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Double-peak narrow emission line galaxies have been studied extensively in the past years, in the hope of discovering late stages of mergers. It is difficult to disentangle this phenomenon from disc rotations and gas outflows with the sole spectroscopic measurement of the central 3 ′′ . We aim to properly detect such galaxies and distinguish the underlying mechanisms with a detailed analysis of the host-galaxy properties and their kinematics. Relying on the Reference Catalogue of Spectral Energy Distribution (RCSED), we developed an automated selection procedure and found 5 663 double-peak emission line galaxies at z < 0.34 corresponding to 0.8% of the parent database. To characterise these galaxies, we built a single-peak no-bias control sample (NBCS) with the same redshift and stellar mass distributions as the double-peak sample (DPS). These two samples are indeed very similar in terms of absolute magnitude, [OIII] luminosity, colour-colour diagrams, age and specific star formation rate, metallicity, and environment. We find an important excess of S0 galaxies in the DPS, not observed in the NBCS, which cannot be accounted for by the environment, as most of these galaxies are isolated or in poor groups. Similarly, we find a relative deficit of pure discs in the DPS late-type galaxies, which are preferentially of Sa type. In parallel, we observe a systematic central excess of star formation and extinction for double peak (DP) galaxies. Finally, there are noticeable differences in the kinematics: The gas velocity dispersion is correlated with the galaxy inclination in the NBCS, whereas this relation does not hold for the DPS. Furthermore, the DP galaxies show larger stellar velocity dispersions and they deviate from the Tully-Fisher relation for both late-type and S0 galaxies. These discrepancies can be reconciled if one considers the two peaks as two different components. Considering the morphological biases in favour of bulge-dominated galaxies and the star formation central enhancement, we suggest a scenario of multiple, sequential minor mergers driving the increase of the bulge size, leading to larger fractions of S0 galaxies and a deficit of pure disc galaxies.

Abstract

A central aspect in understanding how galaxies evolved over cosmic time is to characterise their mass growth. Galaxy mergers, in particular, play an important role, since they can transform the galaxyŠs morphology and fuel star formation. Since galaxy mergers can rapidly relax after colliding or cannot be identiĄed as such due to a lack of resolution, detection methods are crucial to study them. Double-peak emission-line galaxies have been used extensively in order to identify dual active galactic nuclei which are late stages of galaxy mergers. In this thesis, a more general discussion on the phenomenon of double-peak emission-line galaxies is presented. To this end, a double-peak galaxy sample consisting of 5 663 galaxies is selected from the Sloan Digital Sky Survey and the properties are studied in detail. To get a deeper understanding in the underlying mechanisms, double-peak signatures arising in disc models and simulations of isolated galaxies and galaxy mergers are analysed. To further understand the connection between star formation and double-peak emission-line galaxies molecular gas observations, conducted with the IRAM 30m telescope, are presented and analysed. In conclusion, there is a clear favouring of bar structures and minor mergers, which can explain the observed double-peak signatures and are also consistent with the characteristics found. This thesis shows that double-peak emission-line galaxies are an important aspect for high redshift observations and present a potential method of identifying galaxy mergers in larger upcoming surveys.

Résumé

La caractérisation de la croissance de la masse des galaxies est centrale pour la compréhension de leur évolution au cours du temps cosmique. Les fusions de galaxies jouent un rôle particulièrement important car elles peuvent transformer la morphologie des galaxies et alimenter leur formation dŠétoiles. Comme les galaxies issues dŠune fusion peuvent atteindre un état dynamique stabilisé rapidement après une fusion ou quŠil se peut quŠelles ne soient pas identiĄées comme issues dŠune fusion en raison dŠun manque de résolution, les méthodes de détection sont cruciales pour les étudier. Les galaxies à raies dŠémission doubles ont été beaucoup utilisées aĄn dŠidentiĄer les noyaux actifs de galaxies doubles qui correspondent à des étapes tardives des fusions de galaxies. Dans cette thèse, une discussion plus générale sur le phénomène des galaxies à raies dŠémission à doubles-pics est présentée. À cette Ąn, un échantillon de galaxies à doubles-pics composé de 5663 galaxies est sélectionné dans le Sloan Digital Sky Survey et ses propriétés sont étudiées en détail. AĄn de mieux comprendre les mécanismes sous-jacents, les signatures de doubles-pics apparaissant dans les modèles de disques et les simulations de galaxies isolées et de fusions de galaxies sont analysées. Pour mieux comprendre le lien entre la formation dŠétoiles et les galaxies à raies dŠémission à doubles-pics, des observations de gaz moléculaire, réalisées avec le télescope de 30m de lŠIRAM, sont présentées et analysées. En conclusion, les barres et les fusions mineures sont nettement privilégiées comme explications des signatures à doubles-pics car cohérentes avec les caractéristiques trouvées. Cette thèse montre que les galaxies à raies dŠémission à doubles-pics sont un aspect important pour les observations à haut redshift et représentent une méthode potentielle dŠidentiĄcation des fusions de galaxies dans les grands relevés à venir.
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CHAPTER 1

Scientific context 1 Introduction

During a moonless night in an area with no signiĄcant light pollution, it is possible to see up to 2000 stars on the night sky with bare eyes. While star gazing, one will notice, that some regions are more crowded than others as if they are a part of a large pile of stars. The largest structure, we can see, stretches across the entire sky like a stripe, which is called in Western cultures the Milky Way. If you are, for example, in a central European country and look at the night sky during the early night in Autumn, you can Ąnd in the east an object which seems like a nebula. You have to know exactly in which direction you must look (00h 42m 44.3s +41 • 16 ′ 9 ′′ ) and with naked eyes you can vaguely make out a faint nebula, the Andromeda Nebula. If you use a telescope, you can clearly see an elliptical structure that is quite bright in its centre. You can Ąnd many more of these nebulae whereas the Andromeda nebula, also known as MessierŠs 31 (M31), is the brightest one [START_REF] Messier | Catalogue des Nébuleuses et des Amas dŠÉtoiles (Catalog of Nebulae and Star Clusters)[END_REF]. Today, we know that these nebulae are galaxies outside our own Galaxy, the Milky Way. But how do we know this? At the beginning of the last century, Henrietta Leavitt found a way to measure the distance to Cepheid variable stars. She discovered a close relation between the absolute magnitudes and the pulse frequency of these stars, allowing the estimation of their distance from the difference between apparent and absolute magnitude (Leavitt 1908;Leavitt & Pickering 1912). This allowed a Ąrst estimation of the size of the Milky Way. Using this method, Harlow Shapley measured the distance to 69 globular clusters and estimated and found the longest distance to be 67 000 pc (Shapley 1918).

On 26 April 1920 at the Smithsonian Museum of Natural History, a fundamental debate on the nature of nebulae took place. The main actors of this debate were Harlow Shapley and Heber Curtis. Today, this debate is known as ŚThe Great DebateŠ. Shapley was convinced that these nebulae are situated inside our own Milky Way which makes up the entire Universe. One major argument was based on estimated size of the Milky Way. If one considers the Andromeda nebula to be an individual system like the Milky Way it would be at a distance of 10 8 light years due to its apparent size. In ShapleyŠs opinion, this distance was not imaginable and a diffuse nebular inside the Milky Way would be more plausible (Shapley & Curtis 1921). Curtis argued that the number of novae, which are a short bright Ćash of young stars, was much higher in nebulae (external galaxies) than in other parts of the Milky Way. In addition to that, he observed these events to be signiĄcantly less bright than such events known from other parts of the Milky Way. He concluded that this can only be explained if the Andromeda Nebula is a galaxy outside the Milky Way, which contains about as many stars as our Galaxy (Shapley & Curtis 1921).

In the same decade, Hubble measured the distance of about 285 000 pc to the nebulae M31 and M33, proving CurtisŠ idea to be correct (Hubble 1925). His distance measurements were based on the observations of Cepheid variable stars, he was able to identify in the outskirts of these nebulae. Hubble also estimated the distance to further nebulae, leading to the discovery that the more distant a galaxy is, the faster it moves away from us (Hubble 1929). Hence, the distance D to a galaxy can be calculated from a spectroscopic measurement of its recession velocity v rec : D = v rec /H 0 , (1.1) where H 0 is the Hubble constant, which is an empirical constant in units of km s -1 / Mpc. With the connection between the spectroscopic shift to redder colours and v rec , one can quantify this shift with the redshift z:

1 + z = λ obs λ emit , ( 1.2) 
where λ obs and λ emit are the observed and the emitted (also called rest-frame) wavelengths, respectively.

From the observational data, presented by Hubble, Georges Lemaître came up Ąrst with a theory of an expanding Universe (Lemaître 1927). He then inferred from an extrapolation to the past the idea of a Big Bang as the beginning of the Universe (Lemaître 1931). In combination with the mathematical description of a curved space time which Alexander Friedmann derived earlier from the Einstein Ąeld equation (Friedmann 1922), the foundation for modern cosmology was set. To this day, these concepts are fundamental and form the pillars of cosmology describing a Ćat universe, dominated by dark energy, cold dark matter and baryonic matter, called the ΛCDM-Universe. This model is assumed throughout this thesis with a parametrisation of the fraction of matter density Ω m = 0.3, the fraction of the dark energy density Ω Λ = 0.7 and a Hubble constant of H 0 = 70 km s -1 / Mpc. In this model, the distance estimation as provided in equation 1.1 is a rough estimation and is only valid for small distances [START_REF] Weinberg | Gravitation and Cosmology: Principles and Applications of the General Theory of Relativity 2[END_REF]). In fact, in an expanding universe one cannot simply measure distances as in an Riemannian space. Therefore, alternative concepts were introduced in order to discuss distances and time measurement in the Universe. When describing the Universe, the comoving distance gives estimates which do not change over time as it cancels out the expansion of the Universe. The luminosity distance gives the relation between the apparent and absolute magnitude of an object by including the expansion of the Universe. The lookback time estimates how far we are looking back to the past when observing distant objects (Peebles 1993).

Today, we know from observations that there are at least 2 trillion galaxies in the visible Universe (Conselice et al. 2016). The best estimation of the age of the Universe is 13.787 ± 0.020 billion years, estimated from observation with the Plank satellite of the cosmic microwave background which is a relic radiation from an early stage of the Universe (Planck Collaboration et al. 2020).

According to the Big Bang theory, the Ąrst atoms (mostly hydrogen and helium) formed during the nucleosynthesis at around 10 seconds to 20 minutes after the Big Bang. This gas then collapsed into the Ąrst stars at about 100 to 400 million years after the Big Bang. Areas with higher mass concentration accumulated a larger gravitational potential and ultimately became the Ąrst galaxies. The earliest and most distant galaxy observed so far is HD1 which formed just 330 million years after the Big Bang (Harikane et al. 2022). This means that the galaxies we see today in the local Universe have had over 13 billion years to evolve. This implies that the further we look into the Universe, the further we are looking back into the past. We can thus consider observations of distant galaxies as snapshots of the Universe at an earlier age. The timescales with which galaxies rotate and internal processes happen are of the order of several hundred million years prohibiting us to observe how individual galaxies evolve. Thus, the snapshots we observe of the Universe at different ages are static.

Personally, I have to admit that the question, why galaxies look the way they do, fascinates me tremendously. And I am not alone: Galaxy formation and evolution is one of the big topics studied by the astrophysical community. Even though it seems almost impossible to converge towards well-founded theories about such objects located at unimaginable distances, I decided to contribute to this topic with my thesis. Therefore, I will give an overview of observational astrophysics in the present chapter and will explain how galaxy mergers are a fundamental part of galaxy evolution. In the second chapter, I will discuss how galaxy mergers can be detected via their spectroscopic signatures in the form of double-peaked emission lines. I will describe how I identiĄed 5663 of these galaxies and analyse their characteristics (Maschmann et al. 2020). In order to get a deeper understanding of these galaxies, I will discuss in the third chapter analytical galaxy models and galaxy simulations in order to reproduce double-peak emissionline signatures (Maschmann et al. in revision). In the fourth chapter, I will present molecular gas observations I conducted with the IRAM 30m telescope for a sub-sample of star-forming double-peak galaxies and discuss the origin of their enhanced star formation (Maschmann et al. 2022b). I will Ąnally conclude on the origin of double-peak emission-line galaxies in chapter Ąve and give an outlook for future research on this Ąeld. Some Ągures in this thesis are adopted from the literature: namely Fig. 1.2, 1.6, 1.17, 1.18, 1.19 and 1.20. This is stated with the according reference in the title of each Ągure. All other Ągures are produced by myself, including all Ągures in the peer review journal articles which are parts of this thesis, with the exception of Fig. 2 and 10 in Chapter 3.

The galaxies outside the Milky Way

Galaxy taxonomy

As it became clear after the Great Debate that the observed nebulae are outside our own Galaxy, the Milky Way, a new Ąeld of research emerged: extra-galactic astronomy. The Ąrst steps in order to systematically study these objects was to Ąnd recurring features and characterise them. Just as a taxonomist systematically describes the biological world of our planet in order to later develop theories from the patterns found, astronomers started categorising galaxies at the beginning of the last century. Edwin Hubble conducted a systematic description of galaxies observed in the Northern Hemisphere and gathered all possible characteristics such as brightness and their approximate distance (Hubble 1926). He gathered 400 galaxies and studied their morphology. By looking at such a large sample of galaxies, it is immediately apparent that

Galaxy formation and evolution

Galaxies, as we observe them with telescopes, formed after the Big Bang. A decisive factor in their formation was dark matter, which collapsed and formed local gravitational potentials. Baryonic matter, on the other hand, was still in equilibrium with photons in the Ąrst hundred Myr. Only after these were decoupled in the so-called last scattering, the gas could fall into the dark matter halos and form the Ąrst galaxies. This was about 400 Myr after the Big Bang. Looking at the various galaxy categories seen in the local Universe (see Sect. 2.1), one quickly comes to the question of how such galaxies were formed and how they could become so large. Two types of models have been used to explain this: top-down and bottom-up. The former assumes that a large gas cloud collapses and forms a large galaxy without receiving material from outside. The bottom-up model, on the other hand, assumes that small components form and grow in a hierarchical principle into a large galaxy through many mergers. Eggen et al. (1962) described that rotating discs were formed from gas clumps that have grown in the early Universe and which introduced an angular momentum by falling into the galaxy. In the following, the disc cooled down, enabling stars to form in these clouds (for a review, see Gott 1977). However, this model was actually disfavoured because it would not allow the presence of stars in a halo, which is exactly what is observed in the outskirts of spiral galaxies. In order to explain the chemical abundances, morphologies and the colours of globular clusters in the halo of our Milky Way, Searle & Zinn (1978) suggested that protogalactic fragments must have fallen into the Galaxy signiĄcantly later than the epoch of the formation of its central region. They were not able to explain their observations using a top-down model and suggested a Şmore chaotic origin for the GalaxyŤ (Searle & Zinn 1978).

Such a model was suggested by White & Rees (1978) where many gas clouds formed small progenitors of the size of globular clusters and then subsequently merged together, building up more and more massive galaxies. A more complete picture is given with simulations in Steinmetz & Navarro (2002): they reproduced different morphological types with N-body/gasdynamical simulations. They found that disc structures formed by smooth accretion of cooled gas and spheroid galaxies are the result of the destruction of pre-existing discs during mergers. Furthermore, they described how bar structures are triggered by satellites causing tides in the disc. In particular, they demonstrated that smooth accretion of gas onto a major merger remnant can rebuild a disc structure. These Ąndings suggest, that one cannot simply see the Hubble sequence as one forward evolution. It is rather that there are many different transformation channels to change the morphology of a Galaxy: major mergers can turn spiral galaxies into elliptical galaxies, gas accretion can rebuild a disc or can cause the emergence and destruction of a bar and repetitive minor mergers can build up larger bulges and transform spiral galaxies into S0 or even elliptical galaxies [START_REF] Bournaud | Semaine de lŠAstrophysique Francaise[END_REF].

Our current understanding of hierarchical structure formation was reviewed by Somerville & Davé (2015) in which the authors underline a great agreement between observations and cosmological simulations. However, they criticise that many of the core processes used in cosmological simulations are phenomenological implementations and still poorly understood. With a focus on the Inter-Stellar Medium (ISM), Naab & Ostriker (2017) pointed out how galaxies are shaped by internal regulation processes during their mass growth. Through radiation and energetic winds, star-formation feedback and an active SMBH can interfere and regulate star formation in a galaxy. These processes are discussed in more details in Sect. 3.4 and 4 as they play a major object is observed. Only early stages of major mergers can be identiĄed by extensive tidal tails (e.g. Toomre & Toomre 1972) but once the resulting galaxy has settled, a merger can only be detected through asymmetries or visible perturbations (Ellison et al. 2013). In such systems, it is no longer straightforward to reconstruct the characteristics of the progenitors, their mass ratio or estimate for how long the merger is going on.

Non-parametric photometry diagnostics such as the Gini-coefficient or the shape asymmetry can be used to detect perturbations and deviations from a smooth shape. The most common used parameters, including a Sérsic proĄle are discussed in Rodriguez-Gomez et al. (2019). Based on such parameters, Lotz et al. (2004) distinguished galaxy mergers at different stages of merging from galaxies on the Hubble sequence. They applied these diagnostics to a large galaxy sample of 3009 galaxies at 0.2 < z < 1.2 and found a nearly constant merger rate, while measuring an evolution for non-merger Hubble types (Lotz et al. 2008). A more elaborate analysis which included the calibration of merger rate estimators with cosmological simulations, could distinguish between major and minor mergers (Lotz et al. 2011). They estimated that minor mergers occur three times more frequently than major mergers at z ∼ 0.7 and indicated a little evolution with redshift. Relying on merger estimators trained with a supervised linear decomposition analysis, Nevin et al. (2019) were able to compute the predictor coefficients to estimate the major and minor merger probabilities for a given system up to z < 0.075. However, these estimators are based on simulations, it is hence difficult to check their reliability for late merger stages and the proper identiĄcation of post-coalescence minor mergers. Minor mergers are usually less violent than major mergers and thus harder to identify. In addition, all the associated effects such as star formation enhancement or AGN fuelling are difficult to disentangle. In particular at a late stage, a minor merger can hardly be distinguished from an isolated galaxy with no interaction at all. However, using machine-learning algorithms, trained on cosmological simulations, Bottrell et al. (2022) showed that post-coalescence mergers can be properly identiĄed though imaging. They also included maps of stellar kinematics, which did not signiĄcantly contributed to the detection in comparison to the photometry. Nevin et al. (2021), in contrast, trained kinematic predictors to identify galaxy mergers from velocity maps and found an accuracy of up to 80 %. However, applying these algorithms is still challenging.

In fact, the detection of a past merger in a speciĄc galaxy is of great importance in order to understand how galaxies have evolved over the last 10 billion years. Conselice et al. (2005), concluded that major mergers are the main source of star formation in galaxies at z > 1.5, whereas minor mergers and gas accretion from the surroundings is the dominant mechanism for z < 1.5. It has been shown that for elliptical galaxies a recent minor merger can be identiĄed though dust lanes (Shabala et al. 2012;Davis et al. 2015). However, this galaxy type does not host the majority of star formation in the Universe at z < 1.5. Hence, in order to understand the mass assembly of galaxies in the late Universe, a proper identiĄcation of post-coalescence minor and major mergers is crucial but challenging to obtain since merger systems relax rapidly.

The view of galaxies at different wavelengths

The spectral energy distribution of a star forming spiral galaxy

When making photometric observations of the night sky, one aspect is most important: In what wavelength range was the image taken? For example, the photometric band-pass Ąlters of the shown with a solid blue line. The stellar continuum is the main light source observed in the UV, optical and near Infra-Red (IR) wavelengths. For the galaxy in Fig. 1.8, observations from the Galaxy Evolution Explorer (GALEX) satellite in the Far UV (FUV) and Near UV (NUV) band at 1350 -2750 Å (Martin et al. 2005) were used. The optical light was observed with the ground based 2.5-m wide-angle optical telescope at Apache Point Observatory which was used to conduct the SDSS (see Sect. 2.1.2). The near-IR light was observed by the United Kingdom Infrared Telescope (UKIRT) in the wavelength range from 0.836 to 2.380µm (Lawrence et al. 2007). In the bottom panel of Fig. 1.8, the stellar spectrum is shown with dashed blue lines as if one would observe the total light emitted by stars towards our direction. However, we observe an attenuated spectrum because dust inside the galaxy blocks a part of the light, effecting mostly the UV and optical bands.

Cosmic dust

If one would try to observe the barycentre of our Milky Way with an optical telescope, it would not matter whether the telescope dome is open or not: the barycentre of the Milky Way simply cannot be observed in the optical wavelengths, since clouds of cosmic dust happen to cover this region. This dust is made up of different particles which range from the molecular size up to about 100 µm. Cosmic dust has long been a nightmare for astronomers, preventing them to observe many parts of the Milky Way or making it impossible to know how much light is obscured in distant galaxies. This changed drastically with the introduction of IR astronomy as it allows to directly observe the dust. Dust clouds absorb light in the UV and optical wavelengths which causes the dust to heat up. The dust then radiates in the form of a blackbody spectrum (Boulanger 1999). Such a spectrum is presented in the bottom of Fig. 1.8. What is striking is a complex emission structure around the mid-IR region at approx 5 -15 µm. This structure comes from a superposition of many different carbon-hydrogen compounds called Polycyclic Aromatic Hydrocarbons (PAHs). These compounds emit light at discrete wavelengths resulting in a speciĄc signature which provides insights about the ISM within a galaxy (Ossenkopf & Henning 1994;Allamandola et al. 1999).

