesis work. Source: Gillessen et al. (2017).

Near the pericenter, the two sources are so close to each other that they are confused
at single-dish resolution. This implies that both sources are simultaneously in the
field-of-view of the fibre of GRAVITY, which brings a unique opportunity to study
their relative astrometry by classical interferometric binary fitting. It is indeed at
the pericenter approach where the two targets are easier to observe by the use of
fiber assisted interferometry such as the way GRAVITY is designed for. As the
transmission of the fiber decreases with distance to the center of the field of view, it
is always better to have the second source not too far, making the response of the
four fibers the same and increasing the accuracy on the positioning. It can happen,
however, that both sources could be confused depending on the spatial coverage of
the interferometer. The latest pericenter passage took place in May 2018. Precisely,
the data obtained in 2017 and 2018 (before and after the peri passage) add some new
samples to the curve in a poorly explored region of the orbit (Figure 3.2).
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3.2 Data

The data set considered for this thesis work comprises every single SgrA∗ and S2 data
frame taken by GRAVITY during the epochs 2017 and 2018, with enough data to
measure the relativistic effects at the pericenter. They correspond to the ESO IDs of
099.B-0162(A,B,C, D and E) for 2017 and the programs 0100.B-0731(A) and 0101.B-
0576(A,B,C,D,E,F,G and H) for 2018. From all the observing runs, I have been
actively part of the observer team during the runs of November 2017, April 2018,
July 2018 and August 2018. For all the observations in this chapter, the baseline
coverage involves the four UTs, whose spatial distribution is presented in Figure 3.4.

Figure 3.4: UT configuration of VLTI. The small red dots correspond
to the available stations for the ATs, which are not used in this chapter.

Source: JMMC/Aspro.

The dual field mode is selected for these observations, the fringe tracker source being
used as a phase reference (Section 2.4.3). The requisites for fringe tracking in dual
field (described in Section 2.3.1) are fulfilled due to the numerous bright stars in the
field of view, from which IRS16C (mK = 9.83, Blum, Sellgren, and Depoy, 1996)
and IRS16NW (mK = 10.03, Blum, Sellgren, and Depoy, 1996) are selected as fringe
tracking stars. As the total amount of light is limited the observations are recorded at
the LOW resolution mode, with the bandwidth sampled in 13 points. The bandwidth
involved is ∆λ = 2.1 − 2.45 µm (the first channels of GRAVITY at 2 − 2.1 µm present
in general a worse response and are contaminated by the back-scattering from the
metrology laser). The observations make use of the Wollaston prism (SPLIT mode)
as the polarimetric information gives information about the nature of the light coming
from SgrA∗1.

1However, the polarimetric information is not considered in this thesis work. The two datasets
are treated as independent measurements.
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being located at least 4” away from the scientific target. In these conditions,
the optimal target for wavefront sensing is GCIRS 72 (the brightest star in K
band, see Chapter 4). The star is pointed in the field of view of CIAO and the
correction is done individually on each telescope with the help of the MACAO
deformable mirror. For the rest of the night, the telescopes will be tracking the
same field, and the optical fibers of the instrument, with a smaller field of view,
will be used to inject light on the instrument from the source of interest.

3. After applying adaptive optics the main optical aberrations due to the Earth
atmosphere are corrected. The next step is the pupil alignment of the four
beams to avoid vignetting. For this purpose GRAVITY takes advantage of
IRIS (Gitton et al., 2004), located in the VLTI laboratory before the GRAVITY
cryostat. This tilt sensor corrects the drift of the four beams coming from the
telescopes simultaneously and requires to align individually each of the four
pupils any time the telescopes points a new target. Despite the fact that the
field of view of the individual telescopes is slightly larger, the resulting field of
view after IRIS pupil alignment is 2” for the UTs (and 6” for the ATs).

4. The pupils are now aligned and the instrument is ready to integrate. The four
aligned pupils and the field of view seen by the each telescope are recorded
in the acquisition camera of GRAVITY, where they can be monitored in real
time. Two targets have to be selected to feed the fringe tracker and the science
fiber respectively, To achieve this, the 2” field-of-view is imaged on a fixed roof
prism that splits the field in two halves and sends each half to one of the fiber
couplers. The field is rotated to align the median line between the two sources
on the edge of the roof and the fibers are moved to reach the separation between
the two targets.

5. The targets are now feeding the fibers, but before starting any science inte-
gration, fringe tracking must be operational. This process is critical as long
exposure integrations cannot reach optical coherence without it. The integra-
tion process can start when at least four of the six baselines3 find and track the
fringes (the reader may find a detailed description of the procedure in Lacour
et al., 2019). The science frames (SCI) are obtained by exposures always taking
five minutes with a number of subexposures NDIT = 30 of DIT = 10 s each.
To remove the background sky emission, at least one sky frame (SKY) has to
be taken for each science sequence, obtained by recording the same exposure
time (NDIT = 30 of DIT = 10 s) in an empty region nearby, by applying a
slight offset to the science fiber.

6. As the differential optical path delay projected in the sky between two sepa-
rated targets has a non common instrumental component (Lippa et al., 2016),
the first sequence of the night is devoted to determine the zero point of the
metrology in order to cancel this component and be able to measure phases
of visibilities. This is done by selecting a pair of bright stars in the field, in
our case IRS16NW and IRS16C, and recording two sequences SCI-SKY-SCI by
swapping the targets: we place first the fringe tracking fiber on IRS16NW and
the science fiber on IRS16C, we record a sequence, we swap the fibers (fringe
tracking fiber on IRS16C and the science fiber on IRS16NW) and we record an-
other sequence. The correction is applied during the reduction process, where

2This is intentional: CIAO has been optimized to use GCIRS 7 for wavefront sensing.
3This guarantees that every telescope beam benefits from fringe tracking.
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the subtraction of both optical path delays cancel all the common terms and
allows to calibrate the zero point of the metrology. We make the assumption
that this calibration is totally internal and remains the same independently of
the targets observed. In order to improve its accuracy, this process has to be
repeated at least once during the night, ideally after a long time span (half of
the allocated time).

7. For the rest of the night and until this last calibration sequence is repeated, the
fringe tracking fiber will remain unchanged on IRS16C. The science fiber now
is placed on the calibrator star R2 (Figure 3.5) and a sequence is recorded as
SKY-CAL (a sky offset is applied obtaining a new sky frame, then going back
to R2, a calibrator exposure is recorded on it just before moving to S2). The
purpose of this observation is to calibrate the phase center (and the visibilities
of S2) as φ0 = φS2 − φR2 (the details can be found in Section 2.4.5).

8. The science fiber is now placed on S2 and a sequence SCI-SKY-SCI is recorded.
Right after, a blind offset is applied to the science fiber to the expected position
of SgrA∗ by using the coordinates derived in Gillessen et al. (2017), and five
exposures of SgrA∗ are then recorded (5 SCI). After them, a SKY frame is taken
again by offsetting the SC fiber.

A sketch of the sequence since the fringes are found and tracked is shown in Figure
3.6. Steps 7 and 8 are usually repeated twice more with a total of 15 SgrA∗, 3 SKY
and 3 S2 frames. When finished, we start again from Step 6 until the night comes to
an end. The steps presented in this section correspond to the standard sequence for
observing SgrA∗ during the epochs of 2017 and 2018. However, the sequence can be
modified depending on certain conditions such as:

• The weather forecast: A single complete sequence (S2 + 5 SgrA∗) takes around
30 minutes. Depending on the number of frames previously recorded and their
quality, it might be more convenient to focus on obtaining more frames of certain
objects (specially SgrA∗) before the weather gets worse and the observations
become impossible.

• Flares: Any exceptionally bright state from SgrA∗ can be quickly identified in
the data as the phase modulation becomes intense (see Section 3.4.5), even in
raw data. As these events are transient and unpredictable, it is worthwhile
to record the maximum amount of them, and therefore it might be needed to
change the schedule in real time for this purpose. This is the reason why there
is always one member of the team checking and validating the data output
immediately after recording a frame.

• Polarimetry: In order to study the polarization state of the incoming light, an
internal rotating half-wave plate located inside the beam combiner instrument
can be configured to measure specific Stokes parameters. Several sequences
have been recorded for this purpose during 2018, but their analysis is out of the
scope of this thesis.
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Each optical fiber has a Gaussian profile with a full width at half maximum of 60 mas
in the sky. As there are four telescopes, four is the number of optical fibers available.
The centering of the fibers is done by pointing at S2, and then an offset is applied
to arrive at the position of SgrA∗. This implies that the centering of the four fibers
might be different within a few mas4. This is specially important when S2 is far from
SgrA∗ as seen in the field of view of the fibers, which implies that the star is recorded
at at the outskirts of the fiber (Figure 3.7), where the gradient of the Gaussian profile
is large. As a consequence, the response of every fiber might be different due to field
aberration.

3.3.2 The Binary source model

Due to the characteristics of the inner 100 au and the features of GRAVITY, two
sources are expected in the field of view corresponding to S2 and SgrA∗. While the
light observed from S2 is purely stellar, the emission from SgrA∗ when the source is
not strongly flaring is assumed to be steady and close to the event horizon. The first
approach involves two intensity distributions each given by a uniform disk of diameter
di:

Ddi
=















1 if
√

α2 + δ2 ≤ di/2

0 otherwise,

(3.1)

where α and δ are the sky coordinates with respect to the phase center, which is given
by using the star R2 as a reference. In this picture, two sources with diameters d0 and
d1 located at (α0, δ0) and (α1, δ1) respectively, I0 and I1 being the total intensities of
each source and each target being described by the disk distribution Ddi

, the complex
visibility of the system is, according to the van Cittert-Zernike theorem (van Cittert,
1934; Zernike, 1938):

V b(λ) =

∫

α

∫

δ [I0Dd0
(α − α0, δ − δ0) + I1Dd1

(α − α1, δ − δ1)]e[−2πi(uα+vδ)]dαdδ
∫

α

∫

δ [I0Dd0
(α − α0, δ − δ0) + I1Dd1

(α − α1, δ − δ1)]dαdδ
(3.2)

By defining fi(λ) as the relative flux of the source i over the total flux:

fi(λ) =

∫

α

∫

δ IiDdi
(α, δ)dαdδ

∫

α

∫

δ [I0Dd0
(α, δ) + I1Dd1

(α, δ)]dαdδ
, (3.3)

and considering Vdi
as the complex visibilities of a single disk5 of diameter di, J1(x)

being the Bessel function of the first kind:

Vd(λ) =
2J1(π

√
u2 + v2d)

π
√

u2 + v2d
. (3.4)

4This is solved in 2018: the instrument control software has been significantly improved and the
metrology is now used to control the location of the four fibers in the sky.

5A further detail can be seen in Section 4.4.2, in the next chapter.
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Unfortunately, the whole interferogram is not accessible, as the spatial frequency
sampling is limited by the baseline configuration. An example is given in Figure 3.9,
where the observables can be measured only for the regions of the spatial frequencies
covered by the baselines. Due to the spectral bandwidth, at a given time each pair
of telescopes sample a small radial line in the uv plane instead of a single point. De-
pending on the orientation of the binary and the baseline coverage involved, it might
be not possible to determine unambiguously the physical parameters of the model
(coordinates of each target or relative fluxes). Indeed, if the baseline configuration is
perpendicular to the orbit vector, the model yields a maximum constant value of the
visibility and null phase. Such configuration can easily lead to degeneracies as a same
complex visibility could be reached by a different system such as a single disk with
certain background light, as the phase information vanishes. This is the reason why
at least two independent orientations are needed to be able to characterize a binary.

One could be tempted to fit each spectral channel individually by a different visibility
curve, but this is wrong due to the fact that (u, v) depend directly on the wavelength
and the study involves a finite bandwidth. Indeed, the interferometer measures a
single value of the visibility per wavelength channel, taken as the average of the
visibilities over the interval (λ, λ + dλ) (the width of the channel). Due to the fact
that a change of λ leads to a radial displacement in the uv plane, the result is a
radial smear leading to a visibility contrast attenuation, that could lead to wrong
conclusions if not taken into account. The higher the spectral resolution, the lower is
the smear effect, because of a better recording of the whole variation of the visibility
over the interval. Unfortunately, due to the faintness of the targets, the intensity
must be privileged over the spectral resolution, and the LOW resolution mode has
been used to observe S2 and SgrA∗.

This phenomenon is called bandwidth smearing and it is particularly remarkable when
the second source is far from the center. Indeed, the exponential term of the Fourier
transform intrinsically depends on the wavelength through the spatial frequencies
(u, v). To correct this effect, it is needed to work with integrated quantities. In fact, to
be more realistic, the input of GRAVITY is not a total intensity I. Indeed each pixel
collects the specific intensity integrated over the bandwidth, and the interferogram
expressed in specific intensity is nothing but:

Iλ = I0
λ

[

1 + Re
(

Vλe−i 2π
λ

s
)]

, (3.6)

where s is the optical path difference, Vλ is the specific complex visibility per wave-
length unit and I0

λ a normalization parameter. The interferogram integrated over the
bandwidth yields:

〈I〉∆λ = I0 (1 + (〈V 〉∆λ)) , (3.7)

I0 being:

I0 = I0
λ∆λ
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and 〈V 〉∆λ being:

〈V 〉∆λ =
1

∆λ
Re
[∫

∆λ
Vλe−i 2π

λ
sdλ

]

, (λ ∈ ∆λ) .

If the optical path difference is fixed to s = 0 the integration over the bandwidth is
equivalent to:

(Iλ, Vλ) −→ (〈I〉∆λ, 〈V 〉∆λ) ,

and then the normalized visibility integrated over bandwidth at x = 0 with Iλ as a
function of wavelength can be obtained as:

〈V 〉N
∆λ =

∫

∆λ Vλdλ
∫

∆λ Iλdλ
. (3.8)

While considering the effect of the bandwidth integration, a band pass around λ0

(in our case a door function) must be introduced to take into account the spectral
response of the fiber. Calling B(λ) that band pass and wrapping up Equations 3.2,
3.4 and 3.8, the binary visibility yields:

〈V b(u, v)〉∆λ =

∫

λ B(λ)

{

I
(0)
λ

2J1(x0)
x0

+ I
(1)
λ

2J1(x1)
x1

e−2πi(uα1+vδ1)

∫

α

∫

δ
Dd1

(α,δ)dαdδ
∫

α

∫

δ
Dd0

(α,δ)dαdδ

}

dλ

∫

λ B(λ)

{

I
(0)
λ + I

(1)
λ

∫

α

∫

δ
Dd1

(α,δ)dαdδ
∫

α

∫

δ
Dd0

(α,δ)dαdδ

}

dλ

,

(3.9)

where xi has been defined as xi = π
√

u2 + v2di, which intrinsically depends on λ

through the spatial frequencies (u, v). In order to assign an intensity profile, it is
well known that the star S2 emits as a black body in the Rayleigh-Jeans regime (at
T ≈ 25000 K, Martins et al., 2008), which makes a power law the natural choice to
describe its profile as its blackbody spectrum is already known. In addition, although
SgrA∗ emits a mixture of thermal and non-thermal radiation (Yuan, Quataert, and
Narayan, 2003), its profile in the GRAVITY band can be also well approximated by
a power law, but with a different spectral index. Therefore, the intensity profile is
defined for both sources as:

I
(i)
λ = Ii

(

λ0

λ

)ki

, (3.10)

where ki will be treated as parameters to fit (discussed in the next section). The
central source is of course SgrA∗ labelled with i = 0 and the star S2 with i = 1. As
an absolute flux is not accessible via interferometry alone, it is convenient to define
the flux ratios ri as:

ri =
Ii

Iref

∫

α

∫

δ
Ddi

(α, δ)dαdδ . (3.11)

where Iref is a arbitrary normalization constant that is fixed by choosing a reference
for the fluxes. A priori the flux of SgrA∗ is highly variable with plenty of uncertainties
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(Vincent et al., 2019, and references therein) as opposed to the stability of the flux
of S2 which is already known (Martins et al., 2008). An interesting point about this
parameter for the central source (r0) is that it gives information about its brightness
and therefore about the flares.

Writing Equation 3.9 in terms of Equations 3.11 and 3.10:

〈V b(u, v)〉∆λ =

∫

λ B(λ)

[

r0

(

λ0

λ

)k0 2J1(x0)
x0

+ r1

(

λ0

λ

)k1 2J1(x1)
x1

e−2πi(uα1+vδ1)
]

dλ

∫

λ B(λ)

[

r0

(

λ0

λ

)k0

+ r1

(

λ0

λ

)k1

]

dλ

.

(3.12)

In addition of the two sources, a diffuse background is considered accounting for all
the remaining sources that could be present in the field of view. This background can
be described by a uniform disk whose diameter extends towards infinite. As Equation
3.4 becomes 0 when d → ∞, the background will not contribute for the numerator
of the complex visibility. However, it has to be considered in the denominator as it
contributes to the total flux with a quantity rbg in the same way as Equation 3.11:

rbg =
Ibg

Iref
(3.13)

where Ibg is the intensity of the background6. As such background must be wavelength
dependent7, its spectrum has been modelled by a power law in a similar way than
the other two sources with an index kbg:

〈V b(u, v)〉∆λ =

∫

λ B(λ)

[

r0

(

λ0

λ

)k0 2J1(x0)
x0

+ r1

(

λ0

λ

)k1 2J1(x1)
x1

e−2πi(uα1+vδ1)
]

dλ

∫

λ B(λ)

[

r0

(

λ0

λ

)k0

+ r1

(

λ0

λ

)k1

+ rbg

(

λ0

λ

)kbg

]

dλ

.

(3.14)

This is the visibility corresponding to a binary with the two sources resolved and one
of them purely central. In the next section some considerations will be taken to adapt
this model to the constraints of GRAVITY.