Modelling the emission from UV to optical light allows one to draw a solid conclusions about how much light has been absorbed in the UV and optical bands and was re-emitted in the IR (Draine & Lee 1984;Draine 2003;Draine & Li 2007). A consistency between the UV and IR emission can be reproduced by radiative transfer models Fioc & Rocca-Volmerange (e.g. 2019).

In order to observe dust in the far-IR our own Milky Way and in other galaxies, space-based telescopes are needed. This is due to the fact that molecules, such as water vapor, CO 2 or oxygen, in our atmosphere absorbs IR light. The Ąrst All sky Survey at these wavelengths was the Infrared Astronomical Satellite (IRAS), which launched on 25 January 1983 and observed the sky at 12, 25, 60, and 100 µm (Neugebauer et al. 1984). For the SED Ąt as shown in Fig. 1.8, IRAS observation at 60 µm are used. Mid-IR observations with higher resolutions but at smaller wavelengths were provided by the Wide-Ąeld Infrared Survey Explorer (WISE) which was launched on 14 December 2009 and imaged the sky in the wavelength bands 3.4, 4.6, 12, and 22 µm (Wright et al. 2010). Mid-IR observations can be carried out with ground based telescopes at the wavelength at 2-7 µm however, the atmosphere highly perturbs the observations. To estimate the far-IR wavelengths of the dust continuum, the Herschel Space Observatory was launched on the 14 May 2009 and was able to observe the night sky in a wavelength range from 55 to 672 µ m (Pilbratt et al. 2010). As shown in Fig. 1.8, these far-IR observations allow a correct modelling of the dust continuum providing an estimation of the peak blackbody radiation and thus the dust temperature.

As it will be explained in Sect. 3.2 and 4.1, star-formation sites are particularly dusty and stop the majority of optical light. Only in the IR wavelengths it is possible to see through the dense dust clouds and study the fundamental processes of early star formation. The Spitzer satellite, for example, has made a major contribution to the understanding of such processes (Evans et al. 2009). Nevertheless, there are still many questions that require higher sensitivity and resolution in the mid-infrared range. This is where the recently launched James Webb Space Telescope will contribute, as it will shed light on the dustiest star nurseries in nearby galaxies (Lee et al. 2022).

Radio continuum emission

When stars form in dense giant gas clouds, many super giant stars are formed due to the abundance of hydrogen in these sites. These type of stars are very instable and go supernova only a few thousand years after their formation. In the resulting supernova remnant, charged particles, mostly electrons and positrons, are accelerated and then emit synchrotron radiation when interacting with the galaxies magnetic Ąeld (Condon 1992). The resulting synchrotron spectrum is described by a power law of S(ν) ∝ ν α , where S(ν) is the radio Ćux and α is the spectral index deĄned as:

α = log(F ν 2 /F ν 1 ) log(ν 2 /ν 1 ) , ( 1.5) 
where ν 1 and ν 2 are two different radio frequencies. Synchrotron radiation emitted by starformation sites have a typical spectral index of about α = -0.7 (Condon 1984). However, AGN can, as well, contribute signiĄcantly to the radio continuum, as further explained in Sect. 3.4.2 In order to perform radio observations with high enough sensitivity and resolution, extremely large telescopes are needed. This is mostly limited by to the highest possible resolution from the diffraction limit θ d = 1.22λ/D, where D is the telescope diameter [START_REF] Wilson | Tools of Radio Astronomy[END_REF]. Thus, in order to distinguish radio sources with an arc-minute resolution at the radio continuum of e.g. 20 cm, a telescope size of about 850 m; which is nearly impossible to build. However, there is a solution to that: radio-interferometry. This technique combines the signal of multiple smaller telescopes. Therefore, the signal of a set of multiple separated radio antennae is combined mathematically with a correlator and an image can be calculated using the mathematical technique called aperture synthesis (see chapter 9 in [START_REF] Wilson | Tools of Radio Astronomy[END_REF]. One major drawback is that due to the low telescope surface, covered by the individual antennae, compared to a single dish telescope with a diameter of the largest base-line, long integration times are needed to obtain faint signals. Furthermore, this technique only detect structures of the size the antenna conĄguration is optimised for. Thus, the maximal detectable object size is limited by the smallest spacing of the antennae, arranged in the radio array (Michelson & Pease 1921).

The radio continuum of the galaxy presented in Fig. 1.8 was measured with the Very Large Array (VLA) as part of two survey programs of the Northern hemisphere: the Faint Images of the Radio Sky at Twenty-Centimeters (FIRST) at 1.4 GHz (White et al. 1997) and the Very Large Array Sky Survey (VLASS) at 3 GHz (Lacy et al. 2020). The galaxy was also observed with the Low Frequency Array (LOFAR) as a part of the LOFAR Two-metre Sky Survey (LoTSS) at 150 MHz (see Shimwell et al. (2019) for DR1). Combining these radio emissions, a spectral

Molecular gas

When atomic hydrogen cools down and becomes denser due to gravity, two hydrogen atoms always bond together to form a molecule. Such gas clouds have temperatures of about 10 K and reached concentrations of 10 2 -10 5 cm -3 [START_REF] Williams | Protostars and Planets IV[END_REF]. Due to its simple symmetry, the cold molecular hydrogen has no emission lines and is therefore invisible. However, far less abundant molecules are found in these clouds, which show transitions even at such low temperatures. The most common ones are CO, H 2 O and HCN. All these molecules have emission lines in the IR and radio wavelengths which make them excellent tracers of molecular gas (Johnstone et al. 2003;Kauffmann et al. 2017). The most used tracers are the CO low-J transition CO(J → J -1) because their wavelengths are in the mm-range and hence can be observed with ground-based radio antennas (Dame et al. 1987). In Fig. 1.9, CO(1-0) and CO(2-1) emission lines are shown for two galaxies. The observations were obtained with the IRAM 30m telescope1 .

The intrinsic CO luminosity L ′

CO can be calculated from the velocity integrated transition line Ćux F CO(J→J-1) = S CO(J→J-1) ∆v following Solomon et al. (1997):

 L ′ CO(J→J-1) K km s -1 pc 2  = 3.25 × 10 7 (1 + z)  S CO(J→J-1) ∆v Jy km s -1   ν rest GHz  -2  D L Mpc  2 , (1.7)
where D L is the luminosity distance and ν rest the rest CO line frequency. From the intrinsic CO luminosity, one can estimate the molecular gas mass:

M H 2 = α CO L ′ CO(J→J-1) /r J1 , , (1.8) 
where α CO is the luminosity-to-molecular-gas-mass conversion factor of the CO(1-0) line.

r J1 = L CO (J→J-1) /L CO (1→0) (1.9) is the luminosity ratio between higher transitions CO(J → J -1) and CO(1-0) which depends on the gas temperature. For example, a mean value of r 21 = 0.77 was found for usual starforming galaxies, whereas for galaxies with a strong excess in their IR emission a mean value r 21 = 0.83 was found Genzel et al. (2015). The conversion factor α CO of the Milky Way is α G = 4.36 ± 0.9 M ⊙ /(K km s -1 pc 2 ), which includes a correction for 36 % of interstellar helium (Strong & Mattox 1996;Abdo et al. 2010). However, this conversion factor is not constant for all galaxies but can be estimated using the gas-phase metallicity Z (WolĄre et al. 2010;Bolatto et al. 2013), which quantiĄes the abundance ratio between hydrogen and heavier elements. This can be estimated from emission line ratios of the ionised gas in the optical wavelength range (see Sect. 3.2.3). An estimation of a metallicity-based conversion factor which was e.g. adopted by Genzel et al. (2015), Tacconi et al. (2018), andFreundlich et al. (2021), can be calculated as:

α CO = α G 0.67 × exp(0.36 × 10 8.67-log Z ) × 10 -1.27× (8.67-log Z) .

(1.10)

The molecular gas mass in a galaxy can be understood as a reservoir for ongoing star formation. These two variables are tightly correlated, as discussed in detail in Sect. In dense regions, on the other hand, this would not happen because electrons change their energy state more frequently due to collisions [START_REF] Mo | Galaxy Formation and Evolution[END_REF]). In Fig. 1.10, a SDSS spectra of the central region of galaxy hosting an AGN is shown. In comparison with the spectra of a HII region, one can see different emission line proportions. Based on these differences, one can use emission-line ratios to characterise the underlying process, discussed in detail in Sect. 3.5.

Emission lines of galaxies observed in the SDSS show a mean full-width-half-maximum (FWHM) value of 246 ± 128 km s -1 . This is due the turbulence in gas clouds, Doppler-shift from rotation and broadening when multiple HII regions are included inside the spectroscopic measurement. For some AGNs, however, only the Balmer lines are known to exhibit an additional broad line component with a Doppler-shift of up to several 1000 km s -1 (Goad et al. 2012). Since this component is not observed in less probable emission lines such as [OIII]λ5008.2, it must originate from dense gas. In fact, the origin is the accretion disc around the SMBH, which also explains the high velocities [START_REF] Mo | Galaxy Formation and Evolution[END_REF]). In Fig. 1.10, the presented AGN exhibits a broad line component in its Balmer lines.

Colour, SED and morphology

The galaxy, shown in Fig. 1.8, has been observed by many telescopes at different wavelengths, allowing a good modelling of the individual SED components. However, such a favourable data situation is not always the case and often only a few measurements of the SED are available. It is therefore, challenging to Ąnd the best Ątting model of the SED with only a few data points. Depending on the dominant processes, the shape of the SED changes: for example, a recently of magnitudes is observed in Fig. 1.11. The N U Vr colour, on the other hand, separates galaxies between red and blue galaxies with a clear dichotomy. To illustrate the distribution of the galaxy types in this diagram, galaxies at different points were randomly selected and the corresponding rgb-images from the Legacy Survey are shown. The lower population is dominated by blue galaxies showing discs and spiral features. The upper sequence is populated by red bulge dominated and elliptical galaxies. This correlation between morphology and galaxy colour has been known for a long time (de Vaucouleurs 1961;Chester & Roberts 1964). From the study of stars in the Milky Way, it is known, that young, recently formed stars are brighter in the blue part of the optical spectrum, whereas old stars tend to redder colours (e.g. VandenBerg et al. 2013). Based on this distinction, the upper concentration in Fig. 1.11, centred at N U V -r ∼ 5.5, is also called the passive sequence and the lower one the star-forming sequence (Strateva et al. 2001). However, red spiral galaxies or blue elliptical galaxies can also be found in the blue and the red sequence, respectively. This was investigated in Smethurst & Masters, et al., (2022) with a precise morphological categorisation and threshold values which best divide these two populations on a colour-magnitude diagram. For a N U Vr = 4.961 threshold, they calculated a completeness of 65.8 % for bulge dominated galaxies in the red sequence and 92.8 % for disc dominated galaxies in the blue sequence.

Considering this dichotomy in the context of galaxy evolution over cosmic time, the question naturally arises how disc galaxies can destroy their morphology and become red elliptical galaxies without any star formation? In fact, since z = 1, the number of elliptical galaxies has approximately doubled (Bell et al. 2004;Faber et al. 2007), suggesting that at the present epoch the build-up of the passive sequence is still ongoing. What exactly stops star formation in galaxies and transforms them into elliptical galaxies is still up for debate. As discussed in Sect. 2.3, major mergers can produce such a transformation but are rare since z = 1. Thus other mechanisms are required. Schawinski et al. (2014) found past major mergers to be one of the transformation channels a triggered AGN heats up molecular gas clouds and therefore prevent star formation. Another transformation channel they described is by preventing gas entering the galaxy halo. Both mechanisms would result in a rapid transition between the blue and the red sequence. The region between these two populations is less dense and called the Ťgreen valleyŞ, Ąrst deĄned by Salim et al. (2007). Galaxies with colours 4 > N U Vr > 5 are mostly massive galaxies that recently dropped out the main star-forming sequence (see Sect. 4.3) due to starformation quenching or are quiescent galaxies, experiencing a resurgence of their star-formation activity caused by gas accretion (Salim 2014). Hence, the green valley is a useful tool in order to study the quenching mechanism of galaxies.

In order to qualitatively distinguish the difference between red passive elliptical and blue star-forming spiral galaxies, the modelling framework for spectral evolution PEGASE 3 (Fioc & Rocca-Volmerange 2019) was used in order to compare these two galaxy types. Fig. 1.12 presents the distribution of the k-corrected and Galactic extinction corrected colours gr and ri for elliptical and spiral galaxies selected from the SDSS. The selection is performed with a machine-learning algorithm trained by Domínguez Sánchez et al. (2018) as described in detail in Maschmann et al. (2020). A clear separation is visible with the elliptical galaxies concentrated at gr ∼ 0.8 and ri ∼ 0.35, whereas the spiral galaxies are spread over a large range of colours. To understand the evolution of such galaxies, an elliptical galaxy was modelled with PEGASE 3 assuming a strong star-formation cycle, followed by a radical gas exhaustion from 3 Gyr on. Subsequently, the gas from its surrounding is prevented from entering the galaxy and (2013). In Fig. 1.13, the SED of a galaxy hosting an AGN is shown from the X-ray to radio wavelengths. The best Ątting model obtained with the SED Ątting tool CIGALE (Boquien et al. 2019;Yang et al. 2020Yang et al. , 2022) ) Ąnds a signiĄcant AGN contribution. One characteristic of AGN is a strong X-ray source. Even though close binary stellar objects can emit X-rays originating from matter exchange (see Chapter 16 in Tauris & van den Heuvel 2006), AGN can reach a signiĄcant higher X-Ray luminosity from jets or hot coronal gas around the SMBH (e.g. Aird et al. 2010). The X-ray emission of the AGN, shown in Fig. 1.13, was obtained in the band of 2-10 keV with the space based X-ray observatory XMM-Newton (Turner et al. 2001).

The central region around the SMBH in an AGN is radiating in wavelengths ranging from UV to far-IR and only in very strong quasars this radiation is over-shining the entire SED of its host galaxy (Yang et al. 2020(Yang et al. , 2022)). The SMBH is surrounded by a dense accretion disc which can be identiĄed with broad Balmer emission lines (see Sect. 3.2.3). An inner torus surrounds this region within the scale of a few pc (Combes et al. 2019). This region is enclosed by an outer torus on the scale of a few 100 pc (Maiolino & Rieke 1995). Strong UV radiation heats up this region which then re-emits light with a blackbody spectrum. Hence, in many AGN most of the UV-to-optical light is attenuated by a dusty torus and dust clouds in the galaxy (e.g. Assef et al. 2013). As shown in Fig. 1.13, the AGN contribution is dominant in the mid-IR regime but insigniĄcant in the UV and optical wavelengths.

In Fig. 1.13, one can also Ąnd a signiĄcant contribution of the AGN to the radio continuum emission. Relativistic jets produced by the AGN and shock regions accelerate electrons and positrons (Meisenheimer et al. 1989). These charged particles emit synchrotron radiation while interacting with the strong magnetic Ąeld inside the jet (see e.g. Meisenheimer et al. 1989;Krause et al. 2012). Similarly to the sychrotron radiation from star-forming regions (see Sect. 3.1.3), the emission caused by AGN is as well described by a power law of S(ν) ∝ ν α . In contrast to the spectral index associated with star formation of α ∼ -0.7 (Condon 1984), the synchrotron spectra of an AGN is observed to be Ćat α ∼ 0 or even positive (LinĄeld 1982;Perley 1982;Bridle & Perley 1984), reaching values up to α ∼ 2.5 (Mhaskey et al. 2021). The AGN-spectral index of the measured for the galaxy in Fig. 1.13 is α = -0.1, whereas the synchrotron radiation emitted by star formation is described by α = -0.7. This means, for the galaxy presented in Fig. 1.13, that the AGN is dominating the synchrotron emission at higher energies whereas lower energies are dominated by the star-forming component. In the case of a strong AGN, also the low frequency synchrotron spectrum can be dominated by the AGN. The galaxy, shown in Fig. 1.13, however, is considered as a radio silent AGN with no extended radio lobe detected. Only 1 in 10 AGNs are radio loud exhibiting extreme radio emission [START_REF] Wilson | [END_REF], with luminosities of up to 10 26 WHz -1 at 2.7 GHz (Urry & Padovani 1995).

Influence of AGN on the host galaxy

AGNs are not only important as individual objects since they affect their host galaxy and inĆuence their evolution. For example, strong ionising radiation emitted by the AGN can heat up gas and prevent star formation (Di Matteo et al. 2005;Croton et al. 2006;Cattaneo et al. 2009). AGN driven gas outĆows can expel also the entire gas reservoir of a galaxy (Silk & Rees 1998;King 2003;Murray et al. 2005;Fabian et al. 2006;Fabian 2012). The intensity of an AGN depends on the accretion rate and does not always have such a drastic effect on the host galaxy. In fact, AGN outĆows can compress molecular clouds enhancing the star-formation efficiency

x-axis and [OIII]λ5008/Hβ on the y-axis. The contours are all SDSS galaxies with a signal to noise S/N < 3 in all four needed emission lines. One notices a distribution shaped like a seagull with two extended wings.

In order to categorise different galaxy types, Kewley et al. (2006) introduced empirical limits shown as solid and dashed black lines in Fig. 1.14. Line ratios, situated below the dashed line, are classiĄed as HII regions, since the underlying process is star formation. Galaxies which are situated above the solid line are considered to be AGN. In order to illustrate the different emission-line ratios, the SDSS spectra of two galaxies are shown with a zoom-in to the region of emission lines used for the BPT diagram. Their positions on the BPT diagram are shown with red and blue markers. It is now evident that the left galaxy is dominated by star formation which is in agreement with its blue colour and the relative strong Hα emission line. The right galaxy hosts an AGN. A clear kinematic conĄrmation for this is the detected broad line component in the Hα-emission line and the fact that forbidden lines such as [NII]λ6585 and [OIII]λ5008 are signiĄcantly stronger than Balmer emission lines. The two lines used to distinguish between these two kinds of galaxies encloses a region where galaxies are classiĄed as Ścomposite objects whose spectra contain significant contributions from both AGN and star formationŠ (Kewley et al. 2006).

In order to further characterise galaxies, additional BPT diagrams are used. These diagrams use ([SII]λ6718 + [SII]λ6733)/Hα (resp. [OI]λ6302/Hα) on their x-axis in comparison the the BPT diagram shown in Fig. 1.14, while the y-axis is the same. These diagrams allow a better distinction between Seyfert, AGN and low-ionisation narrow emission line regions (LINER) (Kewley et al. 2006;Schawinski et al. 2007). The latter galaxy type is characterised by the absence of emission lines that require high ionisation energies such as Helium (Heckman 1980) and are mostly elliptical galaxies (Shields 1992).

BPT diagrams allow one to check whether an individual galaxy can be characterised more by star formation or whether an AGN dominates the emission-line spectrum. It must be said that gas is also affected by dust and therefore BPT diagrams cannot detect an AGN, for example, if it is completely shielded by dust (e.g. Assef et al. 2013). Since different processes can occur in different places in a galaxy, spatially resolved spectroscopy such as integrated Ąeld spectroscopy can localise AGNs or HII regions and help to better study the structure of galaxies (e.g. BelĄore et al. 2016).

Star formation in galaxies

One fundamental aspect of SED modelling, such as shown in Figs. 1.8, 1.13 or 1.12, is to mimic the build-up of the stellar population over cosmic time. A simple approach is to consider all stars of the same age, which can be a rough approximation often used to estimate the stellar continuum in optical spectra (e.g. Chilingarian et al. 2017). Considering the strong variance of cosmic star-formation history discussed in Sect. 2.2, it is clear that the star-formation history of an individual galaxy is highly complex. In addition, feedback mechanisms from an AGN and star formation can have a signiĄcant impact on the star-formation history and is challenging to reproduce by e.g. simulations (Naab & Ostriker 2017). To establish a more realistic model of past star formation, one can assume a continuous star-formation rate (SFR) that declines exponentially. One can further improve this model by assuming two different stellar populations (e.g. Boquien et al. 2019): (1) an old stellar population which started forming at the beginning where L FIR is the bolometric luminosity of the FIR emission. While inspecting the AGN contribution to the SED in Fig. 1.13, one notices that the AGN signiĄcantly contributes to the total FIR luminosity and biases the SFR estimation (Sanders & Mirabel 1996). In order to distinguish between IR emission from an AGN and star formation sites, an accurate SED modelling is needed.

As discussed in Sect 3.2.3, the Hα emission line has a close connection to HII regions, as long as the ionisation is not dominated by an AGN, and can hence be used as a star formation tracer calibrated in Kennicutt et al. (1994) and Madau et al. (1998): SFR(Hα)[M ⊙ yr -1 ] = 7.9 × 10 -42 L(Hα)[ergs s -1 ], (1.13) where L(Hα) is the Hα emission-line luminosity. In contrast to the far-IR spectrum, the optical spectra is affected by dust and therefore the measured luminosity is only probing a fraction of the star formation. However, an extinction correction of the Hα luminosity can compensate this. The intrinsic Hα luminosity L int (H α ) can be calculated from the observed Hα luminosity L obs (H α ) following Calzetti (2001):

L int (Hα) = L obs (Hα) 10 0.4k(Hα)E(B-V) , (1.14) where k(H α ) is the reddening curve computed for the Hα rest-frame wavelength (Calzetti et al. 2000). The colour excess E(B-V), between the observed colour B-V and the intrinsic colour (Cardelli et al. 1989), is often referred as dust extinction. This can be estimated using the observed emission line ratio Hα/Hβ: following Momcheva et al. (2013) and Domínguez et al. (2013). This formula is based on the assumption that the gas is at a temperature of T = 10 4 K with an electron density of n e = 10 2 cm -3 . A case B recombination (the gas is optically thick to radiation just above 13.6 eV) would then result in an intrinsic Hα/Hβ ratio of 2.86 (Osterbrock & Ferland 2006). Using the dust corrected Hα luminosity, one can calculate the star-formation ratio using equation 1.13 (Kewley et al. 2002). As reviewed in Kennicutt (1998a), the SFR can be also estimated from the forbidden emission-line doublet [OII]λ3727, 3730 or the UV continuum. These estimators, however, are reliable only if dust attenuation can be estimated.

E(B -V) =
A more complex approach to estimate the SFR was performed for a large sub-sample (10 5 galaxies) of the SDSS by Brinchmann et al. (2004). Their SFR estimation relied on ionised-gas emission-line modelling described in [START_REF] Charlot | [END_REF]. They, furthermore, take the gas excitation into account using BPT diagrams (see Sect. 3.5) and estimate the AGN contribution to the Hα emission line. Since the SDSS optical spectrum is only probing the central 3 ′′ region, this estimation is not a representative estimation of the SFR for the entire galaxy. In order to model the total SFR, they computed photometric apertures of the galaxies with the gr and ri SDSS photometric-band measurements and extrapolated the spectral-based SFR for the entire galaxy. They used the SFR estimated in the Ąbre as a prior and assumed a similar star-formation distribution between the central region and the entire galaxy. This technique provides star-formation rates for the entire SDSS DR7 catalogue, enabling the estimation of the local star formation density (Brinchmann et al. 2004).

Modern photometric surveys provide a good coverage over a large part of the sky and of the wavelength range. Especially, the GALEX and WISE satellites (see Sect. 3.1) added data points at the UV and near-IR wavelengths for galaxies observed in the optical by the SDSS. Based on this data set, Salim et al. (2016) performed an SED Ątting for about 700 000 (SDSS) galaxies providing estimates such as the SFR and stellar masses. In order to separate systematical effects, they provide separated SFR estimations from the UV-optical SED and the mid-IR. By comparing their results to the SFR values found by Brinchmann et al. (2004), they Ąnd a very good agreement for galaxies of the main star-forming sequence. However, they Ąnd that mid-IR SFR values for galaxies with quenched star formation are strongly biased and for those hosting an AGN, the SFR can be over estimated up to 0.6 dex. In quenched galaxies, the bias originates from dust heating by an old stellar population and can reach up to 2 dex. Since the conversion from IR luminosity to SFR is Ąxed, the resulting SFR values is dominated by old stellar populations and is systematically overestimated. An AGN can also heat dust (see Sect. 3.4), which then radiates in IR, biasing the SFR.

Studies of star formation in the Universe span from the small scales such as molecular clouds in our own Galaxy up to the global SFR estimation of entire galaxies (as reviewed in Kennicutt & Evans 2012). These tools enable to explore the SFR over large parts of cosmic time as e.g. discussed in Sect. 2.2.

The stellar mass of a galaxy

To place the values of an estimated SFR, described in Sect. 4.1, into context, one needs to know the stellar mass M * of a galaxy. As e.g. stated in Salim et al. (2016), only the speciĄc star formation rate (sSFR = SFR/M * ) has a physical motivation as it probes how many stars are formed per stellar mass. For instance, large SFR values would have a fundamentally different meaning if they were measured in a large galaxy or in a dwarf galaxy.

As discussed in Sect. 3.1, one can rely on SED Ątting to estimate the un-attenuated spectrum of the stellar population in a galaxy. Based on this luminosity, the stellar mass can be estimated if one assumes a mass-to-light-ratio of a galaxy. The main requirements are an accurate estimation of the luminosity function of a galaxy as e.g. provided by Blanton et al. (2003) and a modelling of the stellar composition. The latter predicts the luminosity fraction at a speciĄc wavelength, each stellar population contributes. By adopting Monte-Carlo simulations of different star-formation histories, Kauffmann et al. (2003) modelled the mass-to-light-ratio for galaxies in the SDSS. This photometry-based stellar-mass estimation allowed the authors to estimate the mass distribution of the present Universe and to study the mass-size relation of different galaxy types.

The main sequence of star-forming galaxies

By combining the SFR, measured by Brinchmann et al. (2004) with the stellar mass, estimated by Kauffmann et al. (2003), one can further discuss the evolutionary state of galaxies in a M * -SFR diagram. This is shown on the left panel of Fig. 1.16 for galaxies of the SDSS. It is striking, that, similarly to Fig. 1.11 a clear dichotomy between a star-forming galaxy population and a quenched one is visible. As already mentioned in Sect. 3.3, the blue sequence of galaxies corresponds to this main sequence of star-forming galaxies and the red sequence to the quiescent sequence. What was not so clear in Fig. 1.11 is the difference in mass. The fact that quiescent galaxies show day is how galaxies evolve along the main sequence and what makes them drop beneath the main sequence (Conselice 2014).

Evolution of star formation over cosmic time

The review on the cosmic star-formation history of Madau & Dickinson (2014) gives a complete picture on the current understanding of star formation at different epochs. While dust-obscured star formation might have a signiĄcant contribution to the cosmic star-formation history, the authors Ąnd an overall trend of declining star formation since z ∼ 2. However, they point out that we know little about the internal mechanisms ruling galaxies: how gas reaches the inner central part of galaxies and cools down to form stars or how star formation is regulated by outĆows and inĆows or possible mergers. The tight connection of star formation and stellar mass evolution over cosmic time can be reproduced by hydrodynamic simulations (e.g. Davé et al. 2011;Dekel et al. 2013;Torrey et al. 2014;Sparre et al. 2015). The declining star-formation activity can also be modelled, assuming a tight connection between the mass assembly of the dark matter halo and the gas supply of the galaxy (Tacchella et al. 2013). This raises one particular question: ŚWhat is the mechanism that keeps the evolving galaxy so tightly confined to the vicinity of the main sequence ridge until it quenches and falls below the main sequence?Š (Tacchella et al. 2016). As found in Noeske et al. (2007b,a), most galaxies do not experience a disruptive merger fuelling star formation since z < 1 and the majority of star formation happens in main-sequence galaxies which do not show signs of any recent merger. This motivates a model where gas is accreted through streams from the surroundings (Dekel et al. 2009). Also, minor merger events can play an important role as they transport gas into the central parts of galaxies, fuelling star formation (Dekel & Burkert 2014). Smooth gas accretion can also transport material from Ąlaments into galaxies (e.g. Dekel et al. 2013) and explain the observed high frequency of disc morphology in main sequence galaxies (Genzel et al. 2006(Genzel et al. , 2008;;Stark et al. 2008;Daddi et al. 2010). All these models can explain how galaxies shift up and down around the main sequence over their lifetime, before dropping signiĄcantly below it though star-formation quenching. Figure 1.17, taken from Tacchella et al. (2016), illustrates such an evolutionary path of a galaxy. A central aspect of these cycles is that minor mergers or counter rotating gas streams are causing disc instabilities. These events lead to a compaction phase with central star-formation enhancement, lifting the galaxy above the main sequence. The compaction can even lead to a so-called Śblue nugget phaseŠ, obscured at high redshift where a high central gas concentration and strong star formation leads to shorter depletion times and to inside-out quenching due to gas outĆows. These phases can happen multiple times within the lifetime of a galaxy, shifting it up and down with respect to the main sequence. When the gas is depleted and the cooling of accreted gas is no longer possible due to a hot halo, the galaxy will ultimately fall under the main sequence and Ąnally quench (Tacchella et al. 2016). One major aspect of such a model is that it can explain the transition towards bulge-dominated galaxies such as S0 and elliptical galaxies. Such a transformation can be produced by repetitive minor merger events with simulations turning disc-dominated galaxies into bulge-dominated galaxies as shown by Bournaud et al. (2007).

Figure (1.17) Galaxy evolution on the main sequence over cosmic time, taken from Tacchella et al. (2016, Ągure 11). This is an educational representation of how a galaxy goes through compaction phases caused by gas accretion and minor mergers in the course of its evolution. Such compaction phases are followed by gas depletion, when the accumulated gas reservoir transformed into stars is exhausted. This happens repetitively until the cooling mechanism of accreted gas is no longer effective, the galaxy then quenches its star formation and falls below the main sequence.

Kinematic signatures in ionised gas emission-lines

In our current understanding of galaxies, there is (most likely) a super-massive black hole (SMBH) at the centre of each galactic bulge (Heckman & Best 2014). The original idea of such a compact object is closely related to the observation of so-called quasi-stellar objects (also known as quasars) whose brightness exceeds anything known so far (see Sect. 3.4). In nearby galaxies with mostly inactive nuclei, Kormendy & Richstone (1995) discussed the reliability of evidences suggesting the presence of a massive dark objects in their centre. They select galaxies with a high central mass-to-light ratio and study the rotation curves estimated from stars and gas. They Ąnd stellar kinematics more robust than those from gas. In our own Galaxy, Eckart & Genzel (1996) and Ghez et al. (1998) observed the orbits of stars at the very centre and found that they all orbit a dark massive object. The mass density of this region was estimated with 10 9 M ⊙ pc -3 (Genzel et al. 1996). The most plausible explanation was that this must be a compact cluster of black holes with a masses of 10 -20 M ⊙ or one SMBH. Relying on an analysis of long-term observations of the stars orbiting this object, Ghez et al. (2008) provided a precise mass measurement of 4.1 ± 0.6 × 10 6 M ⊙ . In M87, a direct observation of the accretion disc and the shadow of a SMBH has greatly strengthened the understanding that SMBHs are located at the very centre of a galaxy (Event Horizon Telescope Collaboration et al. 2019). In a very recent work, such a direct image was presented in Akiyama et al. (2022) for the SMBH of our own Milky Way Sgr A * .

Considering that galaxy mergers happen quite frequently, a logical conclusion is that such mergers will lead at one point to binary SMBH before Ąnally coalescing. From major merger simulations, Begelman et al. (1980) estimated that the two cores will stay at a separation > 1 kpc for ∼ 100 Myr, before forming a stable binary at separations of 0.01 -1 pc (Milosavljević & Merritt 2001). When both nuclei have an accretion disc and are active, it is possible to observe this phenomenon.

In Komossa et al. (2003), two nuclei were discovered in the merger system NGC 6240 with a separation less then 1 kpc, using X-ray observations. The Ąrst candidate of a close dual AGN was found using the Very Long Baseline Array (VLBA) which revealed the presence of two central, compact, Ćat-spectrum components (Maness et al. 2004), as expected from two AGN. With higher resolution, Rodriguez et al. (2006) conĄrmed two AGN with a projected separation of 7.3 pc. Interestingly, they performed optical spectral observations with the Hobby-Eberly Telescope and found indications of two velocity systems. Using a long-slit spectrometer, Gerke et al. ( 2007) observed a double-peak (DP) signature in the [OIII]λ 4960, λ5008 emission line doublet in a galaxy at z=0.7. Their observations are summarised in Fig. 1.18. They measure a peak separation of 630 km s -1 and a spatial separation of 1.2 kpc. From an HST image, they Ąnd a morphology that is consistent with a merger remnant. Including observations at different wavelengths, they describe the system as a dust-obscured AGN in an early-type galaxy. They conclude that the observations can best be explained by a dual AGN.

Based on the detection of such kinematic signatures, Comerford et al. (2009a) performed a systematic search for galaxy merger remnants and found a second dual AGN identiĄed as a DP emission line. They, furthermore, found 32 AGN exhibiting a velocity offset between 60 to 300 km s -1 with respect to the stellar continuum velocity, measured for the host galaxies. They conclude that these mis-alignments of the AGN are the result of a late stage of galaxy mergers.

Starting from the visual discovery of a close pair of two nuclei, Comerford et al. (2009b) long-slit spectroscopic observations. They conclude, that for about 86 % of their sample, the DP proĄles are produced by moderate-luminosity AGN outĆows. In 6 % of the cases, they found a rotating disc and the remaining 8 % are ambiguous. They also state that they are not able to conĄrm a dual AGN with long-slit observations only. More generally, Comerford et al. (2018) have described a link between DP emission lines and galaxy mergers. They performed a kinematic analysis with long-slit spectra of 95 DP galaxies. They found that the majority of the observed DP emission lines are due to AGN driven outĆows. They also found 8 galaxies with close companions and twice as many AGN in such systems. They concluded that 3 % of all AGN with DP emission lines found in the SDSS are mergers with visible dual nuclei in the SDSS image.

The search for dual AGN is an essential piece of the puzzle in understanding the hierarchical mass growth of galaxies. AGN are particularly suitable for such a search, as they are luminous compact sources and are traced by strong [OIII]λ5008 line emission. However, all merger epochs do not exhibit a visible AGN phase. Ge et al. (2012) performed a DP emission line search including not only the [OIII]λ5008, 4960 doublet but also the Hβ, Hα, the [NII]λ6550, 6585 doublet and the [SII]λ6718, 6733 doublet. They found that the majority of DP galaxies do not show any signs of AGN activity and can be normal star-forming galaxies. Although it is difficult to draw a clear conclusion with only one central spectroscopic observation, a systematic view of the general phenomenon of DP emission line galaxies can contribute to the understanding of galaxy mergers. 

CHAPTER 2

Double-peak emission-line galaxies

Considering the many different types of galaxies that have been described by rigorous surveys of the night sky, one question is particularly important: How did galaxies grow to the size we see in the Universe today? In recent decades, a number of proposed modelling predict a hierarchical growth of galaxies (e.g. Somerville & Davé 2015). Smaller galaxies merge and form larger galaxies. This idea has had a lot of success and is able to explain many observations. In large surveys, galaxies approaching each other or galaxies in the middle of a chaotic merger are observed. One Ąnds also large galaxies absorbing smaller ones in a minor merger. With the help of simulations relying on the the ΛCDM model, it is possible to determine the exact duration of such processes and we know that after a short time, mergers are difficult to distinguish from isolated galaxies or to accurately infer the state of a merger even though tidal features can be still detected. It is therefore of great importance to Ąnd diagnostics enabling to identify late stages of galaxy mergers.

Ionised-gas emission lines are measured at a speciĄc wavelength, deĄned by the underlying quantum mechanical process. The detection of a red (resp. blue) shifted component of a discrete wavelength is caused by the recession (resp. approach) velocity of the source, known as the Doppler-shift. If in a galaxy two peaks are detected instead of one in an emission-line spectrum, it is clear that a part of the detected gas is moving towards us and the other is receding away from us. This diagnostic has often been used to Ąnd dual AGN, which are the end-product of a merger. However, it is also clear that AGN are not very common and double-peaked (DP) AGN are even rarer. So it is clear that such galaxies do not help us to probe the hierarchical build-up of massive galaxies. This is where I contributed with the peer reviewed journal article (Maschmann et al. 2020). If one searches for DP emission-line galaxies in general, one will Ąnd not only AGN. With an automatic selection procedure, I managed to Ąnd 5663 such galaxies consisting of only 7 % AGN. With a detailed study of different galaxy characteristics, I succeeded in identifying special features in comparison to galaxies exhibiting single-peaked (SP) emission lines. The latter sample is selected with the same redshift and stellar-mass distribution as the DP sample. Normally, one would assume that DP galaxies are more likely galaxy mergers which is not the case: only about 10 % are mergers, as many as in the SP sample. However, it is striking, that DP galaxies exhibiting larger bulges and S0 galaxies are more frequent among them than in SP galaxies. About 36 % of the DP galaxies are S0 galaxies compared to only 20 % of the SP sample. Furthermore, a detailed study of the measured gas kinematics has shown that there are no direct correlations between the DP structure and the galaxy inclination. In addition, DP galaxies show signiĄcantly larger velocity dispersions in the stellar continuum. For example, if one looks at the galaxies that actively form stars, another difference becomes apparent: DP galaxies form more stars in their centre than SP galaxies.

All these arguments indicate that a central DP signature is compatible with the scenario of a past minor merger. Gas can be effectively channeled into the centre of a galaxy, triggering enhanced star formation. A detailed discussion of other alternatives, such as outĆows, concludes that DP galaxies are a possible indicator for detecting late stages of minor mergers that are responsible for central bulge growth as seen in Bournaud et al. (2007).

Introduction

The evolution of galaxies over cosmic time is largely determined by their mass growth and is thus connected to their environment and their merger rate. It is well observed that the mix of morphological types of galaxies depends on the environment (Dressler 1980;Whitmore et al. 1993). The star formation rate (SFR) of galaxies is a well-suited diagnostic to characterise their evolutionary state. Galaxies can, on the one hand, enhance their star formation rate through interaction with their environment (Bothun & Dressler 1986;Pimbblet et al. 2002), but, on the other hand, they can also be quenched by the environment (Balogh et al. 1998). Isolated galaxies are thought to refuel their discs with gas from extended halos and from cosmic filaments, while galaxies located in massive clusters will evolve passively (Balogh et al. 1998). The assembly and growth of galactic discs and galaxies in general are some of the key issues of galaxy simulations (e.g. [START_REF] Mo | [END_REF]. Accretion from filaments is motivated by numerical simulations (e.g. Bond et al. 1996), while observational detection is based on filaments of galaxies in cluster environments (e.g. Laigle et al. 2018;Sarron et al. 2019) and the Lyα forest tomography (e.g. Lee et al. 2018). The latter approach is the only one that directly detects so-called gas accretion.

The identification of merging galaxies is usually based on morphology (e.g. Lotz et al. 2004) or detection of dynamically close pairs (e.g. De Propris et al. 2005). Relying on the latter technique, Ellison et al. (2008) identified 1716 galaxies with companions in the Sloan Digital Sky Survey (SDSS) Data Release (DR) 4 with stellar mass ratios between 0.1 < M 1 /M 2 < 10. Further studies of this sample found that star formation due to galaxy interactions can be triggered in low-to-intermediate density environments (Ellison et al. 2010). By extending their search to SDSS DR7, they increased their sample to 21 347 galaxy pairs and found evidence for a central starburst induced by galaxy interactions (Patton et al. 2011). By including quasi stellar objects (QSO) in their search, Ellison et al. (2011b) found that active galactic nuclei (AGN) activity can occur well before the final merging of a galaxy pair and is accompanied by ongoing star formation.

The original prediction that merging should go up to the black hole coalescence (e.g. Begelman et al. 1980) has not been observed yet. But earlier steps have been explored, and several Article number, page 1 of 29 dual AGNs, which is a late stage of a galaxy merger (Genzel et al. 2001;Koss et al. 2016Koss et al. , 2018;;Goulding et al. 2019), or even a triple nucleus (Deane et al. 2014;Pfeifle et al. 2019), have been detected. While about 40% of ultra-luminous infrared galaxies exhibit a double nucleus (Cui et al. 2001), Koss et al. (2018) discuss that gas-rich luminous AGNs are often hidden mergers. Green et al. (2010) were first to identify a galaxy merger resulting in a binary quasar with a projected separation of 21 kpc and a radial velocity difference of 215 km s -1 . Mergers with a binary quasar have also been associated with an offset and/or DP [OIII]λ5008 emission line (e.g. Comerford et al. 2009Comerford et al. , 2013)). Many systematic searches for dual AGNs have been conducted at different wavelengths (Liu et al. 2011(Liu et al. , 2013;;Koss et al. 2012;Fu et al. 2015) to discuss the nature of dual AGNs.

Using the direct detection of DP narrow emission lines, Wang et al. (2009), Liu et al. (2010), Smith et al. (2010), and Ge et al. ( 2012) selected large galaxy samples from several galaxy surveys. In most of these works, the search for double-peak emission lines are motivated by the search for dual AGNs or dual galactic cores. Starting from such samples, Comerford et al. (2012) conducted long-slit observations on double-peak emission line galaxies to find kiloparsec-scale spatial offsets and to constrain the selection of dual AGNs. Using the Hubble Space Telescope and the space based X-ray telescope Chandra, Comerford et al. ( 2015) confirmed a dual AGN, with a separation of 2.2 kpc, resulting from an extreme minor merger (460:1) creating a DP [OIII]λ5008 emission line. Follow-up observations with the Very Large Array enabled the detection of three dual AGNs, AGN wind-driven outflows, radio-jet driven outflows, and one rotating narrow-line region producing DP narrow emission lines (Müller-Sánchez et al. 2015). Long-slit observations of DP galaxies enable them to distinguish between AGN-driven outflows and a rotating disc (Nevin et al. 2016), as further supported by Monte Carlo simulations in Nevin et al. (2018). Furthermore, Comerford et al. (2018) associated double-peak emission line galaxies with galaxy mergers, concluding that at least 3% of galaxies with DP narrow AGN emission lines found in the SDSS spectra are galaxy mergers identified in SDSS snapshots.

In this article, we build an objective selection procedure for DP narrow emission line galaxies to test whether we can identify different merger stages. We did not constrain our search to dual AGNs candidates and we dis not include a visual selection in contrast to previous galaxy samples. We based our work on the value-added Reference catalogue of Spectral Energy Distributions (RCSED) (Chilingarian et al. 2017).

This work is organised as follows. In Sect. 2, we describe the pipeline developed to automatically select galaxies with spectra exhibiting double-peak emission lines and describe the selection of a no-bias control sample (NBCS). Sect. 3 classifies this double-peak sample (DPS) relying on ionisation diagrams and on morphology and compare it with previous works. In Sect. 4, we analyse the properties of the DPS and compare them with the NBCS. In Sect. 5, we discuss our results followed by a conclusion in Sect. 6.

A cosmology of Ω m = 0.3, Ω Λ = 0.7 and h = 0.7 is assumed in this work.

Detection of double-peak emission line galaxies in RCSED catalogue

Spectroscopic data

The RCSED contains 800 299 galaxies selected from the SDSS DR7 spectroscopic sample (with a spectral resolving power R = 1500 . . . 2500) in the redshift-range 0.007 < z < 0.6 (Chilingarian et al. 2017). This catalogue provides k-corrected photometric data in the ultraviolet, optical, and near-infrared bands observed by the Galaxy Evolution Explorer (GALEX), SDSS, and the UK Infrared Telescope Deep Sky Survey (UKIDSS).