6Once the flux reference is fixed, the value of Iref is the same for all the observables.
7Although it is possible to approach it as wavelength independent, this would mean three sources

with spectral indices k0, k1 and kbg = 0, inherently implying a background much redder than the
other two sources. This is not accurate as the background is likely to be produced by other fainter
stars of the same kind as S2.
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A binary observed by GRAVITY

To simplify the nomenclature, the parameter r0 will be called now r∗ and r1 will
be called now rS2. According to the first observations with GRAVITY (Gravity
Collaboration et al., 2017) the star S2 alone is an unresolved source by VLTI as the
mean squared visibility is V 2 = 0.96 ± 0.07 (indistinguishable from 1). Therefore, by
observing with VLTI, the star S2 can be modelled as a point source. As Equation
3.4 tends towards 1 when d → 0, the complex visibility is simplified removing the
parameter d1:

〈V b(u, v)〉∆λ =

∫

λ B(λ)

[

r∗

(

λ0

λ

)k0 2J1(x0)
x0

+ rS2

(

λ0

λ

)k1

e[−2πi(uα1+vδ1)]

]

dλ

∫

λ B(λ)

[

r∗

(

λ0

λ

)k0

+ rS2

(

λ0

λ

)k1

+ rbg

(

λ0

λ

)kbg

]

dλ

. (3.15)

The size of the beam that enters in the science fiber is 60 mas, while the separation
of the pair S2-SgrA∗ for March 2017, the date where the observations start, can be
estimated from Gillessen et al. (2017) to be 50 mas in RA. This implies that the target
would be at the edge of the field of view, where each fiber is more sensitive to small
differences relative to centering. To take into account these differences, an individual
response per telescope is considered for the flux ratio rS2. Therefore, following again
Equation 3.11 and calling (1, 2, 3, 4) the individual telescopes, there are four flux
ratios rj such as:

rj = (rS2)j =

(

IS2

Iref

)

j

(3.16)

which are nothing but the flux ratio of S2, as seen by the telescope j = (1, 2, 3, 4).
They can be also written as rj = rS2tj where tj encloses the instrumental effects of
each individual telescope. By fixing at least one of the j flux ratios to 1, the value of
Iref is determined: it is the value of the flux of S2 as it is measured by the telescope
j. The rest of the quantities will be referred to that value.

The location of SgrA∗ has been measured with an accuracy of 170 µas with respect to
the reference frame of the maser stars in the Galactic Center (Plewa et al., 2015). In
the best scenario, GRAVITY would be able to determine the position of a source with
respect to a phase reference with an accuracy of 10 µas. For this reason, although
the central source is expected to be at the center of the field of view, it is convenient
to consider a pair of coordinates (α0, δ0) with respect to the phase center to obtain a
position for the central source. In this framework, the physical separation on sky of
S2 with respect to SgrA∗ can be obtained by considering an offset dx and dy (Figure
3.7).
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The final expression for the quantity 〈Vbin(u, v)〉∆λ generalized for two targets located
at (α0, δ0) and (α0 + dx, δ0 + dy) related to the phase center and considering a pair
of telescopes (j, k), yields 〈V b

jk(u, v)〉∆λ = Njk(u, v)/Djk with:

Njk(u, v) = r∗

∫

λ
B(λ)

(

λ0

λ

)k0 2J1(x0)

x0
e−2πi(uα0+vδ0)dλ

+
√

rjrk

∫

λ
B(λ)

(

λ0

λ

)k1

e−2πi[u(α0+dx)+v(δ0+dy)]dλ (3.17)

and:

Djk =

√

r∗

∫

λ
B(λ)

(

λ0

λ

)k0

dλ + rj

∫

λ
B(λ)

(

λ0

λ

)k1

dλ + rbg

∫

λ
B(λ)

(

λ0

λ

)kbg

dλ

×
√

r∗

∫

λ
B(λ)

(

λ0

λ

)k0

dλ + rk

∫

λ
B(λ)

(

λ0

λ

)k1

dλ + rbg

∫

λ
B(λ)

(

λ0

λ

)kbg

dλ .

(3.18)

With the wavelength reference taken as λ0 = 2.2 µm (near the center of the whole
bandwidth) and a band pass B(λ) taken as a Dirac on every wavelength channel,
this is the central model which all the data analysis is based on. The model follows
naturally the observing schedule obtaining the separation of the two sources by fitting
the offset (dx, dy) as well as estimating the flux of the central source.
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3.3.3 Parameter estimation

The orbit of S2 has been previously studied for 25 years with the last update before
GRAVITY published in Gillessen et al. (2017), with spectroscopy and adaptive optics
assisted imaging. There is, indeed, an available model able to describe the orbit of
S2 via keplerian orbit fitting. On the other side, the work which this thesis has
contributed to involves for the first time an interferometric approach with the aim of
maximizing the accuracy of the positioning of S2 with respect to SgrA∗. Thanks to
the astrometry based on metrology provided by GRAVITY, it is possible to reach an
accuracy of a few ten µas (see Section 2.1.2).

With the diameter of the central source, the coordinates of both sources with respect
to the phase center, the ratio between the flux of SgrA∗ and S2 seen by each telescope,
the flux ratio of the background with respect to S2 and the spectral indices of both
sources and the background, the binary model described in Equations 3.17 and 3.18
has in total 13 free parameters:

{d0, α0, δ0, dx, dy, r∗, r1, r2, r3, r4, rbg, k0, k1, kbg}

Under certain assumptions, some parameters might be fixed to known values. Indeed:

• The star S2 is well studied and it is known to be a very stable point like source,
unresolved with VLTI (Gravity Collaboration et al., 2017). It emits as a black
body in the Rayleigh-Jeans regime, and therefore its color index can be fixed
with a value of k1 = 4.

• The background light is modelled as another black body. As its origin might
come from other stars in the area, the spectral index is assumed to be equal to
the one of S2. Therefore, the spectral index of the background is fixed also as
kbg = k1 = 4.

• To give any meaning to the flux ratios, at least one of the rj has to be fixed,
which acts as the reference flux. In this case, I have chosen r1 = 1 and therefore
Iref is equal to the flux of S2 as seen by the telescope 1. All the flux ratios will
be referred to that one.

While trying to find the solution for this model, two problems appear if a direct
calculation via least squares fit is attempted. The first one is the high number of
dimensions of the parameter space, which would be extremely expensive computa-
tionally speaking. The second one is the probable existence of multiple local minima.
A different numerical approach is needed, which is presented and described below.
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Markov Chain Monte Carlo

The culmination of 25 years of study of the orbit of S2 gave a very robust estimation
of the position of that star with respect to the Galactic Center (Gillessen et al., 2017).
For this reason the underlying idea of the fitting algorithm is the exploration of the
surroundings of a certain first guess in the parameter space given by the expected
position of the star S2 in the field of view. The algorithm implemented for this
work to build the posterior probability distribution makes use of the python library
emcee (Foreman-Mackey et al., 2013). Called the stretch move (Goodman and Weare,
2010), it makes use of elements called walkers: random discrete samples Xk such as
the proposal distribution for any walker k depends on the current status of the other
walkers and their evolution is simultaneous. This method is particularly efficient to
explore the parameter space in all directions being barely sensitive to local minima.

The inputs of the method are a prior distribution for each parameter (an a priori
probability distribution set by the user) plus a way to compute the likelihood of the
data, given a certain parameter set. The output of the code is the distribution of the
individual parameter sets which has the correct probability density.

From the Bayes theorem (Bayes, 1763), the posterior probability of certain parameter
set Θ being true given a set of observations D is (Foreman-Mackey et al., 2013;
Sharma, 2017):

p(Θ, α|D) ∝ p(D|Θ, α) × p(Θ, α) (3.19)

with a marginalization equation as:

p(Θ|D) =
∫

α
p(Θ, α|D)dα (3.20)

where α represents the nuisance parameters (as the standard deviations from the
mean values). Equation 3.19 can be explained as the product of the likelihood of
the model p(D|Θ, α) multiplied by certain prior p(Θ, α). The likelihood function is
chosen as:

log[p(D|Θ, α)] = −1
2

∑

i

[

(Θi − 〈Θ〉)2

α2
i

+ log(2πα2
i )

]

(3.21)

The expectation value of any parameter Θ in this approximation can be obtained as
the average of the values obtained on each step i (Trotta, 2008):

〈Θ〉 =
∫

p(Θ|D)ΘdΘ ≈ 1
M

M−1
∑

i

Θi . (3.22)

And the marginalized constraints on Θ are approximated by the histograms of the
samples projected in the parameter subspace generated by Θ (Foreman-Mackey et al.,
2013). The prior has to be carefully chosen by the observer taking into account initial
information (informative prior) or certain degree of ignorance (uninformative prior).
In this case, we have selected a weakly informative prior consisting in a uniform
distribution around the expected position of S2 according to the orbital fit work of
Gillessen et al. (2017).
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For each frame is considered:

• For SgrA∗:

– A first guess for the diameter as d0 = 1 mas, within an interval (0, 10)
mas.

– A first guess for the flux ratio as r∗ = 0.1, within an interval (0, 100).

– A first guess for the spectral index k0 = −2. The interval explored is (-
4,3). Such choices are justified as the index of the SgrA∗ spectrum depends
on the intensity of the flux, being highly variable. Previous observations
reveal an index of α ∈ (−1, 1) at high flux levels (higher than 5 mJy) while
it is inconclusive at low levels as photometric observations show α = 0 but
spectroscopic observations yield α ∈ (−3, −1) (Genzel, Eisenhauer, and
Gillessen, 2010, Figure 32).

– SgrA∗ is expected to be in the center of the field of view. Therefore as a
first guess (α0, δ0) = (0, 0). The chosen interval is (−20, 20) mas in both
coordinates.

• For S2:

– A first guess for the remaining flux ratios also as rj = 1 under the as-
sumption that they may be similar to each other. The interval selected is
(0, 100).

– A first guess for the coordinates (dx, dy) = (X1(t), Y1(t)) where X1(t), Y1(t)
is the expected separation (in mas) of S2 with respect to SgrA∗ at the time
t, according to the prediction from the orbit obtained in Gillessen et al.
(2017). The selected intervals to explore are (X1(t) ± 100, Y1(t) ± 100)
mas, which guarantees that the whole field of view can be explored.

• For the background, an arbitrary first guess value of rbg = 0.1 is used, in an
interval (0, 10).

The complex visibility of the initial guess is built evaluating Equations 3.17 and 3.18
with these values and the ones of the fixed parameters (described in Section 3.3.3).

3.3.4 Approaching the pericenter passage

Up to 2017, the fibers are not well centered by a difference of about several mas on
sky. This is due to a large extent to an anamorphic distortion of the field of view,
which varies on the minute timescale due to the moving delay lines. A technical
update called active fiber centering was implemented before the beginning of the
observations in 2018. In this case, the SC fiber is recentered automatically by the
measurement of the on-sky separation between FT and SC of the metrology signal,
while the centering of the FT fiber is performed due to a permanently optimizing flux
injection.

The observing runs carried out in 2018 involve a tracking of approximately one week
per month from March to August (both included), and they benefit from active fiber
centering. These runs were critical as the pericenter passage took place at the end of
April 2018. In addition, in 2017 the position of S2 with respect to SgrA∗ is located
at the edge of the field of view of the fibers, but this is not the case for 2018. As the
distance S2-SgrA∗ is much shorter, the fibers observe both targets near the center of
the field of view where the response of the four science fibers is the same (Figure 3.7),
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now with the certainty that the four fibers point at the same place. A simplification
of the parameter space is considered in 2018:

• The fits can be now performed by using only two flux ratios instead of five.
For 2018, all the parameters (r1, r2, r3, r4) = (1, 1, 1, 1). This implies to assume
that all the fibers observe exactly the same field of view, which is justified due
to an improved centering and due to the proximity between sources. The value
of Iref corresponds to the flux of S2 as seen by the system. The remaining flux
ratios are r∗ and rbg which give a direct measurement of the intensity of SgrA∗

and the background respectively. Due to the fact that S2 is a well known source,
this approximation allows to directly estimate the flux of SgrA∗.

• Due to the fact that now all the fibers see the sources in the same surface
being pointing at the same location of the sky (given by the offset), the model
can be simplified assuming for SgrA∗ a source purely central and therefore
(α0, δ0) = (0, 0). The separation of S2 is still given by (dx, dy). The closure
phases have been used for this epoch, which are only sensitive to the separation,
and not to the individual positioning.

The final parameter space for the binary model for 2017 and 2018 respectively is
summarized in Table 3.2. Thanks to the approach to the pericenter and active fiber
centering, the model has been substantially simplified for 2018 with a total number of
parameters of 5. With both targets near the center of the fibers where the collected
flux is maximum, this dataset is now ready to explore the existence of any circular
motions in the case of a bright flare, as sensitivity is expected to improve significantly.

Table 3.2: Parameter space considered for the binary fit.

2017 2018
Fixed parameters

From the central source d0 = 0 d0 = 0, (α0, δ0) = (0, 0)
From S2 and background (k1, kbg) = (4, 4) (k1, kbg) = (4, 4)

Flux ratios r1 = 1 (r1, r2, r3, r4) = (1, 1, 1, 1)

Free parameters
From the central source (α0, δ0), k0 k0

From the star S2 (dx, dy) (dx, dy)
Flux ratios r∗, (r2, r3, r4), rbg r∗, rbg

Total free parameters 10 5
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3.4 Model diagnostics

A previous study on the outcome of the model is needed before providing any results,
to ensure their reliability. In this section the convergence and the choice of hyperpa-
rameters and observables is discussed. At the end of the section, the results of the
first fits are shown and their quality is discussed.

3.4.1 Choice of observables

To obtain an adequate estimation of the source distribution on sky, the observables
to fit should include a visibility amplitude estimator and a phase estimator. This
implies the use of at least two interferometric observables (with information about
the modulus and the phase of the visibility) with an input of 6 baselines. Although
the pipeline of GRAVITY evaluates each estimator separately (see Section 2.4.4),
they are not independent as they use the same input light. In an attempt to consider
the correlations of each estimator involved in the analysis, their error bars have been
weighted by a different value depending of the nature of the observable. For this work
two different configurations have been used:

• |V |, V 2 and φ, used for 2017. As |V |, V 2 are correlated measurements, their
errors have been weighted by

√
2.

• V 2 and T3φ, used for 2018. The error bars on the closure phase have been
weighted by

√
4/3 due to the fact that each triplet is not independent from

each other.

The closure phase provides a phase measurement unbiased from differential piston
being sensitive to the target separation, and not to the phase reference (see Section
2.1.5). Although in principle its use must be prioritized instead of the visibility phase,
this quantity was not used in 2017 as the correlations among the interferometer output
were not fully implemented until the start of 2018. In an attempt to account for all
the uncertainties corresponding to extra sources not taken into account by the model,
the error bars on each parameters after the fit have been rescaled by the value of the
reduced χ2 as:

σ
(xi)
R = σ(xi) ×

√

χ2
r (3.23)

where σ(xi) corresponds to the error bar of the parameter (xi).
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3.4.2 Convergence and choice of hyperparameters

To ensure confidence and meaning on the obtained values for each parameter, the
convergence behaviour must be addressed before. For this purpose an option of the
code gives the possibility to store the value of each step evaluation for each parameter
of the sample. Then the normalized convergence of the parameter θ(i) in the step t

can be defined as:

NC(θ(i))t =
θ
(i)
t

θ
(i)
∗

(3.24)

where θ
(i)
∗ is the value obtained in the last step. Such profile returns the distribution

of each parameter after a MCMC sampling step by step. It is useful not only to
verify the confidence in the final distribution of the parameters but also to study
the minimum number of steps needed (in order to minimize computing time avoiding
unnecessary steps) as well as to check if certain parameters must be redefined or fixed
because of a poor sampling.

The other parameter of interest is the acceptance fraction. It is defined for each
walker as the ratio of samples accepted over the total number of samples drawn (for
that walker). This parameter is the key to understand if the drawn samples are
representative. A value close to 0 would mean that none of the samples is accepted
which implies that the actual samples drawn are far from the target density. On the
other side, a value near 1 would mean that nearly all the random walks are accepted
which is a signature of samples not representative of the target distribution. The
optimal value oscillates between 0.2 and 0.5.

A first test was made treating the central source as a uniform disk with diameter
d0 > 0 in an attempt to verify if the emission of SgrA∗ is resolved by GRAVITY. A
total number of 11 parameters were tested by measuring convergence (Equation 3.24)
and the acceptance fraction, by using 2000 steps and 100 walkers. The results of the
convergence test are presented in Figure 3.10.

The acceptance fraction obtained is optimal, with a value around af = 0.39 ± 0.02.
About the individual parameters, all of them converge properly before 1500 steps
except the diameter d0 and the color index of the central source k0. About the
spectral index k0, unfortunately is a magnitude difficult to measure and fluctuating
too much to be taken into account for the study. Therefore, although a value is given
for every fit performed, it is not considered in this work.

Regarding the diameter of the central source, if the the central source would be
resolved, this parameter would have converged quickly to a consistent value. It is
finally discarded as a parameter, as it is taken as d0 = 0. The central source is then
described by a Dirac function.
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By using the python package corner (Foreman-Mackey, 2016), a graph is displayed
presenting the 2D projection of the posterior probability distribution for each pair of
parameters. It is presented in Figure 3.14. The values of each parameter are shown
in the same figure together with their uncertainties (direct, non rescaled yet by χ2

r).
In 2017, the corner plot presents a slight correlation between parameters of the same
nature:

• There is a correlation between all the flux ratios. This is expected as all of them
are obtained with respect to a common reference, and therefore they share the
same uncertainties.

• The correlation between α0 and δ0 is the interferometric lobe (the shape of the
Point Spread Function). It is the same case for dx and dy.

• The correlation between dx and α0 is due to a degeneracy: α0 is the X coordinate
of SgrA∗ with respect to the phase center and dx is the position of S2 with
respect to SgrA∗. It is the same for δ0 and dy.

• The correlations between α0 and dy is due to the combination of the interfero-
metric lobe and the correlation between δ0 with dy. It is the same for δ0 and
dx.

• The rest of the correlations are zero revealing a normal distribution.