The RCSED catalogue also provides optical SDSS spectra in 3-arcsec circular apertures up to a magnitude limit of r = 17.77 mag (Abazajian et al. 2009) and a best-fitting template. The template assumes either a simple stellar population (SSP) model or an exponentially declining star formation history (EXP-SFH) (Chilingarian et al. 2017). The best-fitting template subtracted from an original spectrum provides an emission line spectrum in the observed wavelength range [3600 Å, 6790 Å]. In Fig. 1, we show major emission lines extracted from stellar continuum subtracted spectra of three different galaxies, studied in this article as they exhibit double-peak emission lines as described in Sect.

2.2.

In the RCSED catalogue, each emission line spectrum was fitted with two different functions: (1) a Gaussian function and (2) a non-parametric distribution. In case (1), two Gaussian functions were adjusted to all allowed and all forbidden transitions. The case ( 2) is based on an algorithm, which adapted an arbitrary shape to all emission lines simultaneously, again grouped by the transition type. The non-parametric fit is able to fit complex line shapes such as a DP and AGN-driven outflows, and can also reveal low-luminosity AGN broad line components (Chilingarian et al. 2018). The catalogue provides the fluxes resulting from these two procedures for several emission lines, χ 2 per number degree of freedom (Ndof), hereafter χ 2 ν , the equivalent width (EW) and other parameters, as specified in Chilingarian et al. (2017).

Automated selection procedure

We developed an automated three-stage selection procedure to find DP galaxies. The first stage pre-selects galaxies with a threshold on the S/N, and performs successively the emission line stacking, line adjustments and empirical selection criteria. Some emission lines are individually fitted at the second stage to select first DP candidates. We also selected candidates showing no DP properties to be the control sample (CS). Stages 1 and 2 are summarised in Fig. 2. At the third stage, we obtained the final DPS using the fit parameter of each line, as shown in Fig. 3. Hereafter, we explain in detail each step of the selection procedure.

Preliminary candidates

We first restricted the analysis to galaxies with detectable emission lines, in order to define a preliminary sample on which a subsequent emission line fitting can be applied. Hence, we selected objects with a S/N > 10 in the [OIII]λ5008 or Hαλ6565 lines. To secure the detection of the S[II]λ6718 and S[II]λ6733 lines within the spectra bandwidth, we added the condition z < 0.34. We thus kept a sample containing 276 239 objects from the RCSED catalogue.

We then selected 189 152 galaxies, which have a S/N > 5 in at least three emission lines among Hαλ6565, Hβλ4863, Hγλ4342, [OIII]λ5008, [OI]λ6302, [NII]λ6550, and [NII]λ6585. As described above, the non-parametric fit adapts to the line shape and is thus able to fit a DP structure. It is hence possible to disentangle single Gaussian profiles from non-Gaussian profiles. With the reduced χ 2 ν value of the single We fitted a single Gaussian function (g single ) and a double Gaussian function (g double ) against each stacked spectrum. We used the following functions for the adjustments:

g single (v) = A exp (v -µ) 2 2σ 2 + B , (1) 
where A is the amplitude, µ the mean and σ the standard deviation of the Gaussian function, v the velocity and B a constant accounting for the background noise level.

g double (v) = A 1 exp       (v -µ 1 ) 2 2σ 2 1       + A 2 exp       (v -µ 2 ) 2 2σ 2 2       + B. (2) 
In Eq. ( 2), we used the same notation as Eq. ( 1) with subscripts (1,2) defining the first and second Gaussian components. All fitting procedures were performed using the data analysis framework ROOT 1 We then applied criteria to select DP candidates with the fit procedure, as follows:

1. 1/2.5 < A 1 /A 2 < 2.5 2. ∆v DP = |µ 2 -µ 2 | > 3 δv 3. F-test
Criteria (1) ensures that one of the two possible peaks is not suppressed or does not represent only noise. Criteria ( 2) demands the separation of the two peaks to be three times greater than δv, the bin-width of the spectroscopic observation, transformed into a velocity, which is 3δv = 207 km s -1 . The F-test of criteria (3) directly compares the two fitted models and demands a significant decrease in χ 2 relative to the increase in the Ndof for the double Gaussian fit (subset 'd') in comparison to the single Gaussian fit (subset 's'). Following [START_REF] Mendenhall | A Second Course in Statistics: Regression Analysis[END_REF], we calculated the F-statistic, as follows:

f stat = (χ 2 s -χ 2 d )/(Ndof s -Ndof d ) χ 2 d /Ndof d , (3) 
and demanded the Fisher-distribution F to reject the single Gaussian hypothesis with a probability of less than 5% by using the cumulative distribution function:

F cdf (f stat |Ndof s -Ndof d , Ndof d ) > 0.95. ( 4 
)
With these criteria, we selected 7 479 galaxies. The Gaussian velocity dispersions σ i that we measured directly from the spectra need to be corrected for the instrumental broadening σ inst (as e.g. discussed in Woo et al. 2004). We calculated the corrected dispersion as σ i, corr = σ 2 i -σ 2 inst , where σ i corresponds to σ, σ 1 and σ 2 . The resolution of the SDSS spectra is not constant for the covered wavelength range and decreases towards higher wavelengths. To correct the stacked-spectra velocity dispersions, we used the mean σ inst computed over the selected emission lines. We find a mean σ inst = 61 ± 4km s -1 . In the subsequent analysis, we only discussed corrected velocity dispersions.

1 c Copyright CERN 2014-18 (http://root.cern.ch/).

Control sample selection

For later analysis, we selected a Control Sample (CS) to compare with our DPS. This sample was selected during the first stage and corresponds to galaxies showing no evidence of any DP feature. The preliminary sample, selected in Sect. 2.2.1, contains 189 152 galaxies, and was then divided into two subsamples using the Gaussian and the non-parametric fits provided in the RCSED. We kept spectra exhibiting a larger χ 2 ν value for the non-parametric than for the Gaussian fit to select galaxies showing Gaussian shaped emission lines. With this criterion, we selected 89 412 galaxies, building up the CS. Since we considered the same S/N thresholds for emission lines and the same maximal redshift as for the DP candidates, this is a representative control sample. Nevertheless, as further discussed in Sect. 2.3, this CS still shows a selection bias in the redshift and stellar mass distributions, and a no-bias control sample (NBCS) is selected.

Individual emission line fitting

In the second stage of the selection procedure, we examined the following emission lines separately: Hγλ4342, Hβλ4863, [OIII]λ5008, [OI]λ6302, [NII]λ 6550, Hαλ6565, [NII]λ6585, [SII]λ6718, and [SII]λ6733. We fitted a single and a double Gaussian function to each line. For the double Gaussian function, we set the parameters µ 1,2 and σ 1,2 provided by the best fit of the stacked emission lines (see Sect. 2.2.2) and let them vary only inside their uncertainty range ±E µ1,2 and ±E σ1,2 . The uncertainties are usually smaller than the spectral bin size δλ of the SDSS which means that these values are quasi fixed. In the case of uncertainties larger than 0.4 × δλ, we fixed them to 0.4 × δλ.

Using the best fit results of the single and double Gaussian fit functions, we applied the following criteria to flag each line if we detect a DP:

1. A 1 , A 2 > 3 σ b 2. χ 2 ν (single) > χ 2 ν (double) 3. 1/3 < A 1 /A 2 < 3 4. S/N > 5
where σ b is the root mean square (RMS) of the background noise level measured on both sides of the emission line. The first criterion ensures that the amplitude of each DP component is significantly larger than the background noise. The second criterion constrains that the double Gaussian function is better fitting the data than the single Gaussian one. With the third criterion, we excluded emission lines where one DP component is suppressed. In this case, it is likely that the weak component represents noise or an artefact of a clumpy line shape. Maschmann & Melchior (2019) discussed genuine cases where one of the components is weak or suppressed despite a high S/N. Criteria four ensures that the fitted lines are detectable and are not just noise.

For those lines showing a DP according to the selection criteria above, we set a flag to highlight the specific line as a DP line.

Final selection of double-peak galaxies

In the third stage of the selection procedure, we excluded galaxies which do not show any DP in the strongest emission lines which are mostly misclassified due to an artificial DP structure created by the stacking procedure. This third-stage selection is illustrated in Fig. 3.

We kept spectra with the strongest line flagged as DP. In cases of two (resp. more than two) emission lines flagged as DP, have the same redshift and stellar mass distributions as the DPS (see Sect. 2.3).

We find the following similar properties:

-Distributions of absolute magnitudes, stellar ages, metallicities, specific star formation ratio and [OIII]λ5008 emission line luminosities are identical. -According to their colour-colour and their specific star formation-stellar mass diagrams, most of DPS and NBCS galaxies follow the star forming main sequence, only a few exhibit a quenched SF and some are located in the red sequence.

-Double-AGN behave as NBCS-AGN with respect to star formation: there is no significant central excess.

-If one considers that each peak corresponds to a component, the DPS and NBCS follow the Tully-Fisher relation. -Elliptical galaxies from DPS and NBCS follow the Faber-Jackson relation. -The same environment statistics are found for the DPS and the NBCS. Most of S0s are isolated, and the S0s excess observed in the DPS is not due to environment.

We detect the following differences:

-There is an excess of S0s (resp. a deficit of LTGs) in the DPS with respect to the NBCS. -According to the Gini-M 20 diagram, there appears to also be an excess of Sa galaxies in the DPS compared to the NBCS. -LTG galaxies display higher Sérsic indices in the DPS compared to those in the NBCS. -Galaxies classified as LINER are less common in the DPS in comparison to the NBCS. -DPS galaxies show slightly higher absolute luminosities in the H α λ6565 emission line. -Double-SF galaxies exhibit a central starburst stronger than SF galaxies from the NBCS. -Double-COMP, -LTG and -S0 galaxies also have such an excess but less significant. -Double-COMP are more likely SF galaxies, according to the [OII]λ3728 / [OIII]λ5008 line ratio, and to the detection rate of the high-ionisation [NeV]λ3426 emission line at z > 0.2. -There is slightly more extinction (0.25 mag in V) in DPS galaxies than in their NBCS counterparts. -All DPS velocity estimators are independent of the inclination, while we do detect a correlation for the NBCS. -At given stellar masses, stellar velocity dispersions are larger for the DPS than for the NBCS. -The gas velocity dispersion estimator of the close peak component of the DPS is compatible with velocity dispersions measured for the NBCS, whereas the far peak component of the DPS is not. -With a single Gaussian approximation, the LTG and S0 galaxies from the DPS are offset from the NBCS TF relation. -S0 galaxies from the DPS are shifted on the FJ relation from the NBCS.

Discussion

In Sect. 5.1, we argue that S0 galaxies detected as gas-rich DP galaxies belong to a star-forming population identified in previous works. In Sect. 5.2, we discuss how our non-parametric analysis revealed that LTG are dominated by Sa galaxies in the DPS. In Sect. 5.3, we propose that the DP galaxies sample is a minor merger sequence which could explain the different results discuss in Sect. 4.6. In Sect. 5.4, we discuss here different observations, which are compatible with the characteristics of the DPS described as a minor merger sequence. In Sect. 5.5, we compare the known properties of the DPS galaxies with respect to those of minor and major mergers. To present a complete discussion, we discuss further explanations of the observation of DP in Sect. 5.6 and find that these only apply to a few galaxies in our sample.

Star-forming S0s

S0 galaxies are usually described as disc galaxies, which have exhausted their gas content (e.g. Somerville & Davé 2015) and are proposed as a parallel Hubble sequence (van den Bergh 1976; Kormendy & Bender 2012). However, it has been known for several decades that some S0s are not forming stars but host large amounts of HI gas (e.g. Kennicutt 1989). In these early observations of HI-gas-rich S0 galaxies (e.g. [START_REF] Van Woerden | Internal Kinematics and Dynamics of Galaxies[END_REF]Knapp et al. 1984Knapp et al. , 1985;;Krumm et al. 1985;van Driel et al. 1988), inner and outer rings were already detected, and analysed in simulations (e.g. Athanassoula & Bosma 1985;Buta & Combes 1996). The HI gas has often an Hα -[NII]-counterpart (e.g. Pogge & Eskridge 1993). Observations have shown indeed that about 85% of S0 galaxies host optical ionised gas (e.g. Macchetto et al. 1996;Sarzi et al. 2006) and 72% of those are isolated (Katkov et al. 2015). Kannappan et al. ( 2009) identified a blue sequence of SF S0 galaxies in the low-mass range that might be fading mergers, while massive S0s, with M > 2 × 10 11 M ⊙ , belong to the red sequence, but up to 2% of these massive S0 are SF. In the blue S0 sequence, they identify central blue colour gradients, which are interpreted as reminiscent of mergers (e.g. Kannappan 2004; Kewley et al. 2006a). Xiao et al. (2016) find about 8% of an S0 sample exhibits central star formation. They also found that the majority of these SF S0 galaxies have a stellar mass below 10 10.6 M ⊙ . Tous et al. (2020) did not find such a mass separation. In their study of these two S0 populations composed of SF and quiescent galaxies, they found that SF S0 galaxies avoid high-galaxy density and that their SFR and spectral characteristics are entirely similar to those seen in LTGs.

Numerous observations show further evidence of various tidal disturbances in the outer parts of S0: outer rings (e.g. Comerón et al. 2014;Sil'chenko et al. 2018), polar rings (e.g. van Gorkom et al. 1987;Whitmore et al. 1990), circum-nuclear polar rings (e.g. Sil 'chenko & Afanasiev 2004;Chilingarian et al. 2009;Sil'chenko 2016), counter-rotations (e.g. Katkov et al. 2013, 2014;Ilyina et al. 2014;Katkov et al. 2015Katkov et al. , 2016;;Pizzella et al. 2018) and cylindrical rotation (e.g. Molaeinezhad et al. 2019). In Katkov et al. (2014Katkov et al. ( , 2015)), Proshina et al. (2019), andSil'chenko et al. (2019), the authors discuss the origin of this counter-rotating gas and argue that S0s might accrete gas probably from filaments or from minor mergers. In parallel, numerous works have shown that S0s can be produced by galaxy mergers including major mergers (Bekki 1998;Querejeta et al. 2015;Tapia et al. 2017;Eliche-Moral et al. 2018) as well as minor mergers (Bournaud et al. 2005;Bekki & Couch 2011).

Here, we clearly detect intermediate-mass S0 galaxies in the mass range 3 × 10 10 -3 × 10 11 M ⊙ with optical ionised gas, including a large fraction of star forming galaxies. Beside their optical morphology, their kinematic behaviour is similar to those of LTGs. We find similar distributions for LTGs and S0 galaxies in the TFR in Sect. 4.3.4. We argue that the close peak might represent the central galaxy, while the far peak might correspond to a smaller companion or to the result of a recent gas accretion.
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Non-parametric merger identification

In the Sect. 4.5, we compute several non-parametric diagnostics such as CAS-statistics, the shape asymmetry A s , the Gini and M 20 coefficients and the Sérsic index n to investigate different approaches of merger identification.

Morphological asymmetry is more prevalent in galaxies within close pairs (Patton et al. 2016). Moreover, SF is enhanced in close pairs with small differences in line-of-sight velocities (Patton et al. 2011(Patton et al. , 2013)). We studied galaxy asymmetries in the DPS, relying on the parameters of Patton et al. (2016). We do not find any asymmetry difference between the DPS and the NBCS nor any connection between SF and asymmetry. In a scenario where the central SF enhancement is due to a merging process, the absence of a significant asymmetry in the DPS would favour later stages of merging processes or mergers hidden inside the fibre. Pawlik et al. (2016) introduced the shape asymmetry to identify later stages of merger in comparison to the asymmetry. We do not find any difference between the DPS and the NBCS using this diagnostics.

We conducted a merger selection based on the Gini-M 20 disgnostics, proposed by Lotz et al. (2004Lotz et al. ( , 2008) ) to separate mergers from non-mergers and to distinguish between late and early Hubble types. We find good agreements with the predictions for S0, merger and elliptical galaxies of the DPS and the NBCS. LTGs of the DPS reveal a systematic effect: they are situated in the region of earlier Hubble types in comparison to LTGs of the NBCS (see Fig. 22). This is in agreement with the fact that we find a tendency towards higher Sérsic index n for LTGs of the DPS in comparison to the NBCS, supporting the idea of a sequence of galaxies thickening towards S0. Last, this is in agreement with the trend discussed in Appendix B with the small positive bias for minor and major mergers observed in the predictor coefficient distributions, as defined by Nevin et al. (2019). These authors also show that numerous simulated (major and minor) mergers lie in the non-merger regions of the Gini-M 20 diagram.

Comparing all non-parametric methods, designed to detect merger rates, we do not find a direct relation between on-going mergers and DP structure at z < 0.075. Even though, these diagnostics were developed to detect late and post-coalescence stages of mergers (Pawlik et al. 2016;Lotz et al. 2008Lotz et al. , 2010b,a;,a;Nevin et al. 2019), we might see an even later stage, where traces such as fading tidal features are already quite weak and double nucleus beyond spatial resolution. Nevin et al. (2019) defined postcoalescence when the two galactic nuclei are separated by less than 1 kpc, which correspond to the SDSS resolution at z ≤ 0.03. Indeed as the DP feature is based on the central 3 ′′ spectra, it is probable that the discussed diagnostics are not sensitive.

5.3. S0s as a part of the minor merger sequence Walker et al. (1996) found that in 1:10 minor mergers, the discs are not destroyed but evolve to an earlier Hubble type, while a core of 45% of the satellite initial mass can reach the central kpc in 1 Gyr. This scenario might account for our DPS: high stellar velocity dispersions, two gas components and a similar kinematic behaviour for the different morphological types. This is supported by numerous hydrodynamical simulations. Bournaud et al. (2005) showed that intermediate mergers with 1:4 to 1:10 mass ratio can produce S0 galaxies. A similar situation was observed in GALMER simulations (Chilingarian et al. 2010a). Hence, while it is now well-known that S0s can be formed by minor and major mergers depending on the orientation and kinematics, Bournaud et al. (2007) studied the evolution of galaxies due to repeated minor mergers, as expected in the hierarchical growth of galaxies. Multiple sequential mergers feed the main progenitor, and gradually change its morphology from a spiral to an elliptical-like system. In addition, this is compatible with the work of van Dokkum et al. (2015) who proposed a two-channel evolution scheme, to account for the evolution of mass-size relation: they first grow inside-out with gas accretion and gas-rich minor mergers, until they quench, and continue to grow by dry minor mergers. Cappellari (2013) proposed a similar modelling to account for the evolution of slow and fast rotators, as further discussed in Cappellari (2016). This scenario is fully compatible with the properties of Sa and S0 galaxies and such a sequential gas-rich minor merger sequence accounts for the main properties of the DPS galaxies, identified here.

The increased central star formation and enhanced central extinction are also well accounted for by minor mergers and galaxy-galaxy interactions (e.g. Li et al. 2008;Ellison et al. 2011a). Using hydrodynamical simulations, Mapelli et al. (2015) produced rejenuvated S0 galaxies and a central SF enhancement with minor mergers with gas-rich galaxies. More generally, this work is compatible with the results of Li et al. (2008), who find that the majority of galaxies with high SSFR have a companion or exhibit tidal features.

Support from other observations

Studies of S0s performed with planetary nebulae provide characteristics comparable with our findings on the TF relation. With a spectroscopic and kinematic analysis of planetary nebulae in six S0 galaxies, Cortesi et al. (2013) found that S0s are supported by random motions in addition to their rotating discs. S0 galaxies lie about 1 magnitude below the TFR for spiral galaxies while their spheroids lie 1 magnitude above the FJR for elliptical galaxies. This supports previous findings on these S0 characteristics (Bedregal et al. 2006;Rawle et al. 2013), which we observe in the DPS for S0s but also for LTGs. Davis et al. (2016) 2018) identified two separate populations of S0 galaxies. Beside old, massive and metal rich galaxies with a bulge older than the disc (probably due to an insideout quenching), they discuss less massive and more metal poor population having bulges with more recent star formation than their disc. They might have undergone a bulge rejuvenation (or disc fading), or compaction. They argued that environment is not playing a major role, and proposed a faded spiral scenario, which forms low mass S0s while other processes such as mergers form the more massive S0s. As we only detect massive S0s, this is compatible with our findings. We have a population of massive star-forming galaxies, which are evolving through different stages of mergers. S0 galaxies represent 36% of the whole DP population, they are not faded. Beside their morphology, we cannot disentangle them from LTGs.

Minor versus major mergers

As discussed in Bournaud et al. (2005), intermediate mass mergers with ratio 1:4 to 1:10 produce Sa to S0 galaxies, while equal mass mergers produce mainly ellipticals (e.g. Barnes & Hernquist 1991), and 1:3-1:4 can produce S0-like systems (e.g. Bekki 1998;Eliche-Moral et al. 2018). Last, the scenario of single mi-nor mergers, with mass ratio larger than 1:10, produces spiral galaxies, while sequential multiple minor mergers can also lead to Sa/S0 galaxies (Bournaud et al. 2007).

On the one hand, the fact that the two peaks have typical intensity ratio in the range 1-3 might favour the idea of two galaxy nuclei with progenitors with 1:1 to 1:4 mass ratios. However, the absence of differences in the rate of morphological mergers between DPS and NBCS is not expected if the majority were such major mergers, as well as the absence of any differences in the distribution of shape-asymmetry and asymmetry. Major mergers can produce large starbursts (e.g. Barnes & Hernquist 1991), even though this is not always the case (e.g. Di Matteo et al. 2007). However, Hani et al. (2020) found that strong enhancements of SFR are dominated by major mergers. They estimated that a starburst of 50 M ⊙ yr -1 has four times higher chances to occur in a major merger than in a minor merger. We have here 1.3 % of the sample with a SFR larger than 50 M ⊙ yr -1 .

On the other hand, as discussed above multiple sequential gas-rich minor mergers and/or gas accretion might also produce the DPS galaxies (e.g. Walker et al. 1996). They could also account for the excess of S0 galaxies and the prevalence of Sa galaxies in LTG, as well as relatively morphologically regular DPS galaxies (Mazzilli-Ciraulo et al., in prep.). The intensity ratio of the two peaks (between 1 and 3) can also be biased by the excitation of the AGN triggered by a merger (Maschmann et al., in prep.).

As discussed in Appendix C, the 0.2 dex higher typical stellar masses of DPS galaxies, their 0.25 mag typical excess extinction in V and their central enhancement of star formation for Sb-d galaxies, all in comparison to the NBCS, suggest a past merger scenario for them. A visual inspection of the selected galaxies reveals that they are not dominated by edge-on or strongly inclined galaxies. However, Sb-d galaxies constitute 6 % of the DPS (19 % of the NBCS).

As discussed by Hani et al. ( 2020) and references therein, minor mergers are expected much more numerous than major ones, for example Kaviraj (2014) estimated that 40% of SF observed in local spirals is directly triggered by minor mergers. In addition, major mergers are known to trigger stronger SF than their minor counterparts. The distributions of SFR fibre estimated in the SF-DPS galaxies peak between 2 and 10 M ⊙ yr -1 and is about a factor of 2 larger than for the NBCS. In numerical simulations, Hani et al. ( 2020) found an SFR enhancement of a factor two in 10.0 ≤ log(M * /M ⊙ ) ≤ 11.4 SF post-merger galaxies.

Elliptical galaxies of the DPS are situated in the star forming main sequence (See Sect. 4.2), whereas their counterparts of the NBCS are quenched. We quantify this in Appendix C: elliptical DP galaxies show a 4 times higher SFR in comparison to single peaked elliptical galaxies. We furthermore find that elliptical galaxies with a DP have on average a 3 Gyr younger stellar population in comparison with those showing a single peak. This is consistent with the detection of molecular gas in star forming early type galaxies by Combes et al. (2007), who conclude that the molecular gas might has been accreted from the environment and shows properties rather independent from the old, preexisting stellar component. Such a recent gas accretion might explain the emission line shape and the ongoing star formation that we detect.

DP galaxies have numerous characteristics of post-mergers with enhanced central star formation and extinction. The nature of the DP feature is still elusive, and could correspond to gas clumps as well as to relics of two galaxy nuclei. We argue that DPS galaxies, most of which exhibit an ordinary morphology, are more likely to be linked to gas-rich minor merg-ers or gas accretion than to major mergers, which would impact more strongly their morphologies. Indeed, we do detect the same number of morphological mergers in the DPS and NBCS. The sequential multiple minor merger scenario accounts for the S0 morphological excess clearly detected in the DPS, while we cannot exclude that a few of these DP galaxies originate from major mergers.

Alternatives

Supermassive black holes hosted in galaxy centres are expected to have a significant feedback during the AGN phase (Fabian 2012). This effect is measured to be stronger in massive galaxies (Somerville & Davé 2015;[START_REF] Zhang | L4 Article number[END_REF], than in smaller galaxies dominated by star formation feedback. Galaxy collisions are usually thought to trigger AGN feedback (Di Matteo et al. 2005). Gas outflow are found to be associated to emission line asymmetries (Heckman et al. 1981;Whittle 1985). This is studied on large data samples with fitting procedures using single-and double-Gaussian functions in for example Greene & Ho (2005) and Woo et al. (2016). Using observations based on spectroscopic integral field units, Karouzos et al. ( 2016) observed AGN driven outflow components with velocities between 300 and 600 km s -1 with velocity dispersion up to 800 km s -1 . In the study on major mergers, Rupke & Veilleux (2013) have shown that galaxies with a QSO have the highest projected outflow velocities of at least 1450 km s -1 . In the system F08572+3915:NW, they found velocities up to 3350 km s -1 . Galaxies without an AGN still reach projected velocities up to 1000 km s -1 . They concluded that QSOs play a key role in accelerating gas outflows. Beside these extreme velocities, an outflow with low projected velocities of several hundred km s -1 has been observed in NGC 5929 (Riffel et al. 2014).

In order to discuss an AGN outflow creating emission lines with a DP structure, we selected galaxies with a broader offcentred emission line component. Therefore, these galaxies have one peak component associated with the stellar velocity, computed by Chilingarian et al. (2017) and a second peak component more offset in units of σ 1,2 (as discussed in Sect. 4.3.1). Furthermore, we demanded the second peak component to show a velocity dispersion larger than 200 km s -1 which is similar to lower velocity dispersion of the outflow component found by Karouzos et al. (2016). We thus selected 68 galaxies showing a broad off-centred component as described in the discussed literature above. We show an example in the upper panel of Fig. 1.

Using the non-parametric emission line for the BPT classification (see Sect. 3.1), we find only 1% of these outflow candidates to be classified as SF galaxies. We find 50% to be classified as AGN, 24% as COMP and 13% as LINER. Even though we find a connection to AGN activity for outflow candidates, these galaxies make only about 1% of the DPS. The lack of sensitivity to AGN outflow candidates can be explained by the amplitude criteria 1/3 < A 1 /A 2 < 3 applied in the selection procedure (see Sect. 2.2). Outflow components show mostly very broad component with a lower amplitude described as wings (e.g Heckman et al. 1981;Whittle 1985;Greene & Ho 2005). These types of asymmetries are systematically filtered out in this work.

We also discussed an outflow scenario to explain off-centred weak [OIII]λ5008 in Maschmann & Melchior (2019). In summary, we find evidence for AGN-driven gas outflow in some galaxies, but in comparison to the large sample of DP galaxies we conclude that this scenario provides well-suited arguments only for a small fraction of them.

Article number, page 22 of 29 Maschmann et al.: Double-peak emission line galaxies in SDSS

Conclusions

We identified double-peak emission line galaxies with an automated procedure. They are quite rare as they constitute 0.8% of the RCSED/SDSS catalogue. We compared the DP galaxies with their counter-parts from the no-bias control sample and find several significant differences. There is an excess of S0 galaxies, which cannot be accounted for by the environment. The S0-DP galaxies correspond to the star-forming S0 galaxies identified in isolated environments as discussed in Tous et al. (2020). In parallel, the Gini-M 20 diagram reveals that LTG are mainly Sa galaxies in the DPS with respect to the LTG of the NBCS. Similarly, the DP LTG exhibit a larger Sérsic index than their NBCS counterparts.

On the one hand, we find that LTG and S0 galaxies behave similarly on the TF relation but are off-centred towards large velocity dispersions. On the other hand, if two gas components are considered, we show that the close component behaves as expected while the far peak is offset and might correspond to a smaller component or a large gas clump. Other results further support this scenario: (1) the absence of any dependency on the galaxy inclination, (2) larger stellar velocity dispersions, (3) a systematic central enhancement of star formation and (4) a central enhancement of the extinction.

We argue that this double-peak sample constitutes a sequence of multiple sequential minor mergers, which could explain the similar behaviour observed for the different morphological types. It is a sequence in the sense that the impact of sequential minor mergers is to increase the size of the bulge, leading to larger fractions of S0 galaxies, while the majority of disc galaxies are Sa. It is difficult to disentangle gas-rich minor mergers from gas accretion, but both will have similar effects. The absence of an excess of proper morphological mergers supports the view that the impact is small, typical of minor mergers. The specificity of these DP galaxies is that the spectroscopic signature is inside the 3 ′′ SDSS-fibre, hence, it is somehow a postcoalescence stage not detected in morphological studies. Last, this sample also constitutes a time sequence of mergers as their spread in redshift gathers galaxies observed with resolution between 1 kpc and 12 kpc. Notes: This is a cross match of Tables 4 and5. We present the fraction of each morphological type for all different subsets classified with the BPT diagram in Sect. 3.1. For the DPS we show the BPT-classification using the non-parametric fit.

We present these fractions for the DPS, the NBCS and the CS. All rows add up to unity. Notes: This is a cross match of Tables 4 and5. We present the fraction of each subset classified with the BPT diagram in Sect. 3.1 for all different morphological type specified in Sect. 3.2. For the DPS we show the BPTclassification using the nonparametric fit. We present these fractions for the DPS, the CS and the NBCS. All columns add up to unity. 

Double-peak emission lines in modelled and simulated galaxies

Observations of double-peak (DP) emission-line galaxies can already provide important insights on their possible origin. With follow-up observation providing higher resolution one can in some cases even pinpoint the underlying mechanism of an observed DP signature. However, a basic understanding of these mechanisms also requires that they can be reproduced numerically.

By doing so, one can reĄne theories more precisely, explore further possibilities and Ąnd more aspects to discuss in observations. To get a better understanding of fundamental kinematic mechanisms that can create a DP emission-line signature, I analysed DP signatures created with axisymmetric disc models and galaxy simulations. This work is gathered in a journal article which is accepted to A&A (Maschmann et al. 2022a).

I computed synthetic SDSS-like spectroscopic emission-line observations from disc models and simulations and searched for DP signatures from all directions using a grid of observation angles. I then tested from which direction I can detect a DP emission line using a single and a double-Gaussian Ąt. The simulations were taken from the GalMer database which provides simulations of isolated galaxies and a large number of different merger constellations. Considering a pure rotating disc, a central DP emission-line signature mostly depends on the maximal velocity of the rotation curve. This is determined by the mass and concentration of the stellar bulge. Furthermore, in simulated galaxies, a bar signature can create a DP signature when viewed parallel to the major maxis of the bar. This can be even observed in galaxies with less prominent bulges like Sb galaxies.

Galaxy mergers produce DP emission-lines at close encounters and in the moment of their Ąnal coalescence. Major mergers, which show a strongly perturbed morphology during the merger form a central gaseous disc at about 1 Gyr after the Ąnal coalescence from in-falling gas. This disc can be observed as a DP emission line. At this point the morphology does not show large tidal features anymore. Minor mergers, on the other hand, only show a DP signature up to 350 Myr after the Ąnal coalescence. Furthermore, there is no correlation between the direction from where we observe a DP and the galaxy orientation.

Comparing these scenarios with the Ąndings of observed DP emission-line galaxies, major mergers are unlikely to be the predominant mechanism, since these show mostly elliptical and only few S0 morphologies. Furthermore, at the discussed late merger stage, the enhanced star formation is most likely faded. Bars and minor mergers, on the other hand, are both known to produce a central star-formation enhancement and therefore Ąt the observation quite well.

Introduction

The evolution of galaxies involves dynamical processes such as galaxy mergers whose frequency remains difficult to measure over cosmic time. Studies based on photometry may for example not always be efficient at identifying these processes, while kinematics may be misleading. Mergers have been extensively studied using simulations (e.g. Toomre & Toomre 1972;Athanassoula & Bosma 1985;Hernquist & Mihos 1995;Bournaud et al. 2005b;Di Matteo et al. 2007;Lotz et al. 2010) and observations (e.g. Combes et al. 1994;Bergvall et al. 2003;Lotz et al. 2004;De Propris et al. 2005;Ellison et al. 2008Ellison et al. , 2013)), resulting in a good understanding on how galaxy mergers can fuel star formation, trigger active galactic nuclei (AGNs), and transform the morphology of galaxies.

Especially studies dealing with different stages of a galaxy merger rely on an accurate identification of mergers. Interacting galaxies can be identified through their projected separation (De Propris et al. 2005;Ellison et al. 2008;Patton et al. 2011). Major mergers in an early phase of their coalescence show strong tidal features and can be identified though their perturbed morphology (e.g. Lotz et al. 2004). After the final coalescence, tidal features and perturbations gradually fade and it becomes increasingly difficult to correctly distinguish between post-merger galaxies and isolated galaxies. From hydrodynamical simulations, major (resp. minor) mergers can be identified after ∼ 200 -400 Myr (resp. 60 Myr) using photometric diagnostics (Lotz et al. 2010). Using a combination of several photometric classifiers to a linear discriminant analysis, Nevin et al. (2019) succeeded in identifying galaxy mergers over a merger timescale of 2 Gyr. Including stellar kinematics measured with integrated field spectroscopic observations, Nevin et al. (2021) increased the detection sensitivity for post-coalescence mergers. However, it remains challenging to apply these techniques to observations and identify post-coalescence mergers.

As predicted in Begelman et al. (1980), the two supermassive black holes of the progenitors of a merger should eventually merge in the course of the coalescence. Previous to this event, the two nuclei are expected to stay at a separation > 1 kpc for ∼ 100 Myr. When both nuclei are AGNs, it is possible to observe this phenomenon using a telescope providing high enough resolution. Such dual AGNs were observed using an X-ray observation (Komossa et al. 2003), radio observations (Maness et al. 2004;Rodriguez et al. 2006), and long-slit spectroscopy, revealing a double-peak (DP) signature (Gerke et al. 2007). The Article number, page 1 of 22 connection between the kinematic footprint and a dual AGN was further discussed in Comerford et al. (2009a). Systematic studies on DP emission-line AGNs using additional high resolution observations were able to distinguish between dual AGNs, AGNdriven outflows, or rotating discs (Comerford et al. 2011;Comerford & Greene 2014;Comerford et al. 2015Comerford et al. , 2018;;Müller-Sánchez et al. 2015;Nevin et al. 2016).

In general, a DP emission-line profile traces multiple line-ofsight velocities. AGNs are compact and bright sources and therefore dual AGNs, moving at two different velocities, are particularly interesting to study late stages of mergers. Ge et al. (2012) built up a DP-galaxy sample, also including non-AGNs and gathered 3 030 galaxies, of which only 30 % are classified as AGNs. These DP emission-line signatures can have various causes: a compact rotating disc, gas outflow or inflow, two nuclei, or the alignment of two galaxies inside the line of sight. In Maschmann et al. ( 2020) (hereafter M20), 5 663 DP emission-line galaxies were selected using an automated selection procedure. Interestingly, only 14 % were found to be AGNs. Different scenarii were discussed to explain the origin of DP emission lines and a recent minor merger was favoured as the underlying process. As these results are particularly relevant for this work, the main findings are explained in detail in Sect. 2.1. On the one hand, it is still challenging to conclude on the origin of DP emission lines for an individual galaxy, relying only on one optical spectrum and a snapshot. On the other hand, a merger scenario becomes increasingly likely if one finds different characteristics in the two emission-line components (Maschmann & Melchior 2019). Using integrated field spectroscopy, Mazzilli Ciraulo et al. ( 2021) detected two galaxies aligned inside the line of sight, creating a DP emission line. In a recent study, the molecular gas content of DP galaxies selected from above the main star-forming sequence was studied in Maschmann et al. (2022). Twenty percent of the DP galaxies show the same kinematic feature in the CO emission line distribution which traces the molecular gas, indicating a highly concentrated gas reservoir. Furthermore, in nearly all galaxies, a central star formation enhancement was found, and 50 % of the sample was identified as visual mergers or showed tidal features. Taking into account that the observed galaxies have a significantly larger molecular gas reservoir than expected for galaxies situated above the main sequence, the most plausible explanation of the DP emission line profile was found to be a recent minor merger which funnelled gas into the central regions and fuels a compact star-formation region.

To better understand the observed DP emission-lines, in this paper we use models and simulations of galaxies. We investigate possible origins of DP emission lines in this work and determine under which conditions a DP signature may be detected in isolated galaxies, ongoing mergers, and post-mergers. More precisely, we seek to identify DP emission lines in the conditions of observations with a Sloan Digital Sky Survey (SDSS)-like 3 ′′ spectroscopic fibre observations centred on the brightest region of the targeted system. We study the connection between identified DP signatures in the line of sight and the kinematic processes inside the observed systems.

In Sect. 3, we describe axisymmetric models of disc galaxies and then study numerical simulations of such galaxies in which non-axisymmetric patterns, especially bars (in the central regions of interest), form. In Sect. 4, we characterise majorand minor-merger simulations and identify under which circumstances a DP emission line can be detected. We then discuss in Sect. 5 the found results in the context of past work on DP emission line galaxies and conclude in Sect. 6. In this work, a cosmology of Ω m = 0.3, Ω Λ = 0.7, and h = 0.7 is assumed.

Observations of double-peak emission-line galaxies in the SDSS

The focus of this work is to determine the origin of DP emissionline profiles. To accomplish this, we analyse synthetic emissionline spectra from galaxy models and galaxy simulations. To frame this analysis in the context of observations, we here recapitulate the results of M20 and summarise the most important sample characteristics of their assembled DP galaxy sample. We then select three redshift values in order to represent the redshift distribution of the DP sample found in M20 and describe how to detect DP profiles in synthetic emission-line spectra.

Double-peak detection in M20

The selection procedure of M20 is divided into multiple stages which make use of emission-line parameters provided by the Reference Catalogue of Spectral Energy Distribution (RCSED) (Chilingarian et al. 2017). In a first step, galaxies with a high enough signal-to-noise ratio of S/N > 10 in either the Hα or the [OIII]λ5008 emission lines were selected. Then, galaxies with emission-lines which are better described by a non-parametric fit than by a single-Gaussian fit were selected and all emission-lines with a S/N > 5 were stacked. The resulting emission-line profile was fitted by both a single and a double-Gaussian function. Relying on an F-test of the two fits, an amplitude ratio threshold of the two double-Gaussian components, and a minimal threshold in velocity difference ∆v DP > 3δv, with δv the SDSS bin-width of 69 km s -1 , 7 479 DP-candidates were selected. In a second stage, each emission line was individually fitted with a single and a double-Gaussian fit. The double-Gaussian fit is restrained to the parameters found from the stacked emission line, however, the parameters can still vary within their uncertainties. All emission lines with a S/N > 5 were flagged as a DP emission line if they satisfy the following conditions: (1) the reduced chi-square value of the double-Gaussian fit must be smaller than the value for the single Gaussian fit, (2) the double-Gaussian amplitude ratio A 1 /A 2 must fulfil the condition 1/3 < A 1 /A 2 < 3, and (3) each of the double-Gaussian emission-line component must be detected with at least S/N > 3. In a third stage, galaxies were selected with a DP in their strongest emission lines, resulting in a final sample of 5 663 DP galaxies.

In order to compare the selected DP sample to galaxies with only a single peaked (SP) emission-line profile, a no-biascontrol-sample was selected with the same emission-line S/N properties, redshift distribution and stellar mass distribution as the DP sample. Analysing the morphology of these two samples, the same visual merger rate was found between DP and SP galaxy. However, DP galaxies are more likely to be classified as S0 galaxies (36 %) in comparison to SP galaxies (20 %). Furthermore, DP galaxies classified as spiral galaxies tend to have larger bulges and are more likely classified as Sa or Sb galaxies whereas SP galaxies tend to be classified as Sc and Sd. A detailed analysis of the spectroscopic kinematics revealed a significant higher stellar velocity dispersion in DP galaxies in comparison to SP galaxies. A correlation between the galaxy inclination and the gas kinematics was found for SP galaxies, but not for DP galaxies. DP galaxies also deviate from the Tully-Fisher relation in contrast to SP galaxies. When considering each individual fit component of the DP sample, however, a good agreement with the Tully-Fisher relation is found. Considering star-forming galaxies, a central star-formation enhancement was found for DP galaxies but not for SP galaxies. Conclusively, these observations agree in particular with a model of repetitive minor merg-Article number, page 2 of 22 the simple galaxy models chosen in this work it would be difficult to select a certain set of extinction models. In addition, since we are interested in the qualitative question of how different mechanisms can cause DP signatures, we do not include dust extinction in this work.

Effect of total mass concentration on the emission-lines

For a given (non-zero) disc inclination and a given fibre size, the detection of a double-peak is favoured by a combination of a gas density profile and a rotation curve such that more gas is probed at large line-of-sight velocities than at small velocities (corresponding to gas on the minor axis of the disc). In order to show the effect of the shape of the rotation curve, which depends on the total mass concentration, we now keep a constant gas density profile, constant stellar disc, and dark-matter halo profiles, but change the steepness of rising of the rotation curve by varying the concentration of the stellar bulge. The effect of this change is visible on Fig. 2, in which the scale length of the bulge spans from 0.3 kpc to 3 kpc (decreasing the mass concentration of the bulge and hence also of the galaxy). The rotation curve rises monotonously in the first 5 kpc for large scale lengths (low mass concentrations) while it peaks very near the centre of the galaxy for small scale lengths (high mass concentrations).

The difference of velocity of the two peaks obtained by the fitting procedure of Sect. 2.3, ∆v DP , is represented (colourcoded) for different bulge scale-lengths and disc inclinations on the three panels of Fig. 5, with one panel per redshift (fibre size). The part of the rotation curves encompassed by the fibres can be seen on Fig. 2, while on the sub-panels of Fig. 5 at the left of each main panel, we represent the ratio of the maximal velocity value inside the fibre to the maximal velocity in the rotation curve. Double peaks are identified with our criteria in the non-hatched regions of the panels of Fig. 5. At a given bulge scale-length, ∆v DP increases with inclination because of the broadening of the velocity distribution. At fixed inclination, ∆v DP increases with the concentration of the bulge (with decreasing bulge scale-length), with a steepness of the increase more pronounced for a small fibre. For the most mass concentrated galaxy models with a high rotation curve peak close to the centre of the galaxy, a double-peak is thus detected at small inclinations 40 • for all redshifts. At a given mass concentration (bulge scalelength), the threshold inclination for the double-peak detection generally increases with decreasing redshift (fibre size), with no detection for scale-lengths > 0.7 kpc for the smallest redshift and for scale-lengths > 1.1 kpc (resp. > 2.7 kpc) for the intermediate (resp. highest) redshift.