Table 3.3: Model fit corresponding to 2017-07-11T03:43:56.766

Parameter Fit (χ2
r = 1.60)

Flux ratio of the central source r∗ = 0.86 ± 0.06
r2 = 1.72 ± 0.16

Flux ratios of S2 r3 = 1.92 ± 0.18
r4 = 0.50 ± 0.06

Flux ratio of the background rbg = 0.65 ± 0.04
Spectral index of the central source k0 = −0.53 ± 0.53

RA of SgrA∗ from the phase center (mas) α0 = 2.017 ± 0.017
DEC of SgrA∗ from the phase center (mas) δ0 = −1.828 ± 0.028

RA of S2 from central source (mas) dx = −53.11 ± 0.033
DEC of S2 from the central source (mas) dy = 21.305 ± 0.046

The uncertainties on the coordinates obtained imply an astrometric accuracy of 46
µas. The results of the complete dataset and their interpretation are shown in Sec-
tion 3.5.1, where the data analysis is explained in detail. Concerning the flux, the
measurements of the flux of S2 given by the four telescopes present strong differences
as a consequence of the large distance between the sources and the fact that the four
fiber centers are positioned in different regions of the sky. Indeed, the light coming
from the targets might be injected in different sections of the optical fiber where the
transmission is lower than in the center. This tendency is present in all the 2017 data
frames and vanishes in 2018 with active fiber centering.
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3.4.5 Bright and quiescent SgrA∗

The accuracy of the binary model at measuring the astrometry of the star S2 relies
in the feasibility of detecting two sources simultaneously9. As the emission of S2 is
steady, the success of the model depends mainly in the capability of the interferometer
to find SgrA∗, an issue that depends strongly on the brightness of this source. The
features of the flaring emission of SgrA∗ in the near infrared have been classified in
Dodds-Eden et al. (2011) as quiescent or bright depending on the flux of the source (a
flaring state is said to happen if the flux is higher than 5 mJy and quiescent emission if
its lower). In this work three cases are used depending on the interferometric output,
the two first corresponding to the quiescent state in literature:

• Quiescent-faint SgrA∗: The phase signal is nearly flat, being zero or close to
zero. The visibility modulus is typically high (V 2 > 0.5). It corresponds to
a state where SgrA∗ is barely detected, sometimes lower than the background
emission. These fits do not present generally an optimal fitting quality due to
the fact that SgrA∗ is not or barely detected.

• Quiescent-moderate SgrA∗: The phase signal present certain curvature with
variations of more than 10◦. The visibility modulus presents an evident cur-
vature but its values are not too low (V 2 > 0.2). It corresponds to a case
comparable to faint SgrA∗ but showing a clear phase signal, proving that the
central source is detected over the background emission but it is still faint com-
paring with S2 (r∗ ≤ 0.3). It is the most frequent case for both 2017 and 2018
datasets, their fitting quality being much better in 2018 than in 2017 due to
fiber active centering.

• Flare: The phase signal present strong variations of more than 50◦. The vis-
ibility modulus presents strong modulations (∆V 2 & 0.5 from maximum to
minimum). It corresponds to a state where SgrA∗ is certainly detected and its
brightness (r∗ & 0.3) can be even comparable to S2. They typically correspond
to flaring states of SgrA∗ presenting the highest accuracy due to the fact that
the contribution of the background is low (rbg < 0.2) and the model finds two
distinct sources. These states are random and not too frequent, but they pro-
vide the best measurements and the most relevant information about the nature
of SgrA∗.

To illustrate this sorting criterion, an example for each of the three cases is shown
in Figure 3.19 during a flare registered in April 2018. They correspond to a time
sequence of a quiescent-faint state, a flare state, and a quiescent-moderate state.
The total time span of these sample (not necessarily the whole flare) is 45 minutes.
The residuals of the fits are shown in Figure 3.20 following the same scheme than in
Figures 3.13 and 3.17. The quality factor Q shown in the figures is explained in the
next section.

In general, the fit of the squared visibilities is better for the bright and quiescent-
moderate states. The fit of the closure phases, however, becomes more complicated
in the bright states.

9Assuming, of course, that both sources are located inside the field of view, as it is during 2017
and 2018, but not in future epochs.
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3.4.6 Assessing the quality of the fits

Multiple effects can make difficult to obtain an adequate fit to each data frame. They
can be external factors such as the atmosphere, which can reduce the collected light
by the instrument or add external noise to the data, instrumental effects such as
pointing problems, difficulties to find and track fringes or a wrong fiber centering,
natural effects as the dimming of the central source while the integration is taking
place or even the fact that the chosen model is perhaps too simple to describe what
the interferometer is observing in the field of view. Most of these effects are impossible
to overcome, becoming reflected in the data products.

In order to classify the quality of the resulting fits, a criterion is established and a
quality flag of 1, 2 or 3 is assigned to each data fit, given by visually checking every
frame. This factor is completely qualitative and it has not been used other than for
discriminating those fits with problems and selecting the ones who reproduce better
our data. In an attempt to reduce the human bias, the quality factors have been
given to each data frame not taking into account any final values of the parameters.
The criterion is defined as:

• Quality 1: the posterior model follows the trend of the data in at least 5 base-
lines. All the fibers observe both targets in their field of view. This case is
typically guaranteed during a flare, but it is not so common for frames where
SgrA∗ is faint. During 2018 and thanks to the technical improvements, most of
the cases with a quiescent-moderate SgrA∗ present optimal features and they
have been classified as 1 too. Two examples can be seen in Figure 3.19 and 3.20
(labelled with Q1) or Figures 3.12 and 3.16.

• Quality 2: the posterior model is not excellent but it has the expected shape
(the binarity is observed in case of quiescent SgrA∗ or visibilities are flat in case
of faint SgrA∗) and the fiber centering is optimal (all the fibers observe both
targets). This qualifier has been given to data frames where typically at least
four baselines are well fitted. Sometimes certain baselines have problems to fit
a model as they are aligned towards a direction of the interferogram which does
not present any phase variation. This case is common in those data frames
presenting a quiescent SgrA∗. An example is shown in Figure 3.19 and 3.20
(labelled with Q2).

• Quality 3: Either some fibers do not fully see the pair S2-SgrA∗ or the model
fails to reproduce the data, or the data frame presents calibration problems.
These frames are always discarded for the study.

The two polarizations in the data frames recorded in SPLIT mode have been treated
separately as two independent data sets. For estimation of the astrometry of S2, the
frames with a quality factor 1 and 2 are used. An example of a binary fit for a whole
night (28th July 2018) is presented in Figure 3.21, with 23 data frames in total. The
results of the flux ratios and coordinates of S2 are shown, each point corresponding
to an individual binary fit. The bright state of SgrA∗ clearly contributes to a much
better accuracy and quality of the fits. While giving a best estimate per night, the
weighted average has been considered independently of the given quality factor.
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3.5 Analysis of the binary model results

Due to the individual characteristics of each epoch, this section presents the results
of 2017 and 2018 individually, where the significance, behaviour of the parameters
through individual nights and quality of the fits are presented, discussed and com-
pared with previous studies.

3.5.1 2017: First results before the pericenter passage

Astrometry of S2

The criterion of exclusively using the fits with quality 1 may be too restrictive as
certain nights do not have or have too few fits with optimal quality. In an attempt to
provide at least one measurement per night, the astrometry of S2 is done considering
the fits with a quality 1 and 2.

By assuming the center of mass to coincide with SgrA∗ as seen by GRAVITY, the
code returns the position of S2 relative to SgrA* in the parameters (dx, dy). A single
estimate per night (n) can be obtained as a weighted average of the result:

dX (n) =

∑(n)
i dxiσ

−2
dxi

∑(n)
i σ−2

dxi

; dY (n) =

∑(n)
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dxi

(3.26)

and its error bar is given by the standard deviation from the weighted mean:
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(3.27)

where M is the total number of non zero weights (which in this case is the same as
the total number of points). An estimate of the position of the source per night is
obtained for each dataset individually (P1 and P2), and then the ultimate estimate
per night is obtained by the average of both datasets on each night.

In this epoch, the separation S2-SgrA∗ (more than 55 mas at the first runs of 2017)
reaches the limit of the field of view of the fibers, which have a Gaussian shape with
a FWHM of 60 mas. As a result, the sources feed the fibers in two different surfaces
resulting in an effect of field aberration over the astrometry of S2, where a phase
shift can occur yielding wrong measurements. This effect is being studied by the
consortium and it is commented at the end of Gravity Collaboration et al. (2020a).
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Figure 3.22: Phase maps corresponding to the aberration field study
performed by the GRAVITY team. Upper left: phase map correspond-
ing to a perfect Airy pattern. Upper right: simulation with static astig-
matism over the full pupil (root mean square of 180 nm). The white
circumference encloses the area considered for the phase maps. Lower
left: a phase map example. Lower right: the same example after ap-
plying a gaussian kernel, which accounts for atmospheric smoothing.
The black line shows the prediction of the position of S2 over the pupil.

Source: Gravity Collaboration et al. (2020a)

In that work, the field aberration study has been performed by simulating phase maps.
An example of them is shown in Figure 3.22. By implementing these phase maps into
the fitting routine and comparing with the non-corrected results, the team has found
that the correction by aberration can be approximated by adding a time-dependent
offset to the astrometry of 2017 data such as:

δX = 0.44 × (t − 2018) − 0.10

δY = −0.86 × (t − 2018) + 0.28 ,
(3.28)

where t is the observing time of the corresponding night, in decimal years. This
correction is large in early 2017 where S2 was the furthest away, and become smaller
near the end of 2017. In my work, the correction by field aberration has been done
by applying this a-posteriori offset to the obtained results.
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3.5.2 2018: The pericenter passage

Astrometry of S2

The four fibers are now placed in the same location of the sky, given as a blind offset
after fiber active centering. In addition, the sources are located much closer to each
other than in 2017. In the same way, a best estimate per night for the orbit of S2
is obtained by using a weighted average (Equation 3.26 and Equation 3.27 for the
error bars), where all the fits with qualities 1 and 2 are considered. In the same way
than for 2017, the separation vector of S2 is given directly by (dx, dy). Again, as the
SPLIT frames have two data sets, the final position per night has been taken as the
average of both data sets P1 and P2.

The results for 2018 are presented in Figure 3.25 where the average points of the
whole GRAVITY Consortium used in Gravity Collaboration et al. (2020a) are also
shown. Unlike 2017, the field aberration does not affect 2018 data as both sources
are seen at the center of the fibers (Figure 3.22), and therefore no offset has to be
applied. For a better readability, a zoom is shown on every observing run, which can
be seen in Figure 3.26. The points are clearly compatible with the overall consortium
measurements. It is in this run where the most accurate positioning of S2 of the
whole dataset has been obtained with an astrometric accuracy of just 24 µas in
right ascension, and 33 µas in declination. This accuracy goal confirms the initial
hypothesis about the convenience on the simplification of the model, reducing the
number of variables related to the flux ratios from four to one and obtaining the
separation directly through the fitting of the closure phase.
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The absolute flux of SgrA∗

The flux ratios in 2018 are obtained by using only two indices instead of four, and
the results of the fits classified with quality 1 and quality 2 (see Section 3.4.6) are
presented in Figure 3.27. For a better readability, the gaps in the abscissa axis
have been removed resulting in a graph where the temporal distance between two
consecutive points is not linear. However, the datasets store the temporal information,
and therefore specific flaring events can be identified individually. In an attempt to
estimate the flux of SgrA∗ to be able to compare with literature, following our work
in Gravity Collaboration et al. (2020b) the flux of S2 is taken as FS2 = 15.8 mJy and
is assumed constant in time (Habibi et al., 2017). The figure shows the estimate of
the absolute flux of SgrA∗ in mJy.

The light curve of SgrA∗ in 2018 confirms the results of Dodds-Eden et al. (2011),
who by the analysis of previous light curves in the near infrared demonstrated the
presence of a quiescent state with a clear flux density followed by occasional flares,
which are defined as states where the flux of the central source exceeds 5 mJy. The
background has been modelled as a blackbody similar to S2, and infinite size. As
it is incoherent by definition, its origin can be natural (residual sky emission) or
instrumental (stray light leading to a loss of coherence). The average background
value is under 0.2, comparable to the average quiescent emission of SgrA∗.

Two bright peaks show a higher flux than S2 itself. The first is a single peak being
the brightest data frame of 2018 with r∗ = 1.1 ± 0.14, corresponding to the night of
2018-07-22 (frames 148-162). The second one is a very promising data set with two
peaks (r∗ = 0.72 ± 0.08 and r∗ = 1.08 ± 0.12) corresponding to the night of 2018-07-28
(frames 171-190). It has been previously displayed in Figure 3.21. Other three peaks
present a flux higher than the half of the flux of S2: one corresponding to the night
of 2018-04-28 (frames 49-57) with a peak at r∗ = 0.65 ± 0.11, a second one during
the night of 2018-08-22 (frames 205-216) with a peak at r∗ = 0.64 ± 0.11 and the last
one during the night of 2018-07-30 (frames 226-232) with a peak at r∗ = 0.77 ± 0.17.
There is another remarkable peak, slightly fainter with r∗ = 0.45 ± 0.03 during the
night of 2018-05-27 right after the pericenter passage (frames 87-95).

The longest of the recorded flares corresponds to the double peak of 2018-07-28 with
65 minutes in total. It is also the most intense with a peak of 20.31 ± 0.95 mJy
(r∗ = 1.28 ± 0.06) in P2 and 12.74 ± 0.95 mJy (r∗ = 0.81 ± 0.06) in P1. The large
errorbars of the average on the peaks is due to the fact that the emission of the flare is
polarized and therefore the differences between P1 and P2 are significant, especially
in the peaks. This is reflected in other flares such as 2018-04-28 or 2018-07-22, where
one of the polarization states stands out over the other. The polarization state is not
analyzed in the present thesis, the reader may refer to Gravity Collaboration et al.
(2018a) and Gravity Collaboration et al. (2020b).
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3.6 Contributions that directly make use of this work

In this section I will mention and describe the scientific works that have been pub-
lished by the use of the astrometry and fluxes presented in this chapter.

3.6.1 The pericenter passage and the gravitational redshift

The results of this thesis work have been part of a larger study involving three in-
dependent teams inside the GRAVITY Collaboration (MPE Garching, LESIA and
University of Cologne) obtaining the separation of the star S2 from the central source
(the LESIA contribution being the astrometry of S2 obtained in this work and pre-
sented in Figures 3.23 and 3.25). For each night, a weighted average of the results of
the three teams has been used to determine a final orbit for GRAVITY, from which
the orbital parameters of the star have been estimated.

The GRAVITY results are added to the sample already published in Gillessen et
al. (2017). A total of 26 years of data resulted in the first scientific paper of the
Galactic Center team of the GRAVITY Collaboration (Gravity Collaboration et al.,
2018b). The study involves the simultaneous observation of S2 with GRAVITY and
SINFONI, which provides the third coordinate of the orbit by providing high resolu-
tion spectroscopy. Thanks to the accuracy achieved by GRAVITY and the spectral
information of SINFONI, the gravitational redshift has been observed for the first
time in a strong gravitational field during the pericenter passage of S2, successfully
validating another test of General Relativity (see Section 1.1.7).

The total observed redshift from S2 can be expressed as the sum of two terms, as
the contribution of the Keplerian orbit zK alone and the one who includes General
Relativity effects zGR:

z = zK + f(zGR − zK) (3.29)

where f = 0 if physics are purely Newtonian and f = 1 for pure General Relativity.
Our team has measured f = 0.9 ± 0.09 at the surroundings of the periastron, rejecting
Newtonian physics at 10σ. The residuals obtained by considering f = 1 with respect
to f = 0 (where the positions of the orbit of this thesis work has contributed to) as
well as the radial velocity measurements taken by SINFONI are displayed in Figure
3.28.

The observation of this effect is intrinsically relativistic: it corresponds to a loss of
energy of the photons as they have to overcome a strong gravitational potential such
as the one of SgrA∗, resulting into a longer wavelength compared to. This work is
considered the first major breakthrough result from the GRAVITY Collaboration,
accomplishing the first successful test of General Relativity directly measured on a
star in the Galactic Center. A similar result excluding Newton at 5σ was obtained a
year later by the group of UCLA in Do et al. (2019) also by orbit fitting of S0-2 (S2
in our nomenclature).
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3.6.2 Orbital motions around SgrA∗

Each GRAVITY data frame has an integration time of NDIT=30 (DIT=10s), with
a total of five minutes. By default, the fitting routine is implemented by exploring
the parameter space using the whole integration time as the signal to noise ratio is
maximal. However, the strongest flaring events of SgrA∗ have two main characteristics
(high flux ratios and very short timescales) that do not necessarily require to integrate
the whole exposure to obtain a reasonable signal to noise ratio.

The aim of such approach is the hypothesis testing of the hotspot model (see Section
1.1.6 or Vincent et al., 2014). If the signal to noise ratio is enough, GRAVITY is
able to reach an accuracy enough to track any orbital motion in the environments
of SgrA∗ (Gravity Collaboration et al., 2017), which will be reflected in a wander of
the separation of S2-SgrA∗ during the timescale of the flare. The feasibility of this
procedure is much higher in 2018 than in 2017 for a simple reason: when S2 is near
the pericenter, both targets are seen by the same region of the fiber so the response of
the instrument to both targets is nearly the same. It is not a surprise than in Figures
3.23 and 3.25 the spread of the positioning of S2 is minimum at the pericenter, while
they are substantially higher in the rest of the orbit. The fact that in 2017 active
fiber centering was not implemented in GRAVITY makes also this year less accurate
when trying to observe tiny deviations of the separation vector S2-SgrA∗. For all
these reasons, the search for orbital motions is performed only in 2018.

According to the results for the flux of SgrA∗ presented in Figure 3.27, there has been
at least four exceptionally bright flares in 2018. By re-reducing the data, the team has
used individual subexposures in which a binary fit (Section 3.3.2) has been launched.
A total of three flares (2018-05-27, 2018-07-22, 2018-07-28) present an offset compat-
ible with orbital motions. By the use of two codes developed by two groups of the
consortium (GYOTO by LESIA and NERO by MPE), the group performed several
orbital fits resulting in the first attempt of estimating the inclination an rotation of
the Galactic Center black hole. The results are compatible with a hotspot located at
just 7 Rg from the center, reaching a linear velocity of 0.3c. Assuming spin zero, the
orbit presents an inclination of i = 160◦ for the three flares, similar to the inclination
of the clockwise stellar disk (i = 129◦ Buchholz, Schödel, and Eckart, 2009), or the
orbit of the G2 cloud (i = 123◦ Plewa et al., 2017). The last flare (28 July) has
been studied by using the half wave plate (see section 3.2.1) and found polarization
loops by studying the Stokes parameters. The results have been published in Gravity
Collaboration et al. (2018a).