Effect of gas-disc concentration on the emission-lines

The shape of the spectra and the double-peak detection depend on the gas density-profile, which we qualitatively show on Fig. 6, varying only the scale-length of the gas density profile. Because of the relative small mass of the gas component in this galaxy model with respect to the other components, changing the gas profile concentration alters very little the total rotation curve, as can be seen on the left column of the figure. For a less concentrated profile (a larger scale-length), the spectra indicate steeper horn features but also a higher intensity in the centre since at an inclination of 80 • more gas is probed close to a zero line-of-sight velocity. Using the three criteria of Sect. 2.3, a DP is identified for z = 0.17 (10 kpc diameter fibre) for scale lengths of 5 kpc (Sa fiducial model), while the gas of the profile with a scale length of 2 kpc is too concentrated for a DP detection. At a scale length of 12 kpc, we do not detect a DP as the concentration at 0 km s -1 is leading to a more single-Gaussian shape. With the smallest fibre size, we do not detect any DP signatures. However, we observe the largest ∆v value for the smallest scale-length of 2 kpc with ∆v = 117 km s -1 . For a scale length of 5 kpc (resp. 12 kpc), we find ∆v = 106 km s -1 (resp. ∆v = 103 km s -1 ). This is not a strong trend but it shows that for higher central gas concentrations we can see a larger contribution of the rotation in small fibres.

N-body simulations of isolated disc galaxies

The kinematic signature of emission lines is a direct probe of the gas distribution inside the spectroscopic observation area. In reality, gas is found in clumps, discs, rings, spiral arms, and bars. Such structures deviate significantly from a model of an axisymmetric disc with a simple density profile such as described in Sect. 3.1. In order to explore how DP signatures can be found in more realistic isolated galaxies, we here analyse simulated isolated disc galaxies. We make use of the simulations database GalMer, which is described in detail in Chilingarian et al. (2010). This database is designed to systematically explore galaxy mergers with various initial orbital parameters, galaxy inclinations, and galaxy types. To understand how galaxies evolve in isolation in comparison to the interactions, this database provides isolated galaxy simulations for each morphological type. The reading and analysis of the outputs of the simulations is based on the visualisation software GalaXimView 1 .

Simulation design

We here explore the evolution of isolated Sa and Sb galaxies. In Sect. 4, we further explore major-merger (giant + giant) and minor-merger (giant + dwarf) systems. The simulated isolated galaxies are giant galaxies and we thus refer to them as gSa and gSb. DP emission lines are mostly found in S0 and spiral galaxies of the type Sa and Sb. In the GalMer database, S0 galaxies are designed without a gaseous disc since this galaxy type is usually observed with an exhausted gas content (e.g. Somerville & Davé 2015). The gSa and gSb galaxies considered here consist of rotating gas and stellar discs, a non-rotating stellar bulge, and a non-rotating dark-matter halo. The initial conditions of simulations are modelled with the same density profiles as the axisymmetric models described in Sect. 3.1: disc components are described by a Miyamoto-Nagei density profile and the stellar bulge and dark-matter halo by a Plummer density profile. Velocities are set by the method of Hernquist (1993). The discs components have initial Toomre parameters of

Q = 1.2.
The simulation code is described in detail in Di Matteo et al. (2007). It uses a Tree algorithm for the computation of the gravitational forces (Barnes & Hut 1986) and smoothed particle hydrodynamics (Lucy 1977;Gingold & Monaghan 1982) for the gas with individual smoothing lengths. The gas is considered as isothermal with a temperature T gas = 10 4 K. To emulate star formation, hybrid particles, corresponding initially to pure gas particles with a stellar fraction of 0, are gradually changed into stellar particles following a star formation law described in Mihos & Hernquist (1994). Once the gas fraction drops below 5 %, a hybrid particle is converted into a stellar particle. During the star-formation process, the total mass of the hybrid particle is ies at each simulation step, shown as the black line on the top panel of Fig. 11. The r 1/2 value of the first galaxy is shown with a red line. In order to visualise the morphology of the gas during the merger, we show snapshots of the gas distribution of some simulation steps and use arrows to mark their position on the evolution of the simulation. In the second panel, we show the velocity difference between the two COMs. With these parameters, we can characterise the merger simulations: we clearly see the first peri-passage after about 250 Myr. This is the point where the velocity difference between the two galaxies is the highest. The two galaxies then recede from each other until the point at about 500 Myr where we see a maximum of their distance and a minimum of their velocity difference. The two galaxies then fall back onto each other and finally merge. We estimate some coalescence time as the time after which the distance between the two galaxies no longer exceeds the half-mass radius r 1/2 of the first galaxy. The velocity difference is also then dropping to 0.

In order to understand at what merger stage a DP emission line signature can be observed, we scan each simulation step from all directions as described in Sect. 3.3, with a uniform sampling of the sphere. For the major mergers, the origin of this scan is set to the COM of the galaxy whose disc is initially in the orbital plane. For the minor mergers, the origin is set to the COM of the giant galaxy. We also orientate the viewing angle with the spin of these reference galaxies. This provides us a DP fraction at each simulation step, which we show in the third panel from the top in Fig. 11 andB.1. For the gSb galaxies in majormerger simulations, we do not observe any DP emission-line signature in the initial conditions. However, we find for a redshift of z = 0.17 a DP fraction of about 0.6 for gSa galaxies which is in good agreement with the DP signatures found for an Sa galaxy with the same parameters using an axisymmetric model in Sect. 3.1, where we find a DP signature for inclinations larger than θ = 55 • , which covers about 60 % of a sphere. While the galaxies in major-merger simulations start with the initial parameters described in Sect. 3.1. minor-merger simulations start with already evolved galaxies. Therefore, the initial DP fraction in gSa galaxies is quite different in the initial snapshot of minormerger simulations.

During the merger process, we always observe a peak of DP fraction during 50-100 Myr after a peri-passage. This phenomenon of two galaxies observed in the act of merging was analysed by Mazzilli Ciraulo et al. (2021) and will be discussed systematically in Halle et al (in prep.). As we know from observations, DP emission line signatures are not significantly more common in visually identified galaxy merger systems (Maschmann et al. 2020). Therefore, we here focus on DP signatures which appear in the post-coalescence phase of major and minor mergers.

Double-peak signatures in major mergers

Here we discuss systematically at what merger stage we can observe a DP signature. We furthermore discuss the significance of the observation angle and further discuss the morphology of the resulting galaxy.

Central discs in post major mergers

Major mergers are known to show strong morphological perturbations during the merger. In Lotz et al. (2008), the timescale during which a merger is observable from the photometry of equal-mass galaxy mergers was estimated to be of the order of 1.1 -1.9 Gyr. This timescale can vary due to different orbital parameters which determine when the final coalescence happens. Looking at the exemplary gSb + gSb major merger shown in Fig. 11 and the gSa + gSa major merger in Fig. B.1, there is no DP signature directly after the final coalescence. However, at about 1 Gyr after the final coalescence, an increasing DP fraction is detected.

On the bottom panels of Fig. 11 andB.1, we display 10 snapshots of the central parts of the first galaxy at different simulation steps, marked with black dots in the galaxy separation diagram. We show for each selected time the gas surface brightness and the velocity dispersion. The line of sight is parallel to the spin vector so that discs are seen face-on. Gas motion in the plane is illustrated with orange velocity arrows. During the simulation of the gSb + gSb merger (Fig. 11), we observe a peak in DP fraction in an early phase at 400 Myr, shortly after the first encounter. A second peak is observed at 800 Myr, at the moment of post coalescence. In the snapshot of the central region of the first galaxy at 400 Myr, we identify a bar structure as the origin of the increase in the DP fraction. As discussed in Sect. 3.3, a central bar structure in the gas distribution can create strong DP signatures, especially for small spectroscopic fibre diameters. For the second peak in DP fraction at 800 Myr, we can identify the two galaxies at a separation less than 4 kpc and with a velocity difference of 300 km s -1 , creating a DP signature as two gas populations with high ∆v are captured inside the spectroscopic fibres. The two galaxies are no longer moving away from each other and this moment marks the final coalescence.

Shortly after this final coalescence, the detection of DP stops abruptly. We observe in these stages a high concentration of gas in the very centre with a strong velocity dispersion which dominates in the observed region. In fact, the strong velocity dispersion is not sufficient to produce a broad emission-line profile which can be identified as a DP. About a few 100 Myr after the final coalescence, a gaseous central disc with a radius smaller than 5 kpc starts to form. In contrast to the strong perturbations during the coalescence the gas starts to settle in the disc and the velocity dispersion decreases. The in-falling gas originates from parts of the tidal tails which gradually fall back onto the galaxy. As the stellar bulge of the post-merger galaxy gradually grows, the rotation curve becomes increasingly steep in the centre. As we know from Sect. 3.1, a steep rotation curve is needed in order to detect a DP signature at lower redshift because e.g. at z = 0.05, only the central 3 kpc of the rotation curve is measured. This gradual steepening of the rotation curve explains why we start detecting a DP signature later during post-coalescence in low redshift observations than high redshift ones.

The detected DP signature eventually disappears at about 2500 Myr. At this point, the gas contracts drastically to the very centre and the central part of the disc is dominated by random motion which can be seen as the velocity dispersion increases. As mentioned in Sect. 3.2.1, this is due to low feedback efficiency. It is therefore difficult to say whether such a rapid collapse is realistic or whether a central disc can fall so quickly into the centre. Therefore, in the following, we only consider simulation snapshots up to the moment when we also see a gas distribution that is not contracted below he resolution.

We computed the DP fraction for all selected major-merger simulations and observe a recurring pattern: strong DP detection is observed at close interactions and a gradually increasing DP fraction emerges between 500 and 1000 Myr after the final coalescence. In Fig. 12, we show the DP fraction observed at z = 0.05 seen after the final coalescence for all selected majormerger simulations. We see, that for gSb + gSb mergers, a DP Article number, page 12 of 22 Maschmann et al.: The origin of double-peak emission-line galaxies observations provide a spatial resolution and Comerford et al. (e.g. 2009bComerford et al. (e.g. , 2011););Müller-Sánchez et al. (e.g. 2015); Nevin et al. (e.g. 2016) and Comerford et al. (2018) succeeded in resolving a dual AGN as the underlying mechanism of a detected DP and distinguished them from other mechanisms such as gas outflows or rotating discs. Therefore, the mechanisms, discussed in this work should be studied in greater detail by means of surveys such as MaNGA, but at the same time the basic understanding of these phenomena should be investigated with further simulations. Cosmological simulations, in particular, offer a special opportunity as they provide a much greater diversity of different merger scenarii, and galaxies are in constant interaction with their environment. Furthermore, the inclusion of AGN feedback allows to even further discuss how DP emission lines are connected to physical processes (Somerville & Davé 2015;Vogelsberger et al. 2020). A complete analysis of SDSS-like spectroscopic observations in cosmological simulations may also provide insight into which underlying process is more likely (e.g. bar signatures or minor merger).

By aiming for a better understanding of the kinematic footprint of gas in galaxies, we might also be able to apply such insights to upcoming surveys. The SDSS only observed galaxies in the late Universe. By using DP emission-line signatures as a tracer to study gaseous discs and galaxy mergers, we can better estimate the merger rate over larger ranges of redshift. This would help us to understand for example how galaxies evolve through mergers and quantify how the star-formation rate is connected to such phenomena. Two upcoming surveys are of special interest for this very task: the VLT 4MOST survey as it probes emission-line galaxies up to a redshift of z = 1.1 (Richard et al. 2019) and the EUCLID mission which will provide spectroscopic data for galaxies up to z ∼ 2 (Laureijs et al. 2011). Spectroscopic observations from the EUCLID mission will not be able to resolve DP signatures due to the insufficient spectral resolution of R=250 at a pixel size of 0.3 ′′ , however, the high imaging resolution of 0.1 ′′ will enable to probe earlier stages of merger with an unprecedented sample size. Visual galaxy mergers and DP emission-line galaxies can be used as a tool to select promising candidates in the high redshift universe and compare the measured kinematic footprint and merger rate to the ones we know from the late Universe.

Conclusions

A double-peak (DP) emission line, observed in the centre of a galaxy is a peculiar feature, as it offers insights into the central kinematic processes. This kinematic footprint has been used to find dual active galactic nuclei (AGN) or AGN-driven gas outflows. In recent studies, a broader search for DP galaxies has been conducted in order to shed light on this phenomenon from a more general perspective. The resulting DP sample showed that AGNs represent only a small subgroup and the majority shows only moderate or no AGN activity. Furthermore, DP galaxies are predominantly S0 or disc galaxies with large bulges and no increased merger rate was observed. Taking into account that starforming DP galaxies exhibit a central star-formation enhancement, the most plausible explanation would be the observation of a minor merger. However, without followup observations one cannot conclusively determine the underlying mechanism for an individual galaxy.

In order to get a better understanding of the internal kinematic processes creating a DP signatures, we investigated different possibilities in this work. We, therefore, computed synthetic SDSS spectroscopic emission-line observations from disc models and simulations and searched for DP signatures from all directions using a grid of observation angles. With axisymmetric models, we explored from which observation angle and for which rotation curves one can see a DP. To get a more realistic view, we searched in simulations of isolated galaxies from where we can observe a DP signature and found besides a rotation pattern that bars can create a strong DP when observed parallel to the major axis of the bar. We also observed minor and major-merger simulations over the course of their merger process. We found DP signatures during close encounters of two galaxies as two gas components are present inside the spectroscopic observation. Furthermore, after about 1 Gyr after the final coalescence, we see a central rotating disc in post-major mergers which create a distinct DP fraction. This phenomena however, is not detected in minor-merger simulations. However, a strong DP signature is observed within 350 Myr after the final coalescence. For the discussed stages of major and minor merger simulations, the morphology does not give a direct indication of a recent merger.

Using axisymmetric models, we have gained a clear understanding of how the connection between the stellar bulge and the rotation curve can lead to a DP. Massive or highly concentrated bulges can create a strong central velocity gradient such that a DP can be observed at low inclinations of θ = 40 • (θ = 0 • would be face-on). In the context of observed DP galaxies in the SDSS, we must clearly say that late cycles of major mergers are unlikely, as they tend to produce S0 and mainly elliptical morphologies. Moreover, at the merger stage, we discuss here, they have already consumed the majority of their gas for star formation and an enhanced star-formation rate is close to impossible. Minor mergers and bars as a mechanism for DP signatures show great agreement with observations. On the one hand, both are known for central star-formation activity and, on the other hand, both phenomena occur frequently. Although the range in which we can observe a DP in minor mergers is relatively short (about 350 Myr), however, this footprint can be seen from a large range of angles and there is no correlation with the galaxy inclination. These findings show further possibilities of how one can interpret an observed DP emission line. And at the same time it is in line with the observations of which minor mergers were discussed as the most plausible explanation.

In the context of future work on DP emission-line galaxies, we further discussed that using integrated-field spectroscopy can disentangle the underlying mechanisms. Furthermore, the understanding of DP emission lines is a crucial tool for upcoming spectroscopic surveys at high redshift, as they can help to identify galaxy mergers.

CHAPTER 4

Molecular gas in double-peak emission-line galaxies

As it was pointed out in the Chapters 1 and 3, there are many different mechanisms that can produce double-peak (DP) emission-lines. However, one can systematically rule out speciĄc scenarios and Ąnd statistical arguments in favour of one most probable scenario. From Maschmann et al. ( 2020), we know that galaxies classiĄed as S0 galaxies or bulge-dominated spiral galaxies are more likely to exhibit DP emission lines. In addition, DP galaxies, classiĄed as star-forming galaxies, exhibit a central star-formation enhancement and the measured gas kinematics deviate from the predicted kinematic behaviour according to the Tully-Fisher relation. Taking all these aspects into account, the most probable scenario is a DP emission-line signature originating from two gas populations inside the Ąbre which is the result of a minor merger. This scenario was discussed in detail in Chapter 3 using simulations and clearly points out that, merger events can be the cause of a DP. However, to further argue on this scenario, additional observations are needed to provide a new perspective on associated effects such as merger-induced star formation. Therefore, I conducted 2 observational runs with the IRAM 30m telescope located at Pico Veleta in Spain to measure the molecular-gas content of in total 70 DP galaxies.

As discussed in detail in Chapter 1 Sect. 2.3 and 3, galaxy mergers can funnel gas into the galaxy centre and enhance star formation. I, therefore, selected galaxies which are located at least 0.3 dex above the main star-forming sequence (see Chapter 1,Sect. 4.3) and studied their molecular-gas content. I selected 35 DP I observed with the IRAM 30m telescope and 17 DP galaxies from the literature. Even though, the area measured by the IRAM 30m telescope of 23 ′′ and 12 ′′ is signiĄcantly larger than SDSS spectroscopic measurement of 3 ′′ , it was possible to Ąnd in about 19 % of the DP galaxies the exact same DP signature in the molecular gas as found in the SDSS emission-line spectrum. This is an indication that in many galaxies the molecular gas might be highly concentrated in the centre and coincides with the star-formation sites, traced by the ionised gas. In addition to that, a clear central star-formation enhancement is further supporting this scenario. A morphological classiĄcation of these galaxies revealed that 50 % show signs of a recent merger or tidal features. Comparison to molecular gas scaling relations from the literature reveals an unusually large molecular gas reservoir but moderate depletion times, expected from their distance to the main sequence. In the Maschmann et al. (2022b) peer reviewed journal article, I describe in detail the molecular gas observations, the subsequent data analysis, the DP characteristics and Ąnally conclude on the origin of the observed DP signature.

DP galaxies which are situated above the main star-forming sequence are a special population of the DP galaxies, assembled in Maschmann et al. (2020). The characteristics of these galaxies indicate a minor merger event or the accretion of a signiĄcant amount of gas in the recent past. Such an event funneled gas into the centre, enhancing star formation and thus lifting the galaxy above the main sequence. Due to their large bulges, the gas in these galaxies is stabilised against gravitational instabilities, reducing the star-formation efficiency. This gas distribution is observed in the form of DP emission-lines.

Introduction

The evolutionary state of galaxies depends mostly on their growth rate and their efficiency when it comes to transforming gas into stars. Galaxy interactions, smooth accretion of gas, and internal mechanisms such as active galactic nucleus (AGN) feedback all affect the gas content and the SF. Galaxy interactions and mergers are well known to enhance the star-formation rate (SFR) (Bothun & Dressler 1986;Pimbblet et al. 2002). However, while they tend to increase the molecular-gas content (Combes et al. 1994;Violino et al. 2018;Lisenfeld et al. 2019), their effect on the evolution of the neutral hydrogen gas fraction is still an open question. Some studies find little difference in close galaxy pairs (e.g. Zuo et al. 2018;Braine & Combes 1993) or post-merger galaxies (e.g. Ellison et al. 2015) compared to the general population of similar galaxies. Other studies find an enhancement of the atomic gas fraction in recently merged galaxies (Huchtmeier et al. 2008;Ellison et al. 2018) or a deficit in the final stages of merging (Hibbard & van Gorkom 1996). The environment can be also responsible for the final quenching of a galaxy (Balogh et al. 1998). Interactions and mergers can also drive gas towards the centre and hence fuel a nuclear black hole, enhancing AGN activity and feedback (Croton et al. 2006;Springel et al. 2005), which can then influence star formation (SF) in the host galaxy (Barrows et al. 2017;Concas et al. 2017;Woo et al. 2017). In cases of powerful AGNs, the radiation can shut down the SF entirely (Di Matteo et al. 2005;Croton et al. 2006;Cattaneo et al. 2009). Relying on simulations, Sanchez et al. (2021) discussed the fact that two successive minor merger events can quench Milky Way-like galaxies through AGN feedback. Based on the projected distances between galaxies and projected velocities, Ellison et al. (2008) and Patton et al. (2011) conducted studies on large galaxy pairs samples and the associated effects. They found an increase of central SF with decreasing galaxy separation. By extending the pair search with quasi stellar objects and AGNs, Ellison et al. (2011b) found that AGN activity can be triggered by galaxy interactions before the final coalescence.

To explain the overall growth of galaxies over cosmic time, Tacchella et al. (2016b) described a scenario of recurring episodes of gas in-fall and depletion phases. Gas is accreted into a galaxy in large amounts through streams from the surroundings (Dekel et al. 2009) or through minor merger events, causing a contraction of the gas disc with efficient star-formation sites and a central enhancement (Dekel & Burkert 2014). This shifts the galaxy above the star-forming main sequence (MS), before Article number, page 1 of 33 Maschmann et al.: Central star formation in double-peak gas-rich radio galaxies 2.1.1. Selection of M20 DP galaxies 0.3 dex above the MS We computed the SFR of the MS SFR MS = SFR(MS; z, M * ), as parametrised by Speagle et al. (2014), at the redshifts z and stellar masses M * for the DP galaxies of M20 and computed their offset from the MS as δMS = SFR/SFR MS using the SFR computed by Brinchmann et al. (2004) and the stellar masses from Kauffmann et al. (2003). The MS is estimated from observations with a typical scatter of δMS ∼ 0.3 dex (e.g. Noeske et al. 2007;Rodighiero et al. 2011;Whitaker et al. 2012;Schreiber et al. 2015). To target galaxies with increased star-formation activity in comparison to the MS, we thus selected galaxies that are located at least δMS = 0.3 dex above the MS. With this criterion, we aimed to focus our work on galaxies with ongoing SF, which can either be recently induced by galaxy interaction or gas accretion (e.g. Bothun & Dressler 1986;Pimbblet et al. 2002) or be the remainder of a faded starburst event (Schawinski et al. 2009;French et al. 2015). We selected 35 DP galaxies, which we observed with the IRAM 30m telescope. These galaxies correspond to the red dots of Fig. 1, in which the whole parent M20 sample is shown via grey dots.