Overall, the orbital motions and the polarization rotation found provide strong evi-
dence for the hotspot model to be the origin of the observed flares (against the Rossby
instabilities or jet models). They also reinforce the evidence that Sgr∗ is a supermas-
sive black hole where the first measurements of the inclination of the accretion disk
are attempted.

The study of the nature of the flares is currently a truly active field of research
inside the consortium, with another published work about their modelling (Gravity
Collaboration et al., 2020a). More observations would help in the future to increase
the amount flares where to attempt the tracing of orbital motions. A good sampling
of flares would be useful to constrain other fundamental parameters of the black hole
such as the spin, to obtain information about the space time in its environments.
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3.6.3 The Schwarzschild precession

The Schwarzschild precession is another effect on the orbit predicted by General
Relativity: there is an expected precession for an orbit of a body due to the curvature
of space time in the environments of another massive body, which gets substantially
more perceptible if the gravitational potential is strong. This effect is similar to the
precession of Mercury around the Sun (Section 1.1.7), and the work presented in this
section corresponds to the first measurement on an extra solar body, in this case a
dwarf star as S2 around a supermassive black hole, SgrA∗.

According to Figure 3.28, this effect could be distinguished from 2019 by GRAVITY
becoming more notorious with time. The team has successfully claimed the first
detection of the Schwarzschild precession in the orbit of S2 (Gravity Collaboration
et al., 2020a) by complementing the archival NACO, SINFONI data and GRAVITY
2017 and 2018 epochs with another epoch in 2019 consisting in six extra observing
runs. The results continue to be fully consistent with GR (Figure 3.30).

Although I have not been directly participated in any observation of S2 in 2019, the
astrometry of S2 in 2019 have been obtained using the same fitting routine in which
development I have been involved during 2017 and 2018. The paper uses also the
data of these two epochs obtained during my thesis work, to perform an orbit fitting
where the Schwarzschild precession has been confirmed. At the very end of my thesis,
this is the last update of the orbit of S2 from the GRAVITY Collaboration.

Another of the results of the paper is the update of the value of the distance to the
Galactic Center and the mass of the central object, as R0 = 8246.7 ± 9.3 pc and
M0 = 4.261 ± 0.012(106)M⊙. An estimate of the extended mass of SgrA∗ is obtained
as 0.1% of the total mass. The paper also provides a correction by aberration that
has been used to update the results of 2017 in this thesis. Together with Gravity
Collaboration et al. (2018b,a), Amorim et al. (2019), and Gravity Collaboration et
al. (2019), this work provides a fifth successful test of General Relativity in three
years, all of them obtained with the contribution of LESIA where this thesis has been
part of.
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Figure 3.30: Posterior analysis of the orbital fit. Top left: radial
velocity residuals with measurements of SINFONI, the best fit of the
model in red with fSP = 1.1 assuming General Relativity, compared to
the dashed line with fSP = 0 (Newtonian plus gravitational redshift,
Roemer effect and transverse Doppler effect of special relativity). Top
right: residuals of the Schwarzschild precession obtained with the mea-
surements of GRAVITY. Bottom: residuals on the coordinates with
the measurements of GRAVITY. The grey rectangles to averages of

the NACO data. Source: Gravity Collaboration et al. (2020a).
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3.7 Perspectives: towards a detection of an extra source

One of the reasons why the binary model fit is not completely successful for all the
frames in all the baselines might be the underestimation of the number of detected
sources in the field of view of the fibers. Before the arrival of GRAVITY, no bright
source was consistently detected inside the orbit of S2 around SgrA∗ (Gravity Col-
laboration et al., 2017). However, as any star closer to the central source might have
an orbit shorter than 16 years, the possibility of any extra source appearing in the
field of view of certain data frames must not be a priori ruled out. In addition, dense
clouds of gas have been found in elliptical orbits around SgrA∗ such as G2 (Gillessen
et al., 2012, 2013) or G1 (Witzel et al., 2017) and more objects of this nature may
be present in our data. Indeed, any trace of material ejected during the pericenter
passages of these objects could also form minor dense clumps which would enrich the
accretion disk of SgrA∗, which could potentially be detected as an extra source in the
field.

One question that comes up is the possibility of the star S2 to be a binary system
in its orbit around SgrA∗. In that case, the companion star would appear as a third
source (S2, its companion and SgrA∗). This question has been addressed during the
first observations taken by GRAVITY (Gravity Collaboration et al., 2017) but no
significant closure phase variations have been found for S2 in the first interferograms
taken by the instrument. This implies that, if such a companion exists, it is probably
too faint to be seen by GRAVITY. A similar conclusion was found by spectroscopic
measurements in Chu et al. (2018), ruling out the possibility of a companion for S2
with K < 18. In addition, they found that the effect of a companion for S2 does
not affect significantly the detection of the gravitational redshift on the orbit of S2.
Therefore, any third source potentially found within our current observations would
not be a companion star of S2, but another kind of body such as a non-bound binary,
a gas cloud or a dense clump.

The detection of an extra source inside the orbit of S2 that could potentially be
tracked in the same way would imply a study of a gravitational potential stronger
than the one which S2 is subjected, paving the way for implementing new tests in
General Relativity. Such source would have an impact on the separation of S2 and
SgrA∗ too as the binary model could be biased by it.

3.7.1 The triple model

The binary model relies on the assumption that there are only two bright sources. To
take into account the stray light and the rest of the (faint) sources present in the field
of view, a background is considered. Sometimes the central source is faint due to lack
of activity and only one bright source plus a background is revealed. If the central
source is flaring then its brightness overcomes the background and two sources are
identified (plus a lower background). While fitting the binary model, the computer is
forced to find these two sources and hide all the incoherent light under the variables
background flux and background index. By giving a significance factor such as χ2, it
returns the accuracy of the model.



102 Chapter 3. The Central 100 astronomical units

Figure 3.32: Left: simulation of an interferogram corresponding to
three sources in the field of view. Right: simulation of an interferogram
corresponding to two sources. The yellow line traces the direction of
the vector third source - central source and the cyan line traces the

the direction of the vector S2 - central source.

But we have seen in Section 3.3 that depending on the orientation of the two stars
some baselines might not be able to distinguish the binary. If the baseline is parallel
to the binary vector and the fit does not explain the expected outcome of a binary
system, it could be a hint that the interferometer is seeing an extra source. According
to Gravity Collaboration et al. (2017) it is very unlikely to find a star brighter than
mK = 17.1 inside the orbit of S2. However, it is worth looking as any star closer
to SgrA∗ would bias the S2 measurements. If detected, this star could be perhaps
even a better candidate than S2 as a probe to test General Relativity. An example
of an interferogram with SgrA∗ and two stars in the field can be seen in Figure 3.32.
The expected flux corresponds to mK = 17.2 and it must be in principle close to the
maximum possible for such star.

In addition to the binary model, a generalization has been considered adding a third
source to Equations 3.17 and 3.18. This new model is applied only on those cases
where the binary fit is inconsistent for certain baselines. In this case, the model
becomes, with 〈V tri(u, v)〉∆λ = N tri(u, v)/Dtri:
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where k2 corresponds to the spectral index of the third source and dx2, dy2 are the
separation between the third source and SgrA∗. It is straightforward to see that if
r2 → 0 the model returns to the binary case. As in principle the maximum size
expected for this source is stellar, this third source is assumed to be a point source
in the similar way as S2.

Due to their better quality, this method is only tested in 2018 data. The following
parameters must be considered in addition to the ones of the binary model (Section
3.3.2):

• As fixed parameters: in principle, the spectral index k2 = 4 as the target I am
trying to find is stellar. In case of a meaningful detection, this parameter can
be set free.

• As free parameters there is a total of 8 including:

– Another offset (dx2, dy2).

– An extra flux ratio r2. It provides an estimation of the flux ratio of the
third source with respect to S2 by fixing r1 = 1 in the same way as the
binary model in 2018.

The closure phase is used and (α0, δ0) = (0, 0). The first guess of the complex
visibility is built in the same way that in the binary fit, evaluating Equations 3.30
and 3.31 with the values and the rest of the parameters already fixed in the the binary
case (described in Section 3.3.3). To build the prior (an uniform distribution, by the
same procedure that in the binary case), the first guess and the parameter bounds
considered are the following, in addition to the ones described in Section 3.3.4:

• We are looking for a faint star that is expected to be in the field of view and
could probe the potential well closer to SgrA*. This requires a first guess for
the flux ratio to be detectable, comparable to the average emission of SgrA∗.
The model uses as a first guess r2 = 0.15 within the interval (0, 100).

• Regarding to the location of this third source, the choice of the first guess
is (dx2, dy2) = (1, 1) exploring the interval (−10, 10) mas. This position is
completely arbitrary and it can be changed in case of a promising data frame
according to the information given by the phase. The explored interval is wide
enough to take into account any plausible third source, but small enough not
to compromise the location of S2.

Nevertheless, the detection of the third source is not the central point of the study.
In an attempt to strongly constrain the orbit of S2 and extract the effects of SgrA∗

from it, the procedure has been focused on the binary fits. It is convenient to consider
the binary fitting at first order, and if any deviation from a binary visibility suggests
the presence of a third source, then fit three bodies using this model. In any case, if
any binary and triple fitting show the same significance, the third source detection is
discarded for simplicity.
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3.7.2 Attempt to detect the third source

The triple model described in Section 3.7 has been tested only in data frames where
the binary fit presents a quality factor 1 or 2 (as it is explained in Section 3.4.6). In
principle, the ideal third source detection would be easier near the closest approach
of S2 to SgrA∗ (where the flux feeding the fibers is maximum).

To be considered physical, a significant third source detection would necessarily imply
no difference on the coordinates of any of the other targets either in a binary or triple
fit. In addition, it must be present in a position compatible between the two datasets
P1 and P2 corresponding to the frames recorded by using the Wollaston prism.

Among all the data frames, the most promising night for the search for the third
source has been the night of 22nd July 2018, involving one of the most luminous flares
recorded since the first light of GRAVITY, and only two months after the pericenter
passage (who took place on May of the same year). In addition to the usual binary
fit, a triple fit has been performed for all the data frames obtained during that night.
Then, from all these fits, the ones with an optimal quality (classified as 1) have been
selected. The detected position of S2 in the binary fits and the detected position of
S2 and the third source in the triple fits are displayed together in Figure 3.7.2 for
both datasets P1 and P2 corresponding to the two polarizations.

Overall, the detection of a third source is not convincing for the following reasons:

• The third source does not present coordinates compatible between the fits cor-
responding to both datasets P1 and P2. Despite having perhaps certain differ-
ences (such as higher flux in one polarization compared to the other one), for
the source to be natural, its light must come from the same spatial origin.

• The spread of the coordinates of S2 increases significantly when the software is
asked to detect three sources in the field. If the third source would be natural,
the positioning of S2 would not be affected by it.

• Apparently the positions of the third source during the night (orange in the
figure) present certain linear trend, which is parallel to another linear trend
appearing in the positions of S2 (red in the figure). These trends are likely
compatible with the PSF of the interferometer in the location of both S2 and
SgrA∗. Instead of finding a natural source, the code is overfitting a third point
source where there is already two sources.

This result confirms what it was proposed in the paper of the first light of GRAVITY
(Gravity Collaboration et al., 2017) about the presence of extra sources (there are no
new extra sources inside the orbit of S2 with mK < 17.1). At the moment where the
signal to noise ratio is the highest from all the data obtained during the two years
since GRAVITY started operating, still no extra sources apart from S2 and SgrA∗

have been observed at less than 60 mas from SgrA∗ in the sky (the radius of the
field of view collected by the optical fibers). It might be feasible to revisit the source
detection when S2 leaves the field of view of the fibers of GRAVITY while pointing
at SgrA∗. In this case, any trace of binarity signature in a frame recorded during a
flaring state of SgrA∗ would be a hint of the presence of any extra star in the field.
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Chapter 4

The close environment of

GCIRS 7

4.1 A brief introduction on Red Supergiants

Let there be a giant molecular cloud in gravitational collapse. As long as matter is
compressed, the temperature on the system rises due to increasing pressure. When
the temperature inside of its core is high enough to ignite hydrogen nuclear fusion
reactions, a star is born. This instant is used as reference point of its age and is called
Zero Age Main Sequence (ZAMS) where they reach what is called the Main Sequence
stage (Figure 4.1). The life cycle and the physical properties of this star are mainly
determined by their mass in that instant.

Figure 4.1: Example of a Hertzsprung-Russell diagram given a stellar
population. The Red Super Giant stars are located in the upper right

corner. Source: https://chandra.harvard.edu
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Stars with an initial mass of few solar masses or less (< 10 M⊙) are known to be the
most numerous and most stable. They spend the majority of their lives (up to a tenth
of billion years) in the Main Sequence phase, with a radiative core and convective
outer layers. During this stable phase they keep burning hydrogen in their cores
until they consume all of it. In this state they reach the temperature and pressure
conditions to start burning hydrogen outside the core. As a consequence they expand
by several stellar radii and their effective temperature decreases reaching a stage
called Red Giant phase.

If the initial mass of the star is more than 8M⊙ but less than 30M⊙ (Levesque, 2017),
the physical conditions of pressure and temperature make the hydrogen fusion much
more efficient during the Main Sequence phase, being therefore much shorter (5-20
million years). The star then expands and cools down to reach the Red Supergiant
phase (RSG) where it will spend most of its lifespan.

Structure and physical properties

The typical size of a RSG goes from several hundreds to over a thousand R⊙. Their
maximum luminosity is only constrained by the Eddington limit1, which for a star
of 25M⊙ is Lmax = 8.25 × 105L⊙. The effective temperature of their photosphere is
between 3200 and 4300 K, significantly lower than Main Sequence stars’ (Levesque
et al., 2005).

These evolved stars present interiors composed of spherically concentric thick layers
where they are capable to burn elements heavier than hydrogen up to iron2, a limit
that stars with lower mass cannot reach. Indeed, the nuclear fusion processes in their
cores make them the main contributors to the chemical evolution of the interstellar
environment, specially after the supernovas they experience at the end of their exis-
tence. These violent explosions occur when the mass of the iron formed in its core
exceeds the Chandrasekhar mass (1.4 M⊙) and the star collapses gravitationally. The
resulting pressure expels violently all the outer layers of the star, reaching the physical
conditions to generate chemical elements heavier than iron via nuclear fusion.

The outer structure of RSGs is radiative and their surface gravity is substantially
lower compared to Main Sequence stars. As a consequence of this, the ejection of
material is favoured presenting large mass loss rates (Ṁ = 10−4 − 10−6M⊙yr−1) that
can play a major role during their evolution, specially among the most massive stars
(M > 15 M⊙). Unfortunately the physical mechanism the mass loss is driven by is
not yet fully understood (Smith, 2014), which leads to a high uncertainty on stellar
evolution models. Up to date, there is not a single theory able to derive the mass loss
processes under first principles. There are several empirical approaches, starting by
de Jager, Nieuwenhuijzen, and van der Hucht (1988) who, using a sample of 271 stars,
fitted the mass loss rate as a function of the luminosity and effective temperature.
The most recent prescription, recently published by Beasor et al. (2020) is based on
the study of stellar clusters. The mass loss rate is derived as a function of the physical
properties of the dust, assumed to be located in spherical shells enshrouding RSGs.

The study of the circumstellar environment of RSGs becomes, indeed, the key to
understand the mass loss process. The low temperatures of the photosphere and the

1A star that would reach the Eddington luminosity during its evolution would immediately start
ejecting material through a strong stellar wind, which would prevent it from reaching a luminosity
above the Eddington limit.

2The binding energy per nucleon makes 56Fe the most stable atom.
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stellar envelope make possible the formation of certain molecules (as carbon monoxide
or water) in their close environments. This is confirmed by the presence of deep lines
in the infrared spectra corresponding to those molecular bands (Spinrad and Wing,
1969). Certain RSGs present a diverse and complex molecular circumstellar envi-
ronment and high mass loss rates (10−4M⊙/yr) as VY CMa (Mauron and Josselin,
2011; Kamiński, 2019). Others, with a much lower mass loss rate as Betelgeuse (α
Ori, 10−6M⊙/yr), seem to present molecular underabundance (Teyssier et al., 2012).

Long observing programs have revealed that RSGs present certain variability in their
light curves (Kiss, Szabó, and Bedding, 2006; Yang and Jiang, 2012), seeming to be
periodic or semi periodic with a primary period (∼ 400 days) and a long secondary
period (∼ 2000 days). The first period is explained by radial amplitude pulsations
related in principle to a change of size of the photosphere, as events such as bright
flares are unlikely to happen or be periodic. The long period has been suggested
to be explained by the formation of large convection cells on the surface (Stothers,
2010), sometimes as large as half of the diameter of the star, as it was observed in the
first image of Betelgeuse by Haubois et al. (2009) or in Antares by Montargès et al.
(2017).

With the help of interferometry, the spatial distribution of the dust shells became
accessible (Monnier et al., 2004), and inner molecular gas shells were found (Perrin
et al., 2004, 2005, 2007), being responsible for the absorption observed in certain
molecular bands of the near infrared spectra. This scenario has been observed in
more recent studies as in Montargès et al. (2014) and even upgraded for several outer
molecular layers over the atmosphere (Hadjara et al., 2019). The innermost layers are
usually located3 at less than 2R∗, considering R∗ the radius of the photosphere of the
star, presenting temperatures around 2000 K. Such layers are expected to be respon-
sible of the production of the observed dust at higher radii as a result of the mass loss
process which characterizes these immense and cool stars. The work of Arroyo-Torres
et al. (2015) proved that their presence beyond the photosphere cannot be explained
by convection or pulsation alone. Since the discovery of a 1 Gauss magnetic field
on Betelgeuse (Aurière et al., 2010), Alfvén Waves have been invoked as a possible
source of energy to levitate material in the atmosphere (Airapetian, Carpenter, and
Ofman, 2010). Hence more research is needed to articulate a full theory to ultimately
understand the mass loss processes in RSGs. Nevertheless, the study of these molec-
ular layers requires spatially resolved targets (or at least partially resolved), an issue
that strongly depends on the current technical limitations observing a type of stars
that is not precisely frequent.

The work I have developed during my thesis aims at contributing to the sample of
RSGs where at least one molecular shell has been found by studying the properties
of a RSG located in the central parsec of the Galaxy, in order to help understanding
the mass loss process.

3For RSG stars. Asymptotic Giant Branch stars, for example, have molecular shells much higher
over the photosphere, at several R∗.
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Figure 4.2: Central parsec of the Galaxy. Image obtained with
NACO data (Source MPE: https://www.mpe.mpg.de/ir/GC)

4.2 The Red Super Giant star GCIRS 7

The first signatures of the variability of IRS 7 were reported by Blum, Sellgren, and
Depoy (1996), who presented photometric measurements in J, H, and K bands proving
the star has varied in brightness by 0.8, 0.5 and 0.3 magnitudes respectively in the
last 10 years. They also classified the star as a M1-2 super giant, featuring the same
physical properties as Betelgeuse, the closest and most studied RSG in the sky. With
observations all over the decade, IRS 7 it is later classified as a Long Period Variable
(LPV) by Ott, Eckart, and Genzel (1999).

The first interferometric observations of the star, called from now GCIRS 7 (Galactic
Center Infra-Red Source 7) were published by Pott et al. (2008) with data collected
by AMBER (NIR) and MIDI (MIR) at VLTI, studying the suitability of the star
as a phase reference source for future interferometric studies of the Galactic Center.
In the MIR they confirm the presence of silicate absorption, corresponding to the
presence of warm dust (T = 200 K) extending far from the source with a strong
interferometric signal (V<0.2). They obtained in K band the first estimate of the
diameter of the photosphere as 2.6 mas, higher than the expected suggesting the
presence of molecular shells and hot circumstellar dust.

Before this thesis, the latest analysis corresponding entirely to GCIRS 7 in the near
infrared is the exhaustive work accomplished by Paumard et al. (2014), collecting all
the archival data and complementing them with new spectroscopic (SINFONI) and
interferometric observations in H band (PIONIER) and K band (AMBER). They
built JHKL light curves with a total time span of 40 years (Figure 4.3), measured
the effective temperature (Teff = 3600 ± 195 K), determined the diameter of the
source in H band for the first time (θH = 1.076 ± 0.093 mas, or R = 960 ± 92 R⊙ at
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Such change of brightness could be due to a variation on the fundamental parameters
of the star that an interferometer can observe. In order to determine whether or not
the mechanisms responsible for this variability have changed in the recent years, I
decided to extend the 2017 data that I was already analyzing by observing the target
in 2019 for a deeper study. Therefore, I proposed including GCIRS 7 among the
targets to be observed in the Galactic Center program of the GRAVITY Collaboration
in 2019, as a part of the stellar population of the central parsec. We used part of
the Guaranteed Time for Observations (GTO) we had already assigned for the AT
telescopes for that purpose.

The planning and development of these runs and the data acquisition have been part
of my thesis work, where I was in charge of the observations in Paranal for both of
them with the help of the observatory staff and remote support from other members
of the team in Europe. The first one took place in May (run ID: 0103.B-0032(E))
and the second one in July (run ID 0103.B-0032(F)).

The first run, during the nights of the 25th, 27th and 28th of May 2019, was planned
to observe GCIRS 7 and GCIRS 29N (a Wolf-Rayet star in the Galactic Center)
using the star HIP88033 as an interferometric calibrator. Although I could have
chosen the same interferometric calibrator than in 2017, the spectral class of this
new one, a K0III star, makes it an optimal candidate to be used for both spectral
and interferometric calibrator at the same time, without the need of any additional
target (see Section 4.3.1). This decision was taken while preparing the 2019 run and
could not be applied for 2017 as this last run was not planned to use the photometric
spectral information. As a backup target we planned to observe the object HD163296,
part of the exoplanet program of the GRAVITY Collaboration (ID 0103.C-0183(A)).
The total assigned observing time was 1.3 nights always allocated in the second half
of the night (4 × 0.65H2). Unfortunately the weather conditions did not allow to find
or track any fringe in GCIRS 7 during that run as the seeing was always over 1.5”.
As the conditions were impossible to observe the Galactic Center, I took a few data
frames from the backup target (HD163296) in the first night. It was not possible to
get any data from the rest of the nights due to bad weather.

The second run allowed me to take the necessary data from 2019. It took place
during the nights of the 3rd, 4th, 5th and 6th of July 2019 with a total assigned
observing time of 1.3 nights, always allocated in the first half of the night (4× 0.65H1).
Again, I was the responsible of the data acquisition in Paranal, with the help of
the observatory staff and remote support from Europe. As in 2017 it makes use of
the four AT telescopes but with a slightly different telescope configuration, called
ASTROMETRIC (Figure 4.6). It is an alternative of the LARGE configuration with
a maximum baseline of 129.26 m with all the telescopes at the south of the delay line,
which is needed to maximize astrometric measurements6. Although I have observed
GCIRS 7 in single field mode, the reason why this configuration was chosen is the
possibility to allocate some extra observing time to astrometric sequences of the
central parsec stellar population.

Another difference with respect to 2017 is the use of the Wollaston prism (SPLIT
polarization mode) obtaining at the end two data sets P1 and P2. However, the
polarization is not studied in this thesis and the data sets are considered indepen-
dently and averaged afterwards. The chosen spectral resolution has been MEDIUM

6This is due to the presence of asymmetries in the optical train, which translates into asymmetries
in polarization, a problem for precision astrometry.
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4.3.1 Reduction and Calibration of the data

The data reduction and visibility calibration have been done by using the version
1.3.0 of the GRAVITY pipeline (Lapeyrere et al., 2014). An overview of the reduction
process and the reduction files needed is described in Section 2.4.

Table 4.1: Observation log of the data frames used in this chapter.
HD45124 (*) has been used for spectral calibration only (see Section
4.3.1). The atmospheric data has been obtained from Paranal ASM

(Astronomical Site Monitoring).

Time (UT) Target Seeing (") τ0 (ms)

18-03-2017 (COMBINED mode)

01:46:02 (*) HD45124 (CAL-SKY-CAL) 0.68-0.52 6.05

09:43:10 GCIRS 7 (SCI-SCI-SKY) 0.55-0.58 6.27

10:08:04 HD160852 (CAL-SKY) 0.71-0.64 4.48

05-07-2019 (SPLIT mode)

04:49:38 GCIRS 7 (SCI-SCI-SKY) 0.69-0.53 4.49

05:08:29 HD161703 (CAL-CAL-SKY) 0.72-0.81 4.45

06-07-2019 (SPLIT mode)

03:13:00 GCIRS 7 (SCI-SKY) 0.51-0.60 6.66

03:25:51 HD161703 (CAL-CAL-SKY) 0.60 -0.64 5.59

03:43:00 GCIRS 7 (SCI-SCI-SKY) 0.53-0.55 5.88

03:59:51 HD161703 (CAL-CAL-SKY) 0.72-0.88 3.68

04:17:12 GCIRS 7 (SCI-SCI-SKY) 0.91-0.75 3.55

04:33:39 HD161703 (CAL-CAL-SKY) 0.73-0.79 5.23

Data reduction

All the data frames used in this work and their corresponding observation modes are
presented in Table 4.1. From all the data of the night, the frames used for the reduc-
tion of GCIRS 7 correspond to the following (all of them recorded in COMBINED,
MEDIUM resolution modes using a DIT of 300 ms):

• A DARK frame, with a NDIT of 100.

• Four FLAT frames, one per telescope with a NDIT of 25.

• Two WAVE files (WAVE, WAVESC) with a NDIT of 512.

• Six P2VM files, one per baseline with a NDIT of 256.

In addition, one SKY frame has been used to remove the background light from the
SCI frames, taken in the same sequence of the two SCI frames involved in the study,
with the same configurations as the SCI frames (DIT=10 s, NDIT=30).

In the case of 2019, the calibration files are the same but in SPLIT, MEDIUM reso-
lution modes. This time, all the frames are recorded in 30 sequences (NDIT=30) of
5 seconds each. From the total of 7 files used for this epoch, 4 SKY frames recorded
in the same configuration and integration time are used.
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Visibility calibration

In the same way as the data reduction, the calibration of the visibilities has been
done by using the last version of the GRAVITY reduction and calibration pipeline
(Lapeyrere et al., 2014). In 2017, the visibility calibrator used for the processing of
GCIRS 7 is the star HD160852 (θLD = 0.148 ± 0.004 mas, , Chelli et al., 2016) seen as
a point source by the VLTI with V 2 = 0.997 ± 0.001. It has been observed with the
same integration time and exposures than the SCI frames (DIT = 10 s, NDIT = 30),
and at the same airmass (Z=1.01).

In 2019, the chosen calibrator is the star HD161703 (θLD = 0.38 ± 0.01 mas, , Chelli
et al., 2016) with a visibility of V 2 = 0.983 ± 0.001 and therefore not resolved for
VLTI. It has been observed at the same configuration as the SCI frames (DIT =
5 s, NDIT = 30) as well as the same airmass as the corresponding frames of GCIRS 7
(Z=1.01).

Spectral calibration

To be fully successful, the model implemented to interpret the data must explain the
interferometry and the spectroscopy at the same time, and no conclusion from the
spectra can be obtained without a proper calibration. This step is needed to give
a physical meaning to the continuum as well as to remove features introduced by
external elements such as the Earth atmosphere from the recorded flux of GCIRS 7.
The process begins with the observation of the spectral calibrator during the night,
preferably as close as possible to the target (same air mass if possible) and with
the comparison to a theoretical spectrum. For this work, I have chosen one of the
supertemplates obtained from Cohen et al. (2003), corresponding to the star HD5319
with AV = 0, a giant star classified as K0III (Houk and Swift, 1999). The calibration
would be successful only if the calibrator observed during the night presents the same
spectral features, and therefore the calibrator must have the same spectral class.

From the archive of 2017, only one K0III star was observed during the night (HD45124
with mK = 4.95, Cutri et al., 2003), recorded with DIT = 10 s, NDIT = 25 and a
slightly higher airmass (Z=1.25) than the SCI sequence. This is not a problem as the
use of this star in this study was limited to the spectral calibration and the study
involves normalized spectra. In 2019, the same star (HD161703) and the same frames
used for interferometric calibration (with the same airmass, DIT and NDIT) are also
used to get the photometric spectral calibration.
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Figure 4.11: A calibrated frame for each epoch (Equation 4.1). The
spectra of 2019, observed in SPLIT mode, is the average by channel
between both polarizations P1 and P2, weighted by the square of their

uncertainties.
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The resulting spectra for 2019 are obtained as the average of the two polarizations
weighted by the square of the uncertainties:

(
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λ

)(2019)
=

wP1

(

F IRS7
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)(2019, P1)
+ wP2

(

F IRS7
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wP1 + wP2

where w Pi =
[

(σc
Fλ
)(2019, Pi)

]−2
with i = 1, 2. The quantities

(

F IRS7
λ

)(2019, Pi)
are

obtained independently using Equation 4.1. Their respective uncertainties have been
obtained with the Equation 4.2.

The quotient SIRS7
λ /Scal

λ removes the instrumental effects and the features introduced
by the Earth’s atmosphere, and multiplying by F (λ)Cohen removes the spectral line
features introduced by the calibrator, but only if the calibrator and the theoretical
template share the same spectral class8. In the case of 2017, there was already data
from a K0III star in the archive for that night. It is HD45124 with mcal

KS
= 4.952

(Houk and Swift, 1999), observed at the beginning of the night. Unfortunately, it
was not observed at the exact same air mass as GCIRS 7 (Zcal = 1.2 while ZIRS7 =
1). This could potentially affect the molecular bands in water and for this reason,
those wavelengths are not considered for this study. About 2019, I chose HD161703
with mcal

KS
= 5.582 (Houk, 1982), which is also a K0III star (the same class as the

supertemplate chosen), as well as an appropriate interferometric calibrator as it is not
resolved by the interferometer. Hence, for 2019 the same star is used in both steps,
interferometric calibration and spectroscopic calibration. As the transmission curve
T (λ) is not defined for λ > 2.4 µm, I did not use the GRAVITY channels for λ > 2.4
µm for the final study.

The spectra corresponding to the four telescopes after the calibration are not equal,
but proportional to each other (Figure 4.11). This effect, which happens in every data
frame and is more noticeable in 2017 than in 2019, is likely due to the fibre injection,
an instrumental effect corrected during the commissioning phase of the instrument.
Although a measurement of the absolute flux could possibly be done in 2019, the
same measurement in 2017 would be completely inaccurate. As no conclusion could
be taken from the absolute flux, it is finally not used for this work. Luckily it does
not affect the slope of the spectrum, and a normalization of the spectrum is applied
after the correction by interstellar extinction.

8The spectral class must be the most stable possible (an evolved or a variable star as a calibrator,
for example, would not work).
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4.4 Modelling the data

4.4.1 Interstellar extinction

In presence of dust, photons with optical wavelengths are absorbed by the dense
interstellar medium and re-emitted with higher wavelengths. This effect is called
interstellar extinction, and makes an astrophysical target appear redder than how it
really is. As the contrast of the target is normalized by definition, the interstellar
extinction does not affect the visibility curves, but it strongly affects the spectrum.
Studying extinction towards a target can give insights about how this interstellar
matter is behaving, or even its own nature.

It is no surprise that it is precisely towards the Galactic Center where we find the
greater accumulation of interstellar matter in the Galactic plane. The region is mostly
opaque at optical wavelengths (AV > 30), and even in the infrared interstellar ex-
tinction can be important. Due to the nature and composition of the nuclear stellar
cluster, it is known that presents an interstellar medium clumpy and heterogeneous
(Ciurlo et al., 2016), which can vary from a line-of-sight to the next and along a
given line-of-sight (Ciurlo et al., 2019). For this reason, I have decided to derive the
extinction from the source itself for each epoch, to be able to extract conclusions
from the spectra. The relative extinction between two spectral lines is measured in
magnitudes and it can be defined as (Fritz et al., 2011):

Aλ2−λ1
= −2.5 log10

(

Fobs(λ2)/Fobs(λ1)

Fexp(λ2)/Fexp(λ1)

)

(4.3)

where the indices exp and obs refer to the expected and the observed flux densities,
respectively. The absolute extinction could be obtained if the extinction in a cer-
tain wavelength is known. For that purpose it is common to derive extinction laws
comparing two different spectral domains to estimate the expected reddening for a
certain wavelength, given a particular region in the sky. For the thesis work, I took
the extinction law obtained in Fritz et al. (2011), a power law specific for the Galactic
Center:

Aλ = A0 ×
(

λ

λ0

)α

. (4.4)

By using a radio continuum map (2 cm) with data from VLA, ISO-SWS spectra (mid
infrared) and SINFONI spectra (near infrared), they have created maps in Brackett
γ among other spectral lines. For K band (2-2.5 µm), the index 0 is therefore taken
at the Brackett γ line (λ = 2.166 µm) and their best fit gives A0 = 2.62 ± 0.11 and
α = −2.11 ± 0.06.

Unfortunately GCIRS 7 is an extremely bright source which saturates all the maps
and therefore it has been removed from them, leaving a hole in its position (Figure
4.12). For this reason, the obtained value of A0 is not applicable to the extinction
observed towards GCIRS 7 as there should be some extra extinction due to some
circumstellar contribution. To estimate its value it is possible to use the slope of the
spectra measured with GRAVITY after the flux calibration (Figure 4.11).
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The final correction is, according to Equation 4.9:
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i

Bλ(T )10−0.4Aλ Γi
, (4.10)

where
(
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λ

)

i
is the calibrated flux (from Equation 4.1) for the channel λ and the

telescope i. The error bars are obtained as follows:
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, (4.11)

with
(

σc
Fλ

)

i
obtained from Equation 4.2. As the four telescopes observe the target

simultaneously, the fact that every Γi is different implies that every telescope presents
a different response for a same spectrum, probably related to instrumental effects9,
such as differences due to local seeing effects and to the centering of the fibers. For
each epoch a weighted average of the normalized spectra is obtained by using:
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The number m is the total number of samples per year, which is m = 8 for 2017 (4
telescopes, 2 data frames) and m = 28 for 2019 (4 telescopes, 7 data frames). The
error bar considered corresponds to the standard deviation from the weighted mean10:
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The result can be shown in Figure 4.15. The two spectra share the same continuum,
slightly differing in the regions where the presence of molecules is known, as λ = 2.03
µm (water) or beyond λ = 2.29 µm (CO and water, Perrin et al., 2004). Emission
lines are not expected in the K band spectra of a RSG star, and knowing that water
is involved in the region near λ = 2.03 µm, the discrepancy observed between both
spectra is probably due to the effect of the Earth atmosphere. Furthermore, the first
channels and the last channels of GRAVITY corresponding to the shortest and the
largest wavelengths present in general a poorer response than the central channels.
For these reasons, in addition to the limits imposed by the 2MASS KS band filter
transmission curve (λmax = 2.4 µm), I have decided to limit the study to the range
λ = [2.05, 2.40] µm.

9Luckily this does not affect the study of the different components of the spectrum as the work is
done over normalized quantities. However, it is not possible to obtain an accurate measurement of
the absolute flux to contribute to the archival light curves.

10This formula is valid if every weight is different from zero, which is the case.
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The specific light intensity distribution of the whole target is defined as:

Iλ(r, Tk, Rk, τλ) =
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0 otherwise,
(4.16)

where k = 0, 1. The photosphere and the shell are each defined by a radius R and a
temperature T such as T0 > T1 and R1 > R0. The optical depths τ depend on the
wavelength and are associated to the thin layer only, which has negligible thickness.
The function Bλ(Tk) = B(λ, Tk) is the Planck function and r is the angular distance
between the center and the limb of the star.

If the optical depth is zero, the model returns Equation 4.14 with I0 = B(λ, T0) and
θUD = 2R0, which is a uniform disk with the parameters of the photosphere. If the
optical depth is so high that the shell is optically thick (τ → ∞) the model also
converges to Equation 4.14 but in this case I0 = B(λ, T1) and θUD = 2R1.

As it is assumed that the layer cannot be hotter than the photosphere and the
spectrum has been already normalized, it is convenient to divide Equation 4.16 by
B(λ, T0), with a result displayed in Figure 4.19. This quantity presents an atten-
uation limit which is reached for high values of τ , and its value depends uniquely
on the ratio of temperatures for a given wavelength. Indeed, if τ → ∞ the value of
Iλ(r, Tk, Rk, τλ)/B(λ, T0) = Bλ(T1)

/

Bλ(T0).