IRAM-30m observations of the selected M20 galaxies

We observed the 35 DP galaxies during two observing runs from the 21 to the 24 April 2020 and from the 23 to the 29 December 2020 with the IRAM 30m telescope at Pico Veleta in Spain. Galaxies with a redshift of z < 0.144 could be observed simultaneously in the CO(1-0) and CO(2-1) lines, and five galaxies at higher redshift were only observable in CO(1-0) at the time. The mean emission-line wavelengths were ∼ 3 mm for the CO(1-0) line and ∼ 1.5 mm for the CO(2-1) line. Thick clouds and snow prevented us from observing for 1.5 nights during the first run and two nights during the second run, but we were able to observe all proposed galaxies during the remaining time under excellent conditions.

The galaxies were observed using the broad-band EMIR receiver, tuned in single-band mode with a total bandwidth of 3.715 GHz per polarisation. This allowed us to observe an average velocity range of 11 140 km s -1 for the CO(1-0) line and 5 570 km s -1 for the CO(2-1) line. The Wobbler switching mode was used to carry out the observations and the backends WILMA and FTS were used in parallel with a channel width of 2 MHz and 0.195 MHz, respectively.

We pointed, on average, one hour at each galaxy and reached noise levels between 0.1 and 1.8 mK (main-beam temperature), smoothed over 60 km/s. Focus measurements were performed at the beginning of the night and at dawn, as well as pointing measurements every two hours. The temperature scale we use here is main-beam temperature, and the beam size is λ/D = 22 ′′ at 2.8 mm and 12 ′′ at 1.4 mm wavelength with an average beam efficiency of η mb = T * A /T mb = 0.76 and 0.56, respectively. The observation data were reduced using the CLASS/GILDAS software. We transformed the observed main-beam temperature into units of spectral flux density by using the IRAM-30m-antenna factor of 5 Jy/K, in order to compare our observations with other CO samples.

Inclusion of galaxies with CO data from the literature

In order to enlarge our sample, we further selected DP galaxies lying more than 0.3 dex above the MS from published CO observations. An emission-line fit conducted using the method described in M20 is shown in Fig. 3 for DP-8 1 , one of the 35 galaxies taken from M20. For galaxies from the literature, we performed a simplified DP selection procedure compared to the one of M20, especially with no emission line stacking nor multiple selection stages. Our present algorithm consists of a simultaneous fit of multiple emission lines and selection criteria but we finally rely on a visual inspection, to exclude some noisy spectra but also to enlarge the selection to galaxies with strongly perturbed gas kinematics making emission lines deviate from pure double-Gaussian profiles. The identification of DP emission-line galaxies in literature samples is hence as follows. The best-fitting stellar continuum template provided by Chilingarian et al. (2017) is first subtracted from the SDSS spectrum to obtain the pure emission-line spectrum. Then, we fit single and double-Gaussian functions to the emission lines Hβ, [OIII]λ4960, [OIII]λ5008, [OI]λ6302, [NII]λ6550, Hα, [NII]λ6585, [SII]λ6718, and [SII]λ6733 simultaneously. We also use a global velocity of µ (resp. µ 1 and µ 2 for the double-Gaussian fit) and a Gaussian standard deviation σ (resp. σ 1 and σ 2 ) for all emission lines but keep the individual emissionline amplitudes as free parameters. We also include the spectral instrumental broadening σ inst in the fitted σ for each observed emission line individually in order to obtain the observed Gaussian velocity dispersion σ obs = σ2 inst + σ 2 . We pre-select galaxies that are selected by the F-test criterion, with an emission-line separation ∆v = |µ 1 -µ 2 | of at least 200 km s -1 and an amplitude ratio of the [OIII]λ5008 or Hα line to be between 1/3 and 3, as described in detail in M20.

We select 17 DP galaxies from the literature. These include 11 galaxies observed with the Combined Array for Research in Millimeter-wave Astronomy (CARMA) by Bauermeister et al. (2013), three ultra-luminous infrared galaxies (ULIRG) observed with the 14m telescope of the Five College Radio Astronomy Observatory (FCRAO) observed by Chung et al. (2009), two galaxies observed with the IRAM 30m telescope as part of the COLD GASS survey (Saintonge et al. 2011(Saintonge et al. , 2017)), and one galaxy observed by Solomon et al. (1997), which is known as Arp 220. We found an ALMA-CO(1-0) observation for this galaxy in the ESO archives 2 . With the high spatial resolution of 37 pc, Scoville et al. (2017) succeeded in precisely locating the two nuclei and studying their nuclear gas discs. We extract the molecular-gas observations from the exact same location as the 3 ′′ SDSS fibre and also from the entire galaxy. We note that the majority of the molecular gas coincides with the two nuclei of Arp 220. However, these two nuclei are strongly obscured by dust, and the SDSS 3 ′′ fibre observation is centred about 4 ′′ north of the two nuclei (Scoville et al. 2017).

We thus gather a DP galaxy sample with CO observations of 52 galaxies lying more than 0.3 dex above the MS: the 35 galaxies from M20 for which we present new CO observations and the 17 galaxies selected from the literature. This sample is presented in Table 1 with characteristic measurements such as the redshift, stellar mass, SFR, radio-continuum fluxes, galaxy size, and inclination. In Sect. 2.2, we further discuss the total DP detection rate for each public CO galaxy sample included in this work. Notes. DP emission-line galaxy sample consisting of 52 galaxies, observed in CO and lying more than 0.3 dex above the MS. We conducted CO observations for 35 galaxies and mark observations from the literature for the remaining 17. We note galaxies taken from Solomon et al. (1997) with the footnote a, from Saintonge et al. ( 2017) with b, from Bauermeister et al. (2013) with c, and from Chung et al. (2009) with d. We show the SDSS designation, redshift, stellar mass (Kauffmann et al. 2003), and SFR (Brinchmann et al. 2004). Radio fluxes at 150 MHz are taken from Shimwell et al. (2019), those at 1.4 GHz are taken from White et al. (1997), and those at 3 GHz are taken from (Lacy et al. 2020). D 25 is the optical diameter at the 25 mag isophote taken from the NASA/IPAC Extra galactic Database (NED) a . We used the radii computed from the SDSS r-band observation or, if available, from a photometric B-band observation. We further present the galaxy inclination calculated from a 2D Sérsic profile fit, as described in detail in Sect. 3.2.2.

a https://ned.ipac.caltech.edu/ Article number, page 4 of 33 Maschmann et al.: Central star formation in double-peak gas-rich radio galaxies

Comparison samples

In order to discuss the peculiarities of our DP sample of 52 galaxies, we assembled complementary galaxy samples from existing CO observations in the literature at different redshifts, star-forming activities, and evolutionary states. For each of these galaxy samples, we performed single and double-Gaussian fits to the SDSS emission-line spectra, when available, as described in Sect. 2.1.3, and present an overview of the DP fractions in Table 2. The DP galaxies lying more than 0.3 dex above the MS have been included in the DP sample of 52 galaxies, as discussed in Sect. 2.1.3.

Sample from the COLD GASS survey

We use 213 CO(1-0) detected galaxies from the final COLD GASS sample (Saintonge et al. 2011(Saintonge et al. , 2017)), observed with the IRAM 30m telescope with M * greater than M * > 10 10 M ⊙ and 0.025 < z < 0.050. These constraints exclude the COLD GASS low extension, which is composed of galaxies of 10 9 M ⊙ < M * < 10 10 M ⊙ . We discarded these galaxies since they have an M * of about ∼ 1 -2 dex smaller than the discussed DP sample. Due to their smaller gravitational potential, these galaxies play a different role in terms of merger-induced SF. The selected sample represents the local galaxy population, since it was selected randomly out of the complete parent sample of the SDSS within the ALFALFA footprint. We find 13 galaxies to be identified with a DP and include the two that are situated more than 0.3 dex above the MS in our present DP sample (Sect. 2.1.3).

M sample

To characterise galaxies that are scattered around the MS at higher redshift (z = 0.5-3.2), we composed a CO-detected sample, which is a part of the sample used in Tacconi et al. (2018). This sample is associated with the MS at higher redshift and we name it the M sample. The purpose of this sample is to compare the molecular-gas content and scaling relations of gas depletion time and molecular-gas fractions of DP galaxies with galaxies associated with the MS. We gathered 51 MS galaxies from the PHIBSS1 survey (Tacconi et al. 2013) observed with the IRAM Plateau de Bure Interferometer (PdBI) in CO at two redshift groups, z = 1 -1.5 and z = 2 -2.5, 87 MS galaxies from the PHIBSS2 survey (Tacconi et al. 2018;Freundlich et al. 2019) observed with NOEMA in CO(2-1) or (3-2) at z = 0.5 -2.7, nine MS galaxies at z = 0.5 -3.2 observed by with IRAM PdBI in CO(2-1) or (3-2) (Daddi et al. 2010;Magdis et al. 2012), six MS galaxies from the Herschel-PACS Evolutionary Probe (PEP) survey (Lutz et al. 2011) observed with the IRAM PdBI in CO(2-1) at redshift z = 1 -1.2 (Magnelli et al. 2012), and eight MS gravitationally lensed galaxies observed with the IRAM PdBI in CO(3-2) at z = 1.4 -3.2 (Saintonge et al. 2013, and references therein). As shown in Fig. 2, this sample is scattered around the MS with some outliers of up to δMS = 1 dex. Contrary to the sample used in Tacconi et al. (2018), we discuss the COLD GASS sample, the EGNOG and ULIRG samples separately, and exclude all sub-samples of galaxies situated above the MS. We composed the M sample with 161 galaxies. Even though this sample lies at higher redshift than our DP sample, it allows us to discuss underlying mechanisms accounting for deviation from the scaling relations found by Tacconi et al. (2018) and which contribute to various stages of cosmic evolution. Due to their high redshifts, we do not have optical spectra of the M sample galaxies and are thus unable to estimate their DP fraction.

Sample from the EGNOG survey

We used 31 CO(1-0) or (3-2) galaxies detected above the MS from the EGNOG survey (Bauermeister et al. 2013) at redshift z = 0.06 -0.5. These galaxies are mainly characterised by starformation enhancement and show starbursts in some cases. We have SDSS spectra for 26 of these galaxies and find 11 galaxies exhibiting a DP, which we select in our present DP sample (discussed in Sect. 2.1.3). To discuss the remaining single-peaked (SP) galaxies of this sample, we gather them in the SP-EGNOG sample. The DP galaxies of the EGNOG sample are similar to the present DP sample ones in terms of SFR (Brinchmann et al. 2004), M * (Kauffmann et al. 2003), and redshift. One main difference is the absence of radio continuum observations for the most part of this sample.

ULIRG sample

To compare our galaxies with the brightest infrared (IR) galaxies, we assembled a sample of ultra luminous infrared galaxies (ULIRG) with existing CO detections performed with the IRAM 30m and the FCRAO 14m telescope. These galaxies exhibit a starburst or are identified as strong quasars. We selected 18 ULIRGs detected in CO(1-0), ( Solomon et al. 1997). We identify three DP galaxies out of eight SDSS galaxies published by Chung et al. (2009), which are also part of our present sample (defined in Sect. 2.1.3). One DP galaxy out of the eight SDSS galaxies in Solomon et al. (1997) is Arp 220, part of our present DP sample. This provides us 93 ULIRGs, enabling us to compare our DP sample with strong IR and radio sources.

Low-SF sample

To study the difference between star-forming galaxies and galaxies at late stages of a starburst, or even with quenched SF, we gathered a low-SF sample. Therefore, we used 11 galaxies from Schawinski et al. (2009), which were CO(1-0)-detected with the IRAM 30m telescope. These galaxies are early-type galaxies at a redshift of 0.05 < z < 0.10, currently undergoing the process of quenching or showing late-time SF. We further selected 17 CO(1-0) and (2-1) detected post-starburst galaxies with little ongoing SF (∼ 1M ⊙ yr -1 ) at 0.01 < z < 0.12 (French et al. 2015), four of which are exhibiting DP emission lines in the SDSS spectra. We added 15 bulge-dominated, quenched galaxies with large dust lanes detected in CO(1-0) and (2-1) with the IRAM 30m telescope at 0.025 < z < 0.133 (Davis et al. 2015), three of which have DP emission line in the SDSS spectra. Finally, we added two quenched massive spiral galaxies at z ∼ 0.1 detected in CO(1-0) with the IRAM 30m telescope (Luo et al. 2020). The low-SF sample therefore consists of 38 galaxies, creating a wellsuited counterpart to MS and above-MS galaxies.
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MEGAFLOW sample

We aim to discuss our observations with respect to recent NOEMA observations conducted by Freundlich et al. (2021).

In a pilot programme of the MusE GAs FLOw and Wind (MEGAFLOW) survey, they measured CO and ( 4-3) detection limits for six galaxies at z = 0.6-1.1 with confirmed inflows and outflows in the circumgalactic medium, to test the quasiequilibrium model and the compaction scenario describing the evolution of galaxies along the MS, implying a tight relation between SF activity, the gas content, and inflows and outflows. This sample will help us discuss different mechanisms of compaction due to filaments or merger-driven inflows, increasing both the molecular-gas content and the star-formation efficiency, which is discussed in Sect. 5.3.

Fraction of DP galaxies in the comparison samples

Forty-three DP galaxies have been idenfied in the EGNOG, COLD GASS, ULIRG, and low-SF samples. Table 2 shows the fraction of DP galaxies in each sample. The M and the MEGAFLOW samples are not part of the SDSS and it is not possible to derive a DP fraction for them. Furthermore, only 19 % of the ULIRG sample is covered by the SDSS, which makes it difficult to estimate a DP fraction. As described in Sect. 2.1.3, only galaxies situated more than 0.3 dex above the MS have been selected for the present DP sample, restricting us to 17 galaxies. Hence, the remaining 26 DP galaxies are excluded from the subsequent analysis of the DP sample.

Distributions of M * and distance to the MS for all samples

Figure 2 displays the location of the galaxies from all the samples with respect to the MS, as defined in Sect. 2.1. The estimated uncertainty of SFR MS is 0.2 dex (Speagle et al. 2014). We used the SFR estimates provided by Brinchmann et al. (2004) and the M * provided by Kauffmann et al. (2003) for our DP sample, the SF-EGNOG sample, the COLD GASS sample, and the low-SF sample, if available. We estimate a mean uncertainty of 0.1 dex for M * for all these samples. For the SFR measurement, the average uncertainties are 0.3 dex for the DP sample, 0.15 dex for the SF-EGNOG sample, 0.45 dex for the low-SF sample, and 0.4 dex for the COLD GASS sample. The high mean uncertainties for the latter two samples are mainly influenced by quenched galaxies, as they show large SFR uncertainties (Brinchmann et al. 2004). For the M and the MEGAFLOW samples, we used SFR and M * values provided in the literature. An estimate of the mean uncertainties is 0.25 and 0.2 dex for the SFR and M * , respectively (Tacconi et al. 2018;Freundlich et al. 2019Freundlich et al. , 2021)). For the ULIRG sample, we used a litera- Notes. We present the number of available radio-continuum measurements in all three radio frequencies used in Fig. 9. The percentages do not represent the radio detection rates, since not all samples are located in the observed footprints of the used radio surveys.

ture M * estimate if available and computed the SFR from the L FIR following Kennicutt (1998). The uncertainties for the SFR and M * are 0.2 and 0.15 dex, respectively, as discussed in Genzel et al. (2015). However, many of these galaxies are known to host powerful AGNs, which can contribute substantially to the IR flux. Furthermore, the aperture effects and possible contribution of companions can also lead to a systematic overestimation of both the SFR and the stellar mass (Sanders & Mirabel 1996).

Since we cannot quantify systematic uncertainties, we used these estimates with caution. We find that the M sample, the majority of the COLD GASS sample, the MEGAFLOW sample, and parts of the low-SF sample are situated within the MS. We observe that parts of the COLD GASS and low-SF samples are shifted below the MS. As expected due to their high-IR luminosities, we find the ULIRG sample to be located far above the MS, and in some cases it exceeds 2 dex. Since their SFR is estimated using L FIR , it is possible that in some cases non-stellar gas heating from the AGN dominates the IR emission, biasing the SFR estimate as shown in Ciesla et al. (2015). We find the DP and EGNOG samples situated in the same environment: in the upper MS or above with high stellar masses of ∼ 10 11 M * , and below the ULIRG sample.

Radio continuum for all samples

To discuss the star-forming activity based on synchrotron emission, we cross-matched the different samples with radiocontinuum observation catalogues at 150 MHz, 1.4 GHz, or 3 GHz. These measurements would also be sensitive to the contribution of a possible hidden AGN. We thus selected galaxies observed by the LOFAR Two-metre Sky Survey (LoTSS) at 150 MHz (see Shimwell et al. (2019) for DR1), the Faint Images of the Radio Sky at Twenty-Centimeters (FIRST) at 1.4 GHz (White et al. 1997) or the Very Large Array Sky Survey (VLASS) at 3 GHz (Lacy et al. 2020). We used the integrated radio flux measured for each source. We used the LoTSS DR2 (early access) fluxes as the DR2 offers a larger coverage of SDSS DR7 footprint than the DR1. One can note that the DP galaxies covered by LOFAR observations have been detected.

We include radio measurements at 150 MHz provided by the LoTSS DR2 (see for DR1 Shimwell et al. 2019) and at 3 GHz taken from the VLASS (Lacy et al. 2020). We used the 1.4 GHz observations from the FIRST survey (White et al. 1997) or the NVSS (Condon et al. 1998). In Table 3, we present the fraction of available radio measurements for the different samples. We had early access to the LoTSS DR2, which does not cover the entire northern hemisphere. We thus can only take into account galaxies that are within the observed footprint. We compute the Article number, page 6 of 33 Maschmann et al.: Central star formation in double-peak gas-rich radio galaxies molecular-gas mass including a correction of 36 % for interstellar helium using

M H2 = α CO L ′ CO(J→J-1) /r J1 , , (4) 
where the mass-to-light ratio α CO denotes the CO(1-0) luminosity-to-molecular-gas-mass conversion factor, and r J1 = L CO (1→0) /L CO (J→J-1) is the CO line ratio.

Conversion factor

The conversion factor estimated for the Milky Way and nearby star-forming galaxies with similar stellar metallicities to the Milky Way, including a correction for interstellar helium, is α G = 4.36 ± 0.9 M ⊙ /(K km s -1 pc 2 ) (Strong & Mattox 1996;Abdo et al. 2010). As discussed in Wolfire et al. (2010) and Bolatto et al. (2013), the CO conversion factor depends on the metallicity. We use a mean value for the correction established by Genzel et al. (2012) and Bolatto et al. (2013) and adopted by Genzel et al. (2015), Tacconi et al. (2018), andFreundlich et al. (2021):

α CO = α G 0.67 × exp(0.36 × 10 8.67-log Z ) × 10 -1.27× (8.67-log Z) ,

where log Z = 12 + log(O/H) is the gas-phase metallicity on the Pettini & Pagel (2004) scale, which we can estimate from the stellar mass using log Z = 8.74 -0.087

× (log(M * ) -b) 2 , (6) 
with b = 10.4 + 4.46 × log(1 + z) -1.78 × (log(1 + z)) 2 (see Genzel et al. (2015) and references therein). The gas-phase metallicity can be estimated using optical emission-line ratios, as discussed in Pettini & Pagel (2004). However, the SDSS central 3 ′′ spectral observation is only covering the central part of the galaxy, depending on the redshift. Here, we use Equation 6in order to obtain an estimate for the entire galaxy selection and to be consistent with previous works (Genzel et al. 2015;Tacconi et al. 2018;Freundlich et al. 2021). Furthermore, this approach enables us to compute the gas-phase metallicity for galaxies with no available spectral measurements. We find a mean conversion factor for the DP sample of α CO = 3.85 ± 0.08 M ⊙ /(K km s -1 pc 2 ), which is similar to the conversion factor we find for the EGNOG sample (of 3.86 ± 0.09 M ⊙ /(K km s -1 pc 2 )), the low-SF sample (3.86 ± 0.12 M ⊙ /(K km s -1 pc 2 )), or the COLD GASS sample (3.84 ± 0.10 M ⊙ /(K km s -1 pc 2 )). For the ULIRG sample, we find a slightly higher conversion factor of α CO = 4.00±0.39 M ⊙ /(K km s -1 pc 2 ). In case we do not have the stellar mass of a galaxy, we use the mean stellar mass of the sample to compute the conversion factor and then the molecular-gas mass. This estimation is adapted for MS galaxies (e.g. Tacconi et al. 2018) and might be overestimated in comparison with the conversion factor of α CO = 0.80 M ⊙ /(K km s -1 pc 2 ) for ULIRGs discussed in Solomon et al. (1997), and we therefore use this conversion for these galaxies. The molecular-gas mass of the three ULIRGs which we adapted for our DP sample from Chung et al. (2009) are calculated using Equation. 5 in order to keep a consistent molecular-gas-mass estimate.

To compare the calculated molecular-gas masses, we need to assume the line ratio r J1 . In Genzel et al. (2015), Tacconi et al. (2018), andFreundlich et al. (2021), a line ratio of r 21 = 0.77 and r 31 = 0.5 was assumed, which is used here for the M sample.

For the ULIRG sample, we choose ratios of r 21 = 0.83, r 31 = 0.52, and r 41 = 0.42, which are empirically motivated by recent observations (see Genzel et al. (2015) and references therein).