Let us call Ωλ(T0, T1) = Bλ(T1)
/

Bλ(T0) this limit of brightness attenuation due to
the presence of the shell, which is nothing but the ratio between the two black body
emissions and obviously, Ωλ(T0, T1) ≤ 1 ∀λ. Given a spectral line, an intensity profile
lower than Ωλ(T∗, TL) would be the signature that the medium is too dense (Figure
4.19) and the assumption of negligible thickness would not be adequate. This is the
main limitation of the model, and it can be a problem explaining deep absorption
lines. The center to limb variation can be expressed as a function of this parameter
Ωλ:
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Introducing Equation 4.16 in Equation 4.18 and combining them in Equation 4.19,
we get an expression for the normalized flux:

F N
λ (T∗, TL, R∗, RL, τλ) =

2Ωλ(T∗, TL)

R2
∗

[

R2
L

2
+

1 − Ωλ(T∗, TL)

Ωλ(T∗, TL)

∫ R∗

0
f(r, RL)

−τλrdr

−
∫ RL

R∗

f(r, RL)
−2τλrdr

]

. (4.20)

The normalized flux density equation presents three terms. The first one corresponds
to the emission of a black body of the size of the layer normalized by the photosphere.
The second term correspond to the limb darkened emission12 of the inner photosphere.
The third term corresponds to the self-absorption of the layer as it is substracted from
the total. For τλ = 0 the first and the third terms cancel each other and the total flux
is F N

λ = 1. For τλ → ∞ the first term is the only one which does not vanish returning
a uniform disk with the size of the layer, who acts now as the new photosphere.

The interferometer observables can be modelled using the van Cittert - Zernike theo-
rem (van Cittert, 1934; Zernike, 1938) which, assuming azimuthal symmetry, becomes
the Hankel transform of the intensity function divided by the observed flux density:

Vmol(q, T∗, TL, R∗, RL, τλ) =
2π
∫ RL

0 Iλ(r, T∗, TL, R∗, RL, τλ) exp(2πqr)dr

Fλ(T∗, TL, R∗, RL, τλ)
. (4.21)

These visibility curves depend intrinsically on λ via τλ. Their value can be computed
by solving four integrals:

Vmol(q, T∗, TL, R∗, RL, τλ) =

∫ R∗

0 Iλ(in) exp(2πqr)dr +
∫ RL

R∗

Iλ(out) exp(2πqr)dr
∫ R∗

0 Iλ(in)rdr +
∫ RL

R∗

Iλ(out)rdr
,

(4.22)

where
Iλ(in) = Iλ(0 ≤ r ≤ R∗, T∗, TL, R∗, RL, τλ)

and
Iλ(out) = Iλ(R∗ < r ≤ RL, T∗, TL, R∗, RL, τλ)

as Iλ(r, T∗, TL, R∗, RL, τλ) is defined in Equation 4.16. An example can be seen
in Figure 4.21, generated by considering a set of four wavelengths with the values
λ = 2.26, 2.30, 2.34, 2.38 µm, with the same fundamental parameters and optical
depths of the Figures 4.19 and 4.20. If the optical depth is null or too big, the model
returns the visibility curve of a uniform disk (Figure 4.16), which is exactly the same
as described in Figures 4.19 but in the Fourier space.

12The limb of the photosphere is darkened by the shell.
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4.5.1 The resolved incoherent background and the photosphere

If the interferometer has spectral coverage, its output can be interpreted as a visibility
curve for each spectral channel i, sampled with N baselines. A wavelength dependent
background a(λ) can be obtained fitting a uniform disk for each of those curves with
a Levenberg-Marquardt least squares fit, taking the squared visibility from Equation
4.15 and minimizing:

χ2
i =

N
∑

j=0

(

V 2
UD(qj , ai, θUD,i) − V 2

i (qj)

σV 2
i
(qj)

)2

, (4.24)

where V 2
UD = |VUD|2 (defined in Equation 4.15), V 2

i are the squared visibilities sam-
pled and measured by the interferometer and σV 2

i
the uncertainties on the measure-

ments. For every wavelength channel in the data frame and for each polarization
state, a fit involving two parameters (a, θUD) and six samples (one measurement per
baseline) is performed. In 2017 there are in total 2 data frames in COMBINED po-
larization, making a total of N=12 samples per wavelength channel and therefore 10
degrees of freedom per fit. In 2019, there are 7 frames in SPLIT polarization, making
a total of 2 data sets (P1 and P2) of N=42 samples per wavelength channel each,
and therefore 40 degrees of freedom per fit. The results of the parameters have been
averaged among polarizations afterwards, using the weighted average formula (in a
similar manner as Equation 4.12). The profiles a(λ) are shown in Figure 4.23 with
the minimum χ2

r reached for each fit. Overall the result is satisfactory as 81% of
the spectral channels involved in the study (∆λ = 2.05 − 2.40 µm) return a mini-
mum χ2

r < 3 for 2017, while this rate increases to 96% for 2019 (both for P1 and P2
individually).

Although θUD(λ) could be obtained directly from this fit, part of its contribution is
absorbed in the quantity ai as θUD(λ) and a(λ) are degenerate. As by definition
the background must be incoherent, to remove it properly and to obtain a realistic
measurement of the uniform disk diameter an average value ac can be removed from
V 2

i choosing the appropriate continuum to minimize the signal loss. The chosen
continuum is again λc = [2.1 − 2.2] µm and the average values of ac obtained are:

• 2017: āc = 0.93 ± 0.01.

• 2019: āc = 0.97 ± 0.01.

Consequently, 7% of the light collected by the fibers of GRAVITY coming from the
circumstellar background in 2017 is spatially incoherent, while this percentage drops
to 3% in 2019. Putting these average values of a into perspective, it seems that the
background level has changed between the two epochs. In the work of Paumard et al.
(2014) they obtain a coherent stellar flux of a = 0.76 using AMBER (UT telescopes,
8.2m), much lower than GRAVITY (AT telescopes, 1.82m). The difference observed is
not necessarily attributed to the only influence of circumstellar dust, as instrumental
effects such as the size of the effective field of view or the angular resolution of the
telescopes can be involved in its value. Indeed, the increase of coherence in 2019
compared to 2017 could be explained by the reduction of the field of view while using
adaptive optics, after the implementation of NAOMI. The effect of the background
in the visibility modelling can be seen in Figure 4.24, as well as the diameter limits
obtained in Paumard et al. (2014).
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Figure 4.23: Top: background per wavelength channel according to
Equation 4.24. The average value in the continuum is shown for each
epoch. Bottom: resulting χ2

r for each epoch minimizing Equation 4.24
per spectral channel. Each point corresponds to a visibility curve fit.
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The contribution of the incoherent background can be removed from the visibilities
by:

V 2
c,i = V 2

i /āc
2 , (4.25)

and therefore a diameter-wavelength profile θUD(λ) can be finally obtained by fitting:

χ2
i =

N
∑

j=0





V 2
UD(qj , a = 1, θUD,i) − V 2

c,i(qj)

σV 2
c,i
(qj)





2

, (4.26)

with σV 2
c,i
(qj) = σV 2

i
(qj)/a2

c . This profile would give a first approach to the spatial
distribution of the chemical components present in the outer layers of the atmosphere
of the star. The results are shown in the Figures 4.25 and 4.26. Any significant
deviation from the average diameter for any spectral channel would constitute a
strong evidence of the existence of certain structure impossible to detect only via
spectroscopy.

In the second fit routine, after correcting by background, 152 out of the 159 spectral
channels involved present χ2

r < 3 (96%) in 2017 and in the two polarizations of 201913.
Unfortunately for 2017 the diameter peak corresponding to the first CO overtone line
is not successfully fitted (χ2

r > 3), as it is for 2019. In absence of strong spectral lines,
the average UD diameter corresponding to the continuum (again 2.1-2.2 µm) is:

• 2017: θ∗

UD = 1.548 ± 0.050 mas.

• 2019: θ∗

UD = 1.550 ± 0.050 mas.

However, this method has two limitations: by fitting channel by channel, one does
not measure the slope of the model very well, which make the two parameters be-
ing degenerate, and by fitting all the data sets at once, one does not probe the
instrument stability. An alternative approach has been proposed when the paper
(Rodríguez-Coira et al. 2020, Appendix A) has been discussed with the co-authors of
the consortium: instead of splitting the data by wavelength all the channels at once
are fitted, but SCI frame by SCI frame (and still polarization by polarization in 2019).
This way, the slope of the visibility curve is clearly visible in each fit, breaking the
degeneracy between the two parameters and being able to measure a scatter between
the various data sets. This scatter is due to the stability of the instrument and of the
atmosphere and dominates the uncertainty. This second method gives:

• 2017: θ∗

UD = 1.547 ± 0.030 mas.

• 2019: θ∗

UD = 1.549 ± 0.030 mas.

13The spectral channels with a wrong fit are not the same from data set to data set, but their
quantity is surprisingly conserved.
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It is worth noting that this uncertainty on the uniform disk diameter (30 µas) is itself
quite an achievement, of the same order as the astrometric measurements performed
by GRAVITY (Gravity Collaboration et al., 2020a).

I have adopted a same diameter of θ∗

UD = 1.55 ± 0.03 mas as the average of them,
proving that it is the same at the two epochs. This result is in principle surprising
due to the K band variability of the target according to archival data (Paumard et al.,
2014). A further discussion can be found in Section 4.6.2.

There is a significant increase in the apparent uniform disk diameter corresponding to
the wavelengths higher than 2.29 µm, with the diameter peaks matching the overtone
molecular lines of CO. The presence of a shell surrounding the photosphere where the
CO molecule is located would explain this diameter increase, an expected outcome
in the context of the structure of a typical RSG (Perrin et al., 2004, 2005; Montargès
et al., 2014). A lower limit on the diameter of the shell can be obtained by measuring
the maximum uniform-disk size in the CO bands:

• 2017: θL
UD ≥ 1.805 ± 0.017 mas = (1.166 ± 0.027) θ∗

UD.

• 2019: θL
UD ≥ 1.939 ± 0.019 mas = (1.251 ± 0.026) θ∗

UD.

To measure these minimum diameters I have chosen the central peak of the fourth
CO head band and the two values at its sides, then averaged their diameter values.
A quick comparison with other RSGs yields a ratio shell-photosphere of 1.28 for µ

Cep (Perrin et al., 2004), or 1.25 for α Ori (Montargès et al., 2014). A more complex
model (several layers) implemented by Hadjara et al. (2019) founds a larger ratio of
1.76 for the outer layer for α Sco. This result for GCIRS7 would be compatible with
all of them.

The UD diameters in the CO molecular bands in 2019 are slightly higher than the
ones for 2017. This could be a hint that the size of this hypothetical layer could have
increased, although it is not strong evidence, as this apparent change of size could
be due to the variation of other parameters such as temperature or density. Hence
the need for a more complex model to describe the circumstellar environment of the
target, as the thin layer model described in Section 4.4.3.

The corrected fitted visibility curves (Equation 4.25) corresponding to the minimum
uniform disk size of the hypothetical shell (measured at λ = 2.381 − 2.386 µm) and
the continuum (measured at λ = 2.1 − 2.2 µm) are shown in Figure 4.27 with the
respective visibility samples corresponding to those wavelength channels. These data
sets cannot be properly explained with a single model consisting in a unique uniform
disk. Although the target is partially resolved, the impressive sensitivity of GRAVITY
allows to guess the presence of an extended structure and even study its temporal
evolution.
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presents τ = 0, the effect of any layer parameter vanishes. Therefore, in order to
study the molecular layer we can restrict the analysis to the interval [2.29-2.40 µm],
corresponding to the CO molecular band. 50 channels of the total of 210 used in the
MEDIUM resolution mode of GRAVITY correspond to that interval.

There is a degeneracy between the temperatures T∗ and TL. As an accurate mea-
surement of the absolute flux is not accessible (Section 4.3.1), I decided to fix the
temperature of the photosphere T∗ to the most recent value of the effective tempera-
ture found in the literature (Paumard et al., 2014), which is Teff = 3600 K. The free
parameters and their constraints are, then:

• RL: The radius of the layer. It must be RL > R∗ = θ∗

UD/2.

• TL: The temperature of the layer. It must be TL < T∗ = 3600 K.

• τλ: Limited to the molecular band (50 channels) and τλ ≥ 0. In order to smooth
limits and allow zero values I have decided to fix τmin = −0.1.

The total number of free parameters is 52. The total number of data points is 50
(spectral channels) × 6 (baselines) × f (frames) (f=2 in 2017, f=7 in 2019). For 2019
as the frames have SPLIT polarization, there are two data sets P1 and P2 that are
treated separately and averaged afterwards. This makes a total of 548 degrees of
freedom for 2017 and 2048 for 2019 (each data set P) and a parameter space plenty of
local minima, which makes extremely difficult to perform a χ2 fit to find the absolute
minimum. In order to simplify the fitting procedure, instead of performing a fit with
52 parameters, a fit in two steps is implemented, assuming that:

• The global free parameters for the layer are (TL, RL).

• For a given pair of (TL, RL) there is only one family of τλ which can explain the
spectrum of the target15.

The fitting routine is the following:

• Selecting a pair (TL, RL) = (Ta, Ra) and taking Equation 4.19, the pipeline
gets, for every λ involved, the τλ which minimizes:

|ResF |λ =

∣

∣

∣

∣

∣

∣

Fλ,n(T∗ = Teff , TL = Ta, R∗ = θ∗

UD/2, RL = Ra, τλ) − F IRS7
λ,N

σF IRS7
λ,N

∣

∣

∣

∣

∣

∣

.

(4.27)
The fit does not have degrees of freedom as it is performed point by point of the
spectrum and all the parameters but the optical depth are fixed. Minimizing
Equation 4.27 leads to a final value of (ResF )λ = 0 if the model is successful16.
A value of (ResF )λ > 0 in any spectral channel would mean that a single layer
with (TL, RL) = (Ta, Ra) cannot successfully explain the observed absorption
for that wavelength with any optical depths (see Section 4.4.3).

15This statement assumes that the single thin layer model is enough to entirely explain the data.
It is not always the case as the model can reach saturation for high values of τλ (Figure 4.19).

16This is equivalent to solve τλ for

Fλ,n(T∗ = Teff , TL = t, R∗ = θ
∗

UD/2, RL = r, τλ) − F
IRS7
λ,N = 0
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the dust condensation radius at low temperatures, as the dust expelled by the ra-
diation pressure of the star can drag the CO gas. Nevertheless, in principle CO is
expected to form closer to the star before being dragged by the dust. As CO is a
major component of the molecular shell, a CO layer with a higher column density and
stronger spectroscopic signal must exist, hotter and closer to the star. In addition,
the temperature profile of Equation 4.29 is much closer to the hot solution than to the
cold one. For all these reasons, the hot solution makes more physical sense than the
cold solution although both are compatible with the data. The cold solution cannot
therefore be the dominating solution for CO around GCIRS 7.

This is confirmed by observations in other RSG stars. The locations in the χ2 map
of the shell observed in the stars Betelgeuse (Montargès et al., 2014, α Ori) and µ

Cep (Perrin et al., 2005) reveal that the hot solution is much more probable to be
realistically the dominating solution. A more complex model consisting in a set of 7
layers for Antares (α Sco) implemented by Hadjara et al. (2019) points to the same
result (Figure 4.28 shows only the inner and the outer layer for simplicity).

The results for the hot solution of each epoch are presented in Table 4.2. The optical
depth profiles corresponding to them are displayed in Figure 4.30. The error bars
have been obtained through Monte-Carlo error propagation in the 1σ contour of the
hot solution. The fainter values correspond to τ ± ∆τ > 5, where the model reaches
saturation.

Table 4.2: Parameters of the single-layer CO shell model for the hot
solution.

Parameter 2017 2019
A0 3.27 (fixed) 3.27 (fixed)

θ∗ (mas) 1.55 (fixed) 1.55 (fixed)
T∗ (K) 3600 (fixed) 3600 (fixed)

θL (mas) 1.75 ± 0.03 1.87 ± 0.03
TL (K) 2362 ± 91 2182 ± 80

Globally, the values of the uniform disk diameters presented on Fig. 4.25 are higher
in 2019 than in 2017. The visibility contrast (Figure 4.29), significantly lower in 2019
than in 2017 beyond 2.33 µm, is another evidence of a higher shell diameter. It is also
confirmed by the position of the local minima in Figure 4.28 corresponding to the hot
solution, which is different at 4σ between epochs suggesting a higher diameter and
a lower temperature. According to the single layer fit, these results are compatible
with a shell expansion and a shell temperature decrease from 2017 to 2019. The fact
that the peaks are not reproduced by the visibility contrast proves that the model
saturates on the head bands. However, this does not happen in the first head band
of 2019, which can be a hint of a dilution or a mechanism linked to mass loss.
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The value of the column density is computed as dZ = Nds from Equation 4.30,
wrapping up S and Q(T ). Three approximations are considered by using this method:

• I have assumed that the GRAVITY spectral channels correspond to the exact
value of λ instead of λ ± ∆λ, that is, their profile is a Dirac delta. For each
spectral channel λ the line profile taken is φ(λ − λ0) = 1. This approximation
requires a well defined spectral line to get a somewhat meaningful result, so for
this purpose I have only used the first band head of CO at 2.2935 µm (Figure
4.31). There is only one optical depth available in 2019 as this line cannot be
explained in 2017 with the single layer model (Figure 4.30). This assumption,
perhaps too simplistic, provides an upper limit to the column density obtained.

• The light collected in the spectral channel λ ± ∆λ = 2.2937 ± 0.0022 µm corre-
sponds exclusively to the first overtone line of CO (λ = 2.2935 µm). The transi-
tion corresponding to this line is ∆ν = 2 to the fundamental state (2 − 0, J = 51)
of the isotope 12C 16O (Montarges, 2014).

• Wrapping up, the Equation 4.30 is simplified to τλ = SZ and then:

Z =
τλ

Sλ(TL)
(4.33)

Using the parameter of the hot solution in 2019 and assigning the optical depth
measured with the model yields a maximum column density of:

Z2019
CO = (2.61 ± 0.49) × 1020 mol cm−2 ,

where the error bar has been obtained via error propagation considering σTL
(from

Table 4.2) and στλ
(from Figure 4.30). For Betelgeuse, Montargès et al. (2014) mea-

sured, using several transitions and two isotopes ( 12C 16O, 13C 16O), a column density
Z = 3.01+2.0

−0.5 × 1021 mol cm−2, a value higher by one order of magnitude than the shell
of GCIRS 7. It is also lower than the density measured by Hadjara et al. (2019) for
the first layer for Antares: NCO = 3.16 ± 1.58 × 1021 mol cm−2.
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4.6 Discussion of the results

4.6.1 On the local interstellar extinction

In order to compare with previous measurements, the measured extinction in Brackett
γ can be converted to AKS

taking Equation 4.1 and comparing the measured flux with
the de-reddened flux (inversely applying the extinction law):

AKS
= −2.5 log

∫

KS
T (λ) × F IRS7

λ dλ
∫

KS
T (λ) × F IRS7

λ 10+0.4Aλdλ
(4.34)

where Aλ is the power law described in Equation 4.4. The obtained result is AKS
=

3.16 ± 0.10, identical at the two epochs. Going back to the literature (Table 4.3),
Blum, Sellgren, and Depoy (1996) obtained AK = 3.72 ± 0.13 via NIR photometry and
an assumed intrinsic color, and later Blum et al. (2003) measured AK = 3.48 ± 0.09.
These values are higher than the measurement obtained by up to 3σ. Although the
reason of this change might be due to any variation of the fundamental parameters
of the star through any of its pulsations, it is also known (Ciurlo et al., 2016) that
the interstellar medium in the central parsecs is heterogeneous. The presence of any
dusty clump along a given line of sight can be responsible of a drop of up to one
magnitude in K band (Paumard, Maillard, and Morris, 2004), and the motion of
material during a time span of a decade can easily explain such temporal variation of
the interstellar extinction.

The value AKS
= 3.16 is above average when compared to the extinction map of

Schödel et al. (2010), who used stars to describe the interstellar extinction. The
works Ciurlo et al. (2016, 2019), on the other side, used the interstellar medium di-
rectly probing deeper along the line-of-sight. Therefore, a large part of the extinction
towards GCIRS 7 can be attributed to interstellar medium local to the central parsec,
from which part of it could have circumstellar origin.

Table 4.3: K-band extinction measurements at the Galactic Center
and GCIRS 7 in literature.

Reference Measurement Centered at
Blum, Sellgren, and Depoy (1996) AK = 3.72 ± 0.13 IRS 7

Blum et al. (2003) AK = 3.48 ± 0.09 IRS 7
Schödel et al. (2010) AKS

= 2.46 ± 0.03 SgrA∗

Fritz et al. (2011) AKS
= 2.42 ± 0.10 SgrA∗

This work AKS
= 3.16 ± 0.10 IRS 7

4.6.2 On the pulsations of the star

Using data from 4 decades, a double pulsation light curve of 470 and 2620 days
respectively was fitted in Paumard et al. (2014) while this study uses observations
from two runs separated 840 days. The NAOMI Adaptive optics was used in 2019 to
focus the stellar flux into the GRAVITY fibres while only tip-tilt was compensated in
2017 making the flux injection highly dependent on seeing conditions, which makes
extremely difficult and uncertain to compare absolute fluxes. That is the reason why
the temperature from the literature is used, fitting the extinction instead.
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A same photospheric size in 2017 and 2019 is measured, with a 3σ upper limit on
the difference of 0.13 mas (8%). This is plausibly explained by the observational
gap. With the interplay of the two periods (470 and 2620 days) revealed in Paumard
et al. (2014), the size of the photosphere could well have varied during the 840 days
that separate the observations performed in 2017 and in 2019 and have come back
to a very similar value. However, it is also possible that the size of the star did
not vary between 2017 and 2019 or varied less than expected from the 2013–2017
era. The pulsations of red supergiants are irregular and intertwined with convective
mechanisms. Their periods, phases and amplitudes can vary over short timescales.

Although we observe a different fraction of coherent light, this has no effect on the
absolute flux of the target. Therefore, if there is any other significant difference in
the global parameters of the photosphere in K band in the studied epochs, it must
be either relative to a temperature difference, assumed to be T∗ = 3600 ± 195 K as
in the literature, or due to a large convection cell covering a significant fraction of
the surface of the star, which cannot be resolved with the actual baseline coverage of
VLT.

The photospheric diameter obtained is 1.547±0.030 mas in 2017 and 1.549±0.030 mas
in 2019, rounded to θ∗

UD = 1.55 ± 0.03 mas. The value of θ∗

UD agrees very well with
the values of θ∗

UD = 1.5 − 2 mas of Paumard et al. (2014) on K-band data obtained
with AMBER in 2008, but on the other side measurements in H-band (PIONIER
2013) reveal a much smaller diameter of θ∗

UD = 1.076 ± 0.093 mas. A priori there
is no reason to consider a K-band photosphere 1.44 times larger than the H-band
photosphere, confirming that GCIRS 7 has been pulsating also over the last 10 years.
Using the value of R0 = 8246 ± 45 pc17 obtained in Gravity Collaboration et al.
(2020a), the radius R∗ can be obtained in solar units as:

tan (θ∗

UD/2) ≈ θ∗

UD/2 =
R∗

R0
→ R∗ =

θ∗

UD ∗ R0

2
(4.35)

and its uncertainty:

∆R∗ =

√

√

√

√

(

R∗

θ∗

UD

∆θ∗

UD

)2

+

(

R∗

R0
∆R0

)2

(4.36)

yielding R∗ = 1368 ± 26 R⊙. The same exercise for the shell diameter yields:

• 2017: RL = 1544 ± 26 R⊙

• 2019: RL = 1650 ± 26 R⊙

17The systematic error is used for this calculation as it dominates over the statistical error.
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These three stars are among the most studied RSGs in K band, and two of them (α
Ori and α Sco) are the closest RSGs to Earth. Their proximity allows to characterize
their structure with more detail, and any study of their molecular envelopes can be
considered in parallel to GCIRS 7.

Betelgeuse (α Ori) holds the honour of being the first star different than our Sun
whose apparent diameter has been measured (Michelson and Pease, 1921). An image
of its surface was firstly obtained by Haubois et al. (2009). A recent measurement
by Montargès et al. (2014) yields θUD

∗ = 41.01 ± 0.41 mas and a molecular shell at
1.24R∗. This star is located at just 220 pc (Harper et al., 2017), being the candidate
to be the closest supernova in the sky in the next 10 to 100 thousand years. Currently
it is being subject of a deep study due to an unprecedented dimming of 1 magnitude
in V band (Levesque and Massey, 2020; Harper et al., 2020). It is true that pulsations
as intense as the ones observed in GCIRS 7 have not been yet observed in Betelgeuse,
but any phenomena observed in this RSG must be considered relevant for future
studies involving GCIRS 7 due to their similar characteristics.

Antares is the brightest RSG in the Southern hemisphere sky. The last estimate of its
diameter is 37 mas, measured with AMBER data by implementing a model consisting
in several concentric shells in a sample of evolved stars by Hadjara et al. (2019). For
this RSG star, the number of layers found was 7 in the interval 1.06 − 1.76 R∗. Up
to date there is still no molecular layer found at more than 2R∗, as opposed to less
massive evolved stars as Mira class stars. Indeed the thin shell model used in my
work constitutes an over simplification that must be taken as a starting point for a
deeper study applying a model similar to this multiple layer approach.

When these lines are being written, GCIRS 7 is the RSG with the smallest apparent
size (and the farthest one by an order of magnitude) where a structure has been
observed. To illustrate this, the first image reconstruction of Betelgeuse (α Ori)
by Haubois et al. (2009), the image reconstruction of the photosphere of Antares
(α Sco) taken with AMBER in VLTI (Ohnaka, Weigelt, and Hofmann, 2017), the
image reconstruction of CE Tauri with PIONIER (Montargès et al., 2018) and the
image reconstruction with PIONIER of the up to date smallest-apparent-size RSG
star V602 Car (Climent et al., 2020) are shown in Figure 4.33 together with a disk of
the apparent size of GCIRS 7 in the sky. The estimated physical size is also displayed
in the picture, corresponding to measurements taken in their respective works18.

The derived physical parameters for the shell of GCIRS 7 are perfectly compatible
with other molecular shells already observed in closer RSGs except for the density
of CO in 2019, which appears to be an order of magnitude lower. Whether or not
this low density is a result of the effect of the particular environment of GCIRS 7 in
the context of the Galactic Center might be addressed by the use of a more complex
model to fully characterise the outer atmosphere of GCIRS 7, such as the one of
Hadjara et al. (2019) involving a multilayer model, which would be able to solve the
saturation in the peaks of the CO overtone lines. It would also help to understand if
the nature of the molecular shell observed for GCIRS 7 is similar to the ones of other
isolated RSGs or if it is indeed less dense.

18The estimation of the physical size of V602 Car makes use of the distance measured by Melnik
and Dambis (2020), d = 1190 pc.
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Chapter 5

Conclusion and future prospects

This thesis has been written in the context of the first observations of the Galactic
Center by the instrument GRAVITY. Specifically, two sources of the central parsec
of the Galaxy have been explored:

• SgrA∗: the supermassive black hole candidate located in the center of the
Galaxy by astrometry of the star S2.

• GCIRS 7: a pulsating red supergiant known to feed the interstellar medium
with expelled material of the external layers of its atmosphere.

Regarding SgrA∗, I present the results of the first astrometric measurements per-
formed by the use of optical interferometry along the orbit of the star S2 with ob-
servations conducted during 2017 and 2018, from which I have participated in four
runs obtaining new data. I have processed and calibrated all the data frames used
during these two epochs. Taking advantage of the proximity of the star S2 in its
orbit during the months before and just after the pericenter passage, I have applied a
binary source model to interpret the data with a different first guess for every night
according to the latest orbital fit published. For each data frame, I have been able
to obtain the relative position of the star S2 with respect to SgrA∗, as well as a
relative measurement of the flux of SgrA∗ with respect to S2 and a measurement of
the incoherent background light, visually inspecting each frame to rate the quality of
the data. For each night, I have obtained a best estimate position of the star S2 by
averaging each fit result for that night. With the results obtained, I have produced
the astrometry of S2 with an unprecedented accuracy thanks to the performance of
the GRAVITY instrument, as well as I have built a light curve for SgrA∗ through
an estimate of the flux of S2 in 2018. These data productions yield the contribution
of LESIA to the Galactic Center team of the GRAVITY consortium for the early
publications (2017-2018) where they have been combined with 3 other independent
estimates.

The astrometry of the star S2 has been part of a wider study for the GRAVITY
collaboration before and after the pericenter passage which took place in April 2018.
Complementing our GRAVITY data with SINFONI data, this event allowed us to
obtain the first truly dynamical measurement of the gravitational redshift around
a celestial body (Gravity Collaboration et al., 2018a), and therefore the first test of
General Relativity in the galactic center has been successful. The light curve of SgrA∗

has been included in a wider sample made of other two independent analysis to con-
struct the GRAVITY collaboration light curve of SgrA∗ during the years 2017, 2018
and 2019 (Gravity Collaboration et al., 2020c), confirming the quiescent scenario with
sporadic flares. Concretely, in 2018 there are three bright flares that were involved
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in the exploration of orbital motions thanks to the high signal-to-noise ratio reached
during those flares (Gravity Collaboration et al., 2018b). This study reveals that the
observed flares can be interpreted as a hot spot orbiting near the innermost stable
circular orbit of a black hole. To date, this study represents the closest empirical
approach to the central source of our galaxy.

At the end of 2020, the last work of the consortium concerning the orbit of S2 is Grav-
ity Collaboration et al. (2020a). It reports the first detection of the Schwarzschild
precession in an extra solar body, another predicted effect of General Relativity. Af-
ter 160 years, Observatoire de Paris has been part of the detection of the relativistic
orbital precession of a body due to the curvature of space time at two different po-
tential strengths: from a planet around a star1 towards a star around a supermassive
black hole.

The second source studied in this thesis is GCIRS 7. The work developed in this thesis
takes advantage of the superb accuracy of the instrument GRAVITY to constrain the
diameter profile (per spectral channel) of the star observed in 2017. The fact that
the star is moderately resolved required an approach starting from the most simple
model for an extended source (uniform disk) adding complexity on each new step,
instead of an attempt using a complex model directly. Despite the partial resolution,
a diameter significantly larger is observed in the molecular band of the spectrum of
the star compared to the continuum, revealing the presence of at least one molecular
shell in a similar way as other closer stars of the same spectral type. I have been
able to participate in two extra runs to observe the target again in 2019, generating
another dataset. For this epoch, I have repeated the analysis and found that the
diameter profile returns values slightly, yet significantly, higher than in 2017 in the
molecular band heads, while the continuum remains at the same diameter. By the
use of a thin shell model to reproduce the data, the interpretation is compatible with
a layer expansion and cooling and the density difference by itself cannot be explained
by dilution only, suggesting a mass loss mechanism. This research has been presented
in a Galactic Center scientific conference in Japan as well as has produced a scientific
publication submitted to the journal Astronomy & Astrophysics which is currently in
referee stage.

This thesis work proves that it is possible to track the evolution of the photosphere
size and molecular shells of RSG stars with a diameter as low as 1.5 mas, without
the need of fully resolved targets and with the current capabilities. The results are in
agreement with the pulsation scenario proposed in Paumard et al. (2014). The null
phase returned by the interferometric signal shows no significant asymmetry, which
implies that the formation of the cometary tail previously observed in radio, predicted
to be shaped by the interstellar winds (Yusef-Zadeh and Morris, 1991; Serabyn, Lacy,
and Achtermann, 1991), does not directly involve the molecular shell at that height
from the photosphere.

1The precession was reported by Urbain Le Verrier in 1859, but it could not be explained until
1915 by Einstein.
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5.1 Perspectives on SgrA∗ and its close environment

For the next years to come, GRAVITY will keep tracking the orbit of S2 around
SgrA∗, whose apocenter passage will take place in 2026. Although it is true that
the results obtained by GRAVITY during this three years already fulfill the main
scientific cases what the instrument was designed for, the next years to come will
provide new insights related to the upper orbit of S2.

The most recent results of the consortium (Gravity Collaboration et al., 2020a) are
still compatible with an extended mass of SgrA∗ accounting for up to 0.1% of the
total mass of the source in addition to the point source of 4 × 106 M⊙. A study from
LESIA (Heißel, G. et al, in prep) is actually being carried out to estimate if this limit
can still be reduced to better characterize the mass distribution of SgrA∗. While the
effect of this extended mass distribution in the half orbit of S2 closer to the pericenter
cannot exclude less than 0.1 of the mass of the source, the effect on the half orbit
closer to the apocenter can potentially reveal if this limit can be further lowered.

The astrometric impact of the Lense-Thirring (or frame-dragging) effect, which ac-
counts for the influence of the rotation of the central body on the orbit of S2, is
maximal in the apocenter. For this reason, the last of the parameters to measure, the
angular momentum of the black hole, could then be potentially measurable during
the apocenter passage by the use of orbit fitting (Grould et al., 2017) in the same
way as this work does. The strategy to observe the pair, however, must be different
due to the fact that S2 and SgrA∗ do not share the same field of view given by the
fibers of GRAVITY. The model fitting cannot be a binary for the same reason, as has
already been the case in 2019. A significant measurement of the angular momentum
could be done earlier if a sample of flares with a period shorter than 30 minutes and
with enough signal-to-noise ratio is recorded, by the exploration of orbital motions
like in Gravity Collaboration et al. (2018b).

Figure 5.1: Image of M87∗ obtained by radio interferometry by EHT.
Source: eventhorizontelescope.org .
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Regarding other groups, it is noteworthy to mention the release of the first image
ever obtained of the accreting flow around a massive central object (Event Horizon
Telescope Collaboration et al., 2019) by the Event Horizon Telescope consortium,
reconstructed from the source M87∗ (Figure 5.1), a low luminosity AGN. This image,
obtained by a competing group, required the use of an interferometer in the millimet-
ric domain whose baseline covers the whole Earth, providing complementary results
to the ones of GRAVITY. The physical implications of this image on the nature of
M87∗ are still under investigation (Vincent et al., 2020). It is expected, in the follow-
ing years, a similar image for SgrA∗ which will help to test potential alternative and
exotic objects such as a gravastar or a boson star.

5.2 Perspectives on GCIRS 7

The results for GCIRS 7 show the typical size and temperature for a thin shell sur-
rounding a red supergiant environment in first approximation. The molecular density
obtained for 2019, however, is an order of magnitude lower than the one measured
in previous works for Betelgeuse and Antares, two well studied red supergiants. The
shortcoming on the model in 2017 proves that the layer density was more dense than
in 2019, which could be a signature of a mass loss process. The limitation of the model
is clear: a shell with negligible geometrical thickness cannot explain deep absorption
lines such as the overtone lines of CO spectra in K band.

The fact that its photosphere is able to grow more than a 40% of its size makes
GCIRS 7 a perfect candidate to study RSG pulsations, as well as the behaviour of
the molecular layers under such large variations. The pulsations of red super giants
are typically irregular, with short time-scale variations. More observations would be
needed to understand the role of pulsations and to better characterize the temporal
evolution of the molecular shells in the context of mass loss mechanisms. To take
advantage of the full capabilities of GRAVITY, the data set for such work would be
ideally taken in high resolution mode increasing the exposure time. This was part of
the schedule while planning the observations in 2019 but unfortunately the weather
did not allow to obtain any meaningful data. A high resolution study would give much
more detail in the description of the photosphere as well as more information about
the optical depths and ultimately about the density of these layers, their chemical
composition and their temperature.

The location of GCIRS 7 is particular as it is located at less than 1 pc from a
supermassive black hole and plenty of massive young stars (Krabbe et al., 1995) and it
is known that the most external layers of GCIRS 7 are being blown away by the effect
of their wind (Yusef-Zadeh and Morris, 1991; Serabyn, Lacy, and Achtermann, 1991;
Tsuboi et al., 2020). The study of the mass loss of GCIRS 7 is particularly interesting
in the context of the shape and nature of the nuclear interstellar environment, as it
might even contribute to the existence of G2-like objects (Gillessen et al., 2012; Ciurlo
et al., 2019).

GRAVITY will continue to observe and monitor the stars of the galactic center in
the next years to come. I would like that the work presented in this thesis serves as a
starting point for other researchers who want to profit from its impressive accuracy.
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Appendix A

Scientific production: The

molecular shell of GCIRS 7

I present here the paper submitted to the journal Astronomy & Astrophysics on 23
September 2020, as the first author inside the GRAVITY Collaboration. It summa-
rizes the research work performed during the second part of the thesis, about the star
GCIRS 7. The details of the work are described in Chapter 4.
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ABSTRACT

Context. GCIRS 7, the brightest star in the Galactic central parsec, formed 6 ± 2 Myr ago together with dozens of massive stars in a disk orbiting
the central black-hole. GCIRS 7 has been claimed to pulsate based on photometric variability arguments.
Aims. Our goal is to confirm the photospheric pulsations based on interferometric size measurements in order to better understand how the mass
loss from these massive stars enrich the local interstellar medium.
Methods. We present the first medium-resolution (R = 500), K-band spectro-interferometric observations of GCIRS 7, using the GRAVITY
instrument with the four Auxiliary Telescopes of the ESO VLTI. We look for variations using two epochs (2017 and 2019).
Results. GCIRS 7 is moderately resolved with a uniform-disk photospheric diameter of θ∗

UD
= 1.55±0.03 mas (R∗

UD
= 1368±26 R⊙) in the K-band

continuum. The narrow-band uniform-disk diameter increases above 2.3 µm with a clear correlation with the CO band heads in the spectrum. This
correlation is well modelled by a hot (TL = 2368 ± 37 K), geometrically thin molecular shell with diameter θL = 1.74 ± 0.03 mas in 2017. The
shell diameter increases (θL = 1.89±0.03 mas) while its temperature decreases (TL = 2140±42 K) in 2019. In contrast, the photospheric diameter
θ∗

UD
and the extinction up to the photosphere of GCIRS 7 (AKS

= 3.18 ± 0.16) have the same value within uncertainties at the two epochs.
Conclusions. In the context of previous interferometric and photo-spectrometric measurements, the GRAVITY data allow for an interpretation in
terms of photospheric pulsations. The photospheric diameter measured in 2017 and 2019 is significantly larger than previously reported using the
PIONIER instrument (θ∗ = 1.076 ± 0.093 mas in 2013 in the H band). The parameters of the photosphere and molecular shell of GCIRS 7 are
comparable to those of other red supergiants previously studied by interferometry. The extinction we measure is lower than previous estimates in
the direction of GCIRS 7 but typical for the central parsec region.

Key words. galaxy: nucleus – supergiants – stars: individual: GCIRS 7 – stars: fundamental parameters – techniques: interferometric

1. Introduction

The stellar population of the central parsec of the Galaxy has
been widely studied (Genzel et al. 2010; Morris et al. 2012, and
references therein), where the presence of a disk of young stars
is well known (Genzel et al. 2000, 2003; Paumard et al. 2006;
Lu et al. 2009; Bartko et al. 2009; Yelda et al. 2014). Most of
these stars are massive O-type supergiants and Wolf-Rayet stars
(Martins et al. 2007; Bartko et al. 2010; Sanchez-Bermudez et al.
2014). GCIRS 7 is one of the few evolved late-type stars (an M1
red supergiant or RSG, Blum et al. 1996b), a SiO maser source

⋆ Based on observations made with ESO Telescopes at the La Silla
Paranal Observatory under programme IDs 098.D-0250 and 103.B-
0032.
⋆⋆ GRAVITY is developed in a collaboration by the Max Planck Insti-
tute for extraterrestrial Physics, LESIA of Observatoire de Paris / Uni-
versité PSL / CNRS / Sorbonne Université / Université de Paris and
IPAG of Université Grenoble Alpes / CNRS, the Max Planck Institute
for Astronomy, the University of Cologne, the CENTRA - Centro de
Astrofisica e Gravitação, and the European Southern Observatory. Cor-
responding author: G. Rodríguez-Coira.

(Menten et al. 1997) and the brightest star (in the H and K bands,
with H = 9.5 and K = 6.5) of all the central parsec (Beck-
lin & Neugebauer 1975). The works of Yusef-Zadeh & Mor-
ris (1991), and Serabyn et al. (1991) have reported a cometary
tail whose origin is GCIRS 7, and more recently Tsuboi et al.
(2020) revealed the presence of an ionised shell in the core of the
cometary tail, estimating the mass loss of GCIRS 7 with ALMA
observations.

This stellar population is soaked in a complex interstellar
medium (ISM) environment and interacts with it. The central
parsec is surrounded by a 2–7 pc-wide clumpy torus, the Circum-
nuclear Disk (CND), composed of dust and neutral gas (Beck-
lin et al. 1982). The H ii region Sgr A West (the Minispiral; e.g.
Lacy et al. 1980; Lo & Claussen 1983) consists in tidally-sheared
streamers and smaller patches and filaments of dust and ionised
gas that orbit and penetrate the central parsec (Liszt 2003; Pau-
mard et al. 2004; Mužić et al. 2007; Irons et al. 2012; Tsuboi
et al. 2017). The volume surrounding these components inside
the central cavity of the CND is not empty, but filled with a hot
(≈ 1.3 keV) plasma detected in X-ray (Baganoff et al. 2003). Fi-
nally, warm H2 (with excitation temperature Te ≈ 2000 K) has
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been detected throughout the central parsec, presumably at the
surface of many dusty clumps (Ciurlo et al. 2016, 2019). Ferrière
(2012) gives an interesting overview of the ISM content of the
central parsec. The large and dense clumps that form the Min-
ispiral are believed to be falling-in from the CND and beyond,
but the origin of the lighter and less dense features (filaments,
smaller clumps, X-ray plasma) is less clear. A fraction of them
could originate in the feedback from the massive stars. G1 (a.k.a.
Sgr A*-f, Clénet et al. 2004, 2005) and G2 (Gillessen et al. 2012)
may well be extreme examples of such feedback clumplets (e.g.
Meyer & Meyer-Hofmeister 2012; De Colle et al. 2014; Schart-
mann et al. 2015).

Thanks to the performance of stellar interferometers, the un-
derstanding of the structure and evolution of RSG has improved
significantly. The closest ones have been widely studied, mea-
suring not only their sizes but also revealing single layer at-
mospheres (Perrin et al. 2005, 2007; Montargès et al. 2014),
multi-layer atmospheres (Ohnaka et al. 2009, 2011, 2013; Had-
jara et al. 2019), complex structures in the photosphere (Haubois
et al. 2009; Chiavassa et al. 2010; Ravi et al. 2011; O’Gorman
et al. 2017; Ohnaka et al. 2017), or even the temporal evolu-
tion of the stellar surface (Ohnaka et al. 2011, 2013; Montargès
et al. 2016, 2018; Climent et al. 2020). Moreover, imaging of
RSG has been performed in Baron et al. (2014); Monnier et al.
(2014) and more recently in Wittkowski et al. (2017a) and Cli-
ment et al. (2020). Although the sample of spatially resolved
RSGs has been increasing within the last decade (Arroyo-Torres
et al. 2013, 2015; Wittkowski et al. 2017b), this sample is still
not very large due to the shortness of the RSG phase, hence only
a small number of stars can be resolved by interferometers. If
available, the study and characterisation of the outer atmosphere
of any new RSG and its temporal evolution would add valuable
knowledge to the understanding of their mass loss processes,
which have not been yet fully described from first principles
(Beasor et al. 2020).

Paumard et al. (2014) compiled almost 40 years of near-
infrared photometric data of GCIRS 7 and exhibited two peri-
ods in the light-curves: a short “fundamental” period P0 ≈ 470
days and a long “secondary” period of PLSP ≈ 2800 days as of-
ten seen in RSGs. Those periods are believed to be the sign of
pulsations, especially for P0 of the fundamental or first overtone
radial mode (Yang & Jiang 2012, and references therein). Such
pulsations should play a major role in the mass loss of RSGs.
However, they have never been confirmed on the basis of direct
size measurements. GCIRS 7 has been observed by interferom-
etry on the VLTI using AMBER in the K band and PIONIER in
the H band (Pott et al. 2008; Paumard et al. 2014), however the
AMBER data do not have sufficient spectral resolution and (u, v)-
coverage to disentangle the stellar disk from the circumstellar
environment so that only the PIONIER data provide a trustwor-
thy uniform-disk diameter (θUD(2013) = 1.076 ± 0.093 mas).

The GRAVITY instrument tremendously increased the sen-
sitivity of the VLTI (Gravity Collaboration et al. 2017), allowing
us to observe GCIRS 7 at moderate spectral resolution (R = 500)
in single-field mode using the four 1.8-m Auxiliary Telescopes
(AT) at two epochs (2017 and 2019), with the goal of detecting
variations in the photospheric diameter of the star and in its cir-
cumstellar environment. The data sets, the data reduction and the
calibration processes are described in Sect. 2. The methods and
models used to measure the parameters of the star are described
in Sect. 3. The results and their implications are discussed in
Sect. 4. Finally, conclusions are presented in Sect. 5.

Table 1. Observation log. HD45124 has been used for spectral calibra-
tion only. The atmospheric data has been obtained from Paranal ASM
(Astronomical Site Monitoring).

Time (UT) Target Seeing (") τ0 (ms)

18-03-2017 (COMBINED mode)

09:43:10 GCIRS 7 (SCI-SCI-SKY) 0.55-0.58 6.27

10:08:04 HD160852 (CAL-SKY) 0.71-0.64 4.48

05-07-2019 (SPLIT mode)

04:49:38 GCIRS 7 (SCI-SCI-SKY) 0.69-0.53 4.49

05:08:29 HD161703 (CAL-CAL-SKY) 0.72-0.81 4.45

06-07-2019 (SPLIT mode)

03:13:00 GCIRS 7 (SCI-SKY) 0.51-0.60 6.66

03:25:51 HD161703 (CAL-CAL-SKY) 0.60 -0.64 5.59

03:43:00 GCIRS 7 (SCI-SCI-SKY) 0.53-0.55 5.88

03:59:51 HD161703 (CAL-CAL-SKY) 0.72-0.88 3.68

04:17:12 GCIRS 7 (SCI-SCI-SKY) 0.91-0.75 3.55

04:33:39 HD161703 (CAL-CAL-SKY) 0.73-0.79 5.23

2. Data

The log of the data is presented in Table 1 with science on-target
(SCI), calibrator on-target (CAL) and sky (SKY) frames. The
data were taken at two different epochs (two SCI data frames
with run ID 098.D-0250(B) corresponding to the night of 18th
March 2017 and seven SCI data frames with run ID 103.B-
0032(F) corresponding to the nights of the 5th and 6th July 2019)
with two different baseline configurations shown in Figure 1.
The maximum baseline was 132.5 m in 2017 and 129.3 m in
2019. Turbulence in the beams was corrected with the NAOMI
adaptive optics (AO) system (Gonté et al. 2016; Woillez et al.
2019) on axis for the 2019 data, while only tip-tilt stabilisa-
tion using STRAP on a nearby visible star was possible in 2017.
Fringe-tracking was performed on-axis at both epochs. Only the
science beam combiner data were used in this study since the
fringe-tracker data do not have sufficient spectral resolution for
our purpose.

We chose a single target to be the calibrator for both spec-
troscopy and interferometry. We used this calibrator to remove
the atmospheric features using the appropriate template (see
Sect. 2.1.2). The calibrator is always observed at the same air
mass and integration time as the science sequence (DIT = 10 s,
NDIT = 30, air mass = 1.01 in 2017 and DIT = 5 s, NDIT = 30,
air mass = 1.01 in 2019). We have recorded the 2017 data in
combined polarisation mode and the 2019 data in split polarisa-
tion mode, making use of the Wollaston prism. For this reason,
the second run in 2019 results in two simultaneously-recorded
data sets, one for each polarisation (P1 and P2).

2.1. Data Reduction and calibration

2.1.1. Interferometric quantities

The data were reduced with the GRAVITY pipeline (Lapeyrere
et al. 2014). As the source is moderately resolved, both the
closure phase signal and the differential phase are 0◦ ± 3◦ and
we only used the squared visibilities (V2) for the interferomet-
ric analysis. The pipeline was also used to produce the pho-
tometric spectra. The squared visibilities were calibrated with
HD160852 (θLD = 0.148 ± 0.004 mas, V2 = 0.997 ± 0.001,
Chelli et al. 2016) in 2017 and HD161703 (θLD = 0.38 ± 0.01
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5. Conclusion

We report on spectro-interferometry of GCIRS 7 in the K band
using GRAVITY at ESO/VLTI. With the sensitivity of current in-
terferometers, we proved that wavelength-dependent structures
can be observed in evolved stars even if they are not fully re-
solved.

We find that GCIRS 7 presents the behaviour of a typical
RSG. We detect a molecular shell above the photosphere and es-
timate the sizes and temperatures for the photosphere and the
shell as well as the column density for CO based on optical
depths constrained with a single-layer model. This is, to date,
the RSG star with the smallest apparent size and the farthest for
which a molecular shell has been spatially resolved from the star
and characterised. We have also obtained an estimate of the local
interstellar extinction with the spectral data.

The extinction (AKS
= 3.18 ± 0.16) and size of the photo-

sphere (θ∗
UD
= 1.55±0.03) were the same within uncertainties at

the two epochs in 2017 and 2019.
However, the photospheric size must have changed from >

1.5 mas in 2008 to 1.1 ± 0.1 mas in 2013 (Paumard et al. 2014)
and back to 1.55 ± 0.03 mas in 2017–2019.

The spectro-differential visibility signal demonstrate the
presence of CO above the photosphere. In the context of a thin
spherical shell model, the temperature (≈ 2200–2400 K) and di-
ameter (10–20% larger than the photosphere) of this shell are in
line with what has been found for other similar RSG stars.

The size and temperature of the shell have significantly
changed between the two epochs and are compatible with an ex-
pansion.

The column density for the molecular shell presents a value
in the same line than the column density of the shells for other
RSGs measured with similar methods. The model fails to repro-
duce all the band heads in 2017 except the first, while in 2019
the first two band heads are reproduced. This suggests that the
density must have been higher in 2017. An intepretation based
on a shell expansion from 2017 to 2019 is compatible with our
data.

This work corresponds to a first order description of the
outer atmosphere of GCIRS 7. Overall, our results support the
interpretation in terms of stellar pulsations proposed by Pau-
mard et al. (2014) and hint at an expansion of a molecular shell.
Follow-up observations over a good fraction of the ≈ 2800-
day period with contemporaneous H and K photometry, spectro-
scopic effective temperature and interferometric size measure-
ments, together with a more detailed multi-layer model made rel-
evant by the spectral resolution of GRAVITY, would be needed
to further confirm the pulsations and study the associated mass
loss processes.
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Appendix B

Proceedings: New Horizons in

Galactic Center Astronomy and

Beyond

I present here the contribution to the proceedings of the conference New Horizons in
Galactic Center Astronomy and Beyond held in Yokohama, Japan, on October 21st −
24th, 2019. The contribution consists in a poster presented on October 23rd which
includes some preliminary results described in the submitted paper about GCIRS 7
(Appendix A).
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Abstract. From all the stars formed inside the disk of young stars in the Galactic
Centre, GCIRS7, a variable red supergiant in H and K bands, is by far the brightest of
all of them. Using K band interferometric data (VLTI-GRAVITY), we measure uniform
disk diameters around 20% times higher for wavelengths inside the CO absorption band
compared to the continuum wavelengths, showing that a grey uniform disk model is not
enough to reproduce the visibility curves of this star. A model based on a molecular
spherical thin layer, already proven successful in other supergiant stars with similar
spectral features, is implemented.

1



2 GRAVITY Collaboration

1. The brightest star of the central parsec

GCIRS7 has been classified as a M1 red supergiant star, pulsating in H and K bands
with < mK >= 6.8 (Paumard et al. 2014) making it an interesting target to study
the morphology of evolved stars as well as the History of the Galactic Centre. With
the interferometer VLTI-GRAVITY1 (GRAVITY Collaboration 2017) it is possible to
fit a uniform disk visibility curve per spectral channel, revealing a complex structure
(Fig. 1) with a larger diameter corresponding to the CO and H2O molecular bands.
Via Levenberg-Marquardt least square optimization, we implement a model based on a
blackbody for the photosphere and another blackbody for a large, thin molecular layer
surrounding it, responsible for the observed absorption band.

Figure 1. Left: Uniform disk fit per spectral channel, 2019 data. Right: Model as
seen by the observer. The space between RL and R∗ is assumed empty in principle.

2. Preliminary Results

The size of the photosphere is compatible with a same value for 2017 and 2019 of
R∗ = 0.8 ± 0.1 mas (1368 solar radii at R0 = 8178 pc). The layer is poorly constrained,
with TL < 2850 K and RL > 0.95 mas (RL/R∗ > 20%), similar to other RSGs (Perrin et
al. 2005). The full results will be presented in GRAVITY Collaboration (in prep).
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Appendix C

Proceedings: XIII Scientific

Meeting of the Spanish

Astronomical Society

I present here the contribution to the proceedings of the XIII Meeting of the Spanish
Astronomical Society held on July 16th to 20th, 2018 in Salamanca, Spain. The
contribution consists in a poster presented on July 18th. The aim of the poster was to
give an introduction to the Spanish Astronomical community about the GRAVITY
instrument right after the first results of the Galactic Center team, published in
Gravity Collaboration et al. (2018b).
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Abstract

As one of the 2nd generation of interferometric instruments in VLTI, GRAVITY was in-

stalled at the end of 2015 and has been observing the Galactic Center since May 2016. With

the goal to reach an accuracy of tens of micro arcseconds, it is able to perform the most

precise astrometric measurement of SgrA* to date. For that purpose, GRAVITY combines

the light collected (coherently) from of all the 8 m UTs or the four 1.8 m ATs providing in-

frared wavefront sensing to control the telescope adaptive optics, two interferometric beam

combiners (one for fringe-tracking and one for the science object), an acquisition camera

and various laser guiding systems for beam stabilization, as well as a dedicated laser metrol-

ogy to trace the optical path length differences for narrow angle astrometry. Operating in

K band with an active stabilization of the science channel, GRAVITY is able to increase

the typical integration time from a few milliseconds (the typical atmospheric coherence

time) to minutes, which implies a big leap in sensitivity allowing to observe fainter objects

(K=19 in science detector) with the power of a 130m baseline interferometer, as it is the

close environment of the supermassive black hole located in the center of our Galaxy. (See

poster).
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