Aperture correction

The closest galaxies that we observed are not entirely covered by the CO(1-0) 22 ′′ beam, resulting in an incomplete measurement of the molecular gas. To account for the gas content outside the telescope beam, we perform an aperture correction following Lisenfeld et al. (2011). Relying on CO maps of local spiral galaxies (Nishiyama et al. 2001;Regan et al. 2001;Leroy et al. 2008), these authors assume an exponential distribution function of the CO gas. Hence, we first define the scale and geometry of each galaxy. To approximate the apparent galaxy size, we extract the optical radius at the 25 mag isophote r 25 (see Table 1). As discussed in Lisenfeld et al. (2011), we can assume r e /r 25 = 0.2 where r e is the CO scale length. We measure the galaxy inclination using the minor-to-major axial ratio b/a estimated from a 2D Sérsic profile fit using the photometric diagnostic software statmorph3 (Rodriguez-Gomez et al. 2019). We compute the inclination i as

cos i = (b/a) 2 -q 2 0 1 -q 2 0 , (7) 
where q 0 describes the intrinsic axial ratio of an edge-on observation and is set to q 0 = 0.2 (Catinella et al. 2012;Aquino-Ortíz et al. 2018). For galaxies classified as mergers, we set the inclination to 0 • , since we cannot identify their orientation with a Sérsic profile. Lastly, following Lisenfeld et al. (2011), the aperture correction factor is computed as

f a = πr 2 e ∞ 0 dx ∞ 0 dy exp        -ln(2)        2 x Θ B 2 + 2 y cos(i) Θ B 2               exp        - x 2 + y 2 r e        -1 , (8) 
where Θ B is the FWHM of the observation beam. We carry out the integration numerically. We present the aperture correction factors and the corrected molecular-gas masses in Table B.3. We set the correction factor to 1 for galaxies that are observed using interferometry since we have accurate molecular-gas-mass measurements. We measure a mean correction factor for the DP sample of f a = 1.27. We present the CO luminosities, the molecular-gas mass, and the aperture correction in Table B.3.

DP sample characteristics

The properties of the DP galaxies are discussed here. These include their position on the BPT diagram (Sect. 3.3.1), their morphology and their environment (Sect. 3.3.2), and their inclination (Sect. 3.3.3).

BPT diagram

We use the BPT diagnostic diagram (Baldwin et al. 1981) We also show the BPT classification of the blueshifted and redshifted components in columns 3 and 4, respectively. In column 5, we show the total BPT classification using the non-parametric fit. In column 6, we indicate if we succeeded in performing a combined fit using a 1. We display the number of galaxies N G associated in the same group in column 7 and the distance to the closest neighbour in column 8. We preferred to use Saulder et al. (2016), which is denoted with a † and, for galaxies at z > 0.11, we used Yang et al. (2007), denoted with a +. The denotations a, b, and c are the same as in Table 1.
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CO and radio-luminosity correlation

star-formation sites accelerate electrons and positrons in supernova remnants to high energies, emitting synchrotron radiation when interacting with the galaxies magnetic field (e.g. Condon 1992). It is thus possible to directly trace the SF with radio continuum observations, which is a well-established technique at 1.4 GHz (Condon 1992;Bell 2003;Schmitt et al. 2006;Murphy et al. 2011) and has also proven to be valid at 150 MHz, as shown in Calistro Rivera et al. ( 2017) and Wang et al. (2019). In contrast, electrons and positrons can also be accelerated in relativistic jets of AGN and shock regions as discussed in, for example, Meisenheimer et al. (1989). In extended radio lobes, these high-energy particles interact with the magnetic-field-creating sychrotron emission (see e.g. Krause et al. 2012). Both mechanisms result in a spectrum described by a power law of S(ν) ∝ ν α , where S(ν) is the radio flux and α the spectral index. SF depends directly on the molecular-gas reservoir, and thus another way to exploit this connection is the relation between the radio luminosity and L ′ CO . This relation has been known for a long time using the 1.4 GHz radio continuum, and it dates back to the beginning of CO observations (Rickard et al. 1977;Israel & Rowan-Robinson 1984;Murgia et al. 2002). Recently, Orellana-González et al. (2020) quantified this relation as L ′ CO = (1.04 ± 0.02) L 1.4 GHz -14.09 ± 0.21 for galaxies at z < 0.27 for more than five orders of magnitude of the luminosities. We aimed to test this relation for the selected CO samples by distinguishing between star-forming galaxies and those with AGN contribution.

In Fig. 9, we show the correlation between L ′ CO and radio luminosity at 150 MHz, 1.4 GHz, and 3 GHz. The average uncertainties of the observed radio fluxes are 7 % at 150 MHz, 5 % at 1.4 GHz, and 11 % at 3 GHz and are indicated by an error bar. We mark active galaxies with dots, SF galaxies with yellow stars, and COMP galaxies with purple stars. We find a good agreement with the empirical correlation found by Orellana-González et al. (2020) for L 1.4 GHz and observe a similar behaviour for the SF-COMP sub-samples at 3 GHz and 150 MHz. We note that galaxies classified as AGNs do not follow such a linear relation. The ULIRG sample especially shows a clear excess in radio luminosity in comparison to other galaxies with comparable L ′ CO measurements. This might be an indicator that the radiocontinuum emission is dominated by the AGN and is thus no longer correlated with the molecular gas. We fit a straight line to all three relations by only using the SF+COMP sub-samples, and we show the fit results in Table 5. For the L ′ CO -L 1.4 GHz relations, we find a less steep slope (0.80 ± 0.05) than Orellana-González et al. (2020) (1.04 ± 0.02). However, taking the scatter of 0.32 into account, these two estimates are still comparable. Interestingly, we find similar parameters for the L ′ CO -L 150 MHz , the L ′ CO -L 1.4 GHz , and the L ′ CO -L 3 GHz relations with nearly the exact same slope.

Kennicutt-Schmidt relation

Figure 10 displays the empirical Kennicutt-Schmidt (KS) relation relating the gas density and SFR through a power law (Schmidt 1959;Kennicutt 1998). On the x-axis, we plot the SFR surface density Σ SFR = SFR/πR 2 , and on the y-axis we plot the molecular-gas surface density Σ H2 = M H2 /πR 2 , where R is the half-light radius provided in the literature from optical high-resolution images, if available, or computed from a 2D Sérsic profile adjusted to the legacy r-band image as explained in Sect. 3.2.2. In the top panel of Fig. 10, we show the unresolved KS relation. We use the same SFR estimates as used for the MS offset estimate in Sect. 2.3. We plot straight lines of constant depletion times t depl = M H2 /SFR of 0.1, 1, and 10 Gyr. We also mark the MS depletion time of 1.24 Gyr, computed by Tacconi et al. (2018), for the mean redshift (z = 0.10) and stellar mass (log(M * /M ⊙ ) = 11.0) of the DP sample. We display the mean uncertainties with error bars that include an average surface estimation uncertainty of 0.2 dex (van der Wel et al. 2012).

The DP sample has a mean depletion time of 1.1 ± 0.8 Gyr; for the SP-EGNOG sample, it is 0.7 ± 0.4 Gyr. These are close to the depletion times expected for galaxies situated on the MS. These two samples fill a slight under-density of measurements between the region dominated by nearby galaxies of the COLD GASS sample and the region of the M sample at higher redshifts. The majority of the galaxies of the low-SF sample and the COLD GASS sample follows the same relation as the M sample, but with some galaxies shifted towards lower star-formation efficiencies (with t depl about 10 Gyr).

We marked galaxies classified as AGNs in Sect. 3.3.1 with stars, and, in fact, the majority of galaxies with very high depletion times are classified as AGNs, which is consistent with a scenario where the AGN is quenching ongoing SF (e.g. Shimizu et al. 2015). Nevertheless, some galaxies with large depletion times do not host any detected AGN activity. This might be due to the exhaustion of their gas reservoir or to a hidden AGN. In contrast, all ULIRGs have significantly smaller depletion times of ∼ 0.01 Gyr and show the largest range of Σ H2 measurements. Furthermore, as we discussed in Sect. 2.2, their SFR might be overestimated due to AGN contribution, since it was computed using L FIR , shifting the galaxies towards regions of smaller depletion times.

In the bottom panel of Fig. 10, we show the KS relation for the ten DP galaxies with a successful combined fit (see Sect. 3.1). Since we find similar gas distributions between the ionised and the molecular gas, we may assume that the majority of the detected molecular gas (see Sect. 3.1) is situated in the central part of the galaxy, fuelling central SF, as discussed in Sect. 3.4. We show on the y-axis Σ SFR Hα , the SFR surface density estimated using the extinction-corrected Hα luminosity of each peak component (see Sect. 3.4). As discussed in Sect. 3.4, this SFR estimate is systematically underestimated by about 1 dex for the DP sample. On the x-axis, we show the individual H 2 mass surface densities Σ H2 fibre , without applying any aperture correction. Both surface densities are calculated for the SDSS 3 ′′ fibre. We also display the mean uncertainties as in the top panel. However, no uncertainties for the surface measurements are included, which leads to significantly smaller error bars. We show the redshifted (resp. blueshifted) peak with a red (resp. blue) square and connect them with a dashed line. The three galaxies, which are classified as mergers, are marked with black plus signs. Interestingly, we find these galaxies to be shifted towards higher molecular-gas surface densities than the non-mergers. As discussed in Sect. 3.4, the SFR Hα estimates are most likely underestimated, causing a

Discussion

The results are discussed here to account for the properties of the DP sample. Sect. 5.1 is devoted to galaxies that are mainly star-formation dominated with a remarkable radio-continuum-CO correlation. Sect. 5.2 discusses the effect of bars. Sect. 5.3 suggests that DP galaxies are akin to the compaction phase observed after mergers in high-z galaxies.

Star-formation dominated galaxies

The evolutionary state of galaxies is mostly determined by their growth rate and star-formation efficiency. The relation between SFR and molecular-gas densities is important, since it quantifies the efficiency of the process (see Bigiel et al. (2008) and references therein). In a recent study, Chown et al. (2021) showed that L CO and IR emission at 12 µm describe an even more robust correlation than L CO and SFR. This provides a better estimator to predict the molecular-gas mass for different kinds of galaxies. This is neither significantly affected by the presence of an obscured AGN nor does it rely on a correct choice of the CO-to-H 2 conversion factor.

Ongoing SF is also measurable in the IR regime where dust grains are heated from the ultraviolet light emitted by young stars. As discussed in Sect. 4.2, electrons are accelerated in supernova remnants of massive young stars, emitting synchrotron radiation. The underlying process of these two emissions is SF and the radio-continuum-infrared (RC-IR) correlation has been studied extensively for star-forming galaxies (e.g. Bell 2003;Ibar et al. 2008;Ivison et al. 2010;Smith et al. 2014;Liu et al. 2015). Although the RC-IR correlation has long been known as one of the tightest in galaxy physics, Molnár et al. (2021) emphasised the poor match of IR and radio samples that could bias the calibration. They find a slightly non-linear correlation of slope 1.11 ± 0.01.

In order to extend the RC-IR correlation, Orellana-González et al. (2020) found a 3D connection L CO , L 1.4 GHz and the infrared luminosity L IR for galaxies with a redshift smaller than z < 0.27. They excluded quasar-like objects to focus on starformation activity. To further explore this relation, we tested the correlation between L CO and the radio continuum luminosity at 150 MHz, 1.4 GHz, and 3 GHz. We also find a linear relation for galaxies classified as SF or COMP with the BPT diagram (see Sect. 3.3.1) for all three radio-continuum measurements. We performed a linear fit and find a slightly flatter relation between L CO and L 1.4 GHz than Orellana-González et al. (2020). Furthermore, we find nearly the same slope for the L CO -L 150 MHz relation (0.80 ± 0.06), the L CO -L 1.4 GHz relation (0.79 ± 0.04), and the L CO -L 3 GHz relation (0.87 ± 0.07).

We also find that these linear relations are not valid for the majority of ULIRGs, which are mostly active galaxies such as quasars or AGNs. Galaxies with high-IR luminosities were observed to be nearly all advanced mergers with circumnuclearstarburst and AGN activity (Sanders & Mirabel 1996). Such galaxies might characterise an important stage of quasar formation and powerful radio galaxies, which is compatible with the large offset that the ULIRG sample shows between CO and radio continuum luminosities. To which relative fractions the ongoing starburst and the AGN are contributing to the IR and radiocontinuum luminosities is still under debate (e.g. Dietrich et al. 2018).

Hence, the slope for SF and COMP galaxies measured constant over a wide range of radio wavelengths might be an indicator that the underlying process is dominated by SF. This is also in agreement with DP galaxies having comparable depletion times of around 1 Gyr (see Sect. 4.3). In particular, the good agreement between results at 1.4 GHz, 3 GHz, and 150 MHz suggests that the latter observable is a robust tracer for SF (Calistro Rivera et al. 2017;Wang et al. 2019). Hence, the presented DP sample is dominated by SF with no significant AGN contribution, as confirmed by the BPT classification discussed in Sect. 3.3.1. Indeed, only two galaxies (DP-1 and DP-22), respectively a merger and a S0 galaxy, exhibit AGN excitation on the BPT diagram, but they have a high SFR and high molecular-gas content.

Gas infall due to bars

Bars are well known to effectively transport gas inwards and create a central starburst. The torques they exert may lead to the creation of star-forming rings in the central parts of galaxies or to the accumulation of gas in the very centre (see Buta & Combes (1996) for a review). Sakamoto et al. (1999) showed, using a sample of nearby galaxies, that the central molecular-gas concentration is higher in barred systems than in unbarred galaxies. This leads to a central star-formation enhancement, which they estimated to be larger than 0.1 -1 M ⊙ yr -1 . By comparing barred, unbarred, and interacting systems, Chown et al. (2019) found that cold gas is transported inwards by a bar or tidal interaction, which leads to the growth and rejuvenation of SF in the central region. Ellison et al. (2011a) found that bars are responsible for 3.5 times more triggered central SF than galaxy-galaxy interactions.

However, in our sample, we only find DP-13 and DP-14 to show a dominant bar. As discussed in Sect. 3.3.2, the present sample is characterised by bulge-dominated systems and mergers. This suggests that the central star-formation enhancement and the higher gas concentration we observe are most likely related to galaxy interactions and mergers, as we discuss in the next section.

Central star formation and compaction phase

As mentioned in Sect. 1, galaxy interactions and galaxy mergers can trigger SF (Bothun & Dressler 1986;Pimbblet et al. 2002). Relying on larger galaxy samples with 10 5 SDSS DR4 galaxy pairs, Li et al. (2008) found a clear star-formation enhancement triggered by galaxy interactions. Based on a systematic search for galaxy pairs in the SDSS DR7, Patton et al. (2011) found evidence for a central starburst induced by galaxy interactions. As discussed in Dekel et al. (2009), the merger mechanism forms steady streams enhancing the growth of the central spheroid, leading to earlier Hubble types. This is a different evolution from one of violent mergers that strongly modify the morphology, and it is in agreement with the hierarchical bulge growth described in Bournaud et al. (2007).

We find that 19 % of the DP sample galaxies show the same kinematic signature in the molecular and ionised gases, indicating that in these galaxies, most of the molecular gas is located in the very central region of radius 3 ′′ . We furthermore observe a central star-formation enhancement for the majority of the DP sample and detect a significant gas reservoir. These findings confirm a compact central star-formation site supporting an effective molecular-gas transportation into the galaxy centre. This scenario is reminiscent of the gas-compaction phase suggested for z = 2 -4 galaxies by observations (e.g. Barro et al. 2013Barro et al. , 2017) ) and simulations (Zolotov et al. 2015;Tacchella et al. 2016a,b) according to which galaxies experience a central enhancement of SF due to gas contraction at their centres, before inside-out depletion and quenching. This model was further described over large scales of cosmic time by Tacchella et al. (2016b), with repetitive compaction and depletion phases shifting galaxies up and down the MS before finally quenching. Since our galaxies are 0.3 dex above the MS, the central SF enhancement and the similar kinematic distribution in the ionised and molecular gas might be a sign of an ongoing compaction phase. In such a scenario, a recent minor merger, a galaxy interaction or a disc instability funnelled gas into the central parts, initiating SF.

In Sect. 4.4, we find that the DP and SP-EGNOG samples have significantly larger molecular-gas fractions (0.8 dex on average) than main-sequence galaxies of the same mass and redshift ranges studied by Tacconi et al. (2018). This discrepancy can be accounted for by a conversion factor of α CO = 0.80 M ⊙ /(K km s -1 pc 2 ) adopted for ULIRGs by Solomon et al. (1997). We also observe a central star-formation enhancement for the SP-EGNOG sample, which is indeed very similar to the DP sample in terms of stellar mass and redshift. In Fig. 12, we observe both samples to be situated between the population of the M sample and the extreme case of the ULIRG sample. Both samples are found to be situated at the upper MS and above (see Sect. 2.3), but they also show an increased molecular-gas-mass fraction with only a slight decrease in depletion time. The galaxies of the MEGAFLOW sample, which are galaxies showing inflows and outflows in the circumgalactic medium, are maintaining their SF as described in the quasi-equilibrium model (Freundlich et al. 2021). These galaxies have SFEs compatible with star-formation efficiencies measured for the MS. The offset of the DP sample, observed in Fig. 12, suggests that large amounts of gas were recently accreted, possibly through a merger event, and were effectively funnelled into the central regions, where we observe the majority of the ongoing SF.

Conclusions

We present new observations of the molecular-gas content for 35 DP emission-line galaxies with ongoing SF situated more than 0.3 dex above the MS. We considered, in addition, 17 DP galaxies from existing CO samples matching the same criterion, leading to a sample of 52 galaxies. We tried to fit the same double-Gaussian parameters to the central optical emission lines and to the CO lines integrated over the entire galaxy. We succeeded in finding similar kinematic signatures for these two measurements in ten (19 %) DP galaxies. By comparing the SFR inside the SDSS fibre and in the total galaxy, we find a significant central enhancement of SF for this DP sample. We discuss the possibility of a rotating gaseous disc creating a DP signature. By comparing the emission-line width of the CO gas and the galaxy inclination, we do not find any correlation; however, considering the scatter expected due to galaxy mass concentration or molecular-gas velocity dispersion, the lack of correlation does not allow us to exclude this origin for the observed DP. A deep gravitational potential can in fact be the origin of the DP. This might be the result of a recent minor merger event or galaxygalaxy interaction that funnelled gas into the central regions. The DP signature might also be the result of cold gas accretion from cosmic filaments, which recently fell into the galaxy centre. These scenarios account for the observed increase of molecular gas and its funnelling into the central region where the majority of the stars are formed. This is also in agreement with the observed excess of dust extinction in the centre.

Such a recently ignited SF is traced by radio-continuum emission at 150 MHz, 1.4 GHz, and 3 GHz all three of which are linearly correlated in log with L ′ CO with the same slope. This is a signature of synchrotron emission, mostly dominated by SF. Within this interpretation, the possible merger-induced central SF is happening without a simultaneous increase in AGN activity.

Arguments are discussed concerning whether the observed central SF and the large molecular-gas reservoir are the results of a recent merger. Bar structures in galaxies can also effectively migrate gas inwards, which cannot be the case for the presented galaxy samples as it lacks these morphological types. However, we cannot exclude the possibility that we observe gas-rich spiral galaxies with a central molecular disc formed due to large-scale instabilities. In such a scenario, we would observe a central rotating disc that might not be aligned with the host galaxy's orientation. To further probe our findings and to distinguish between rotating-disc and merger-induced central SF, high resolution observations of the molecular and ionised gas would be necessary. A kinematic decomposition of spatially extended gas would enable us to further characterise the dynamics of these systems and draw conclusions on the origin of double-peak emission-line galaxies. In addition, we could also explore spatially resolved SF and compare its efficiency with findings for regular spiral galaxies (Bigiel et al. 2008;Leroy et al. 2008) in order to conclude on the underlying process of SF and galaxy growth.
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Conclusion 1 The current state of double-peak emission line galaxies

Double-peak (DP) emission lines, which can be observed with spectroscopic measurements at the centre of some galaxies, are a peculiar phenomenon, as insights on the internal kinematic conditions of the observed galaxies. Therefore, DP emission lines have been used extensively to Ąnd dual active galactic nuclei and gas outĆows driven by super massive black holes in the centre of galaxies. In this thesis, I have looked at the phenomenon of DP emission-line galaxies from a general perspective. Therefore, I have developed an automatic detection algorithm and selected 5 663 such galaxies in the spectroscopic galaxy survey SDSS. I compared these galaxies with single-peak (SP) emission-line galaxies, which follow the same redshift and stellar-mass distribution as the DP galaxies. This analysis revealed that DP galaxies are predominantly S0 and bulge dominated disc galaxies, whereas SP galaxies are more likely to be late-type spirals. In addition, I found no direct correlations between galaxy inclination and the measured kinematic signatures of DPs. The position on the Tully-Fischer relation, which compares the kinematic footprint with the galaxy mass, showed that DP galaxies deviate strongly from literature values, with which SP galaxies are in line. Galaxies that are classiĄed as star-forming also have an increased central star-formation rate when they have a DP at the centre. Considering these characteristics, the most obvious scenario is a recent minor merger that transported gas into the centre of the galaxy, fuelling star formation and causing a DP signature.

Since the SDSS survey only provides a spectroscopic observation of the central 3 ′′ and an optical image, it is challenging to determine the exact cause of the observed DP signature in individual galaxies. To gain a better understanding of how a DP signature connects to the internal gas kinematics of galaxies, I have investigated this phenomenon using axisymmetric models and simulations. I created SDSS-like synthetic spectroscopic observations and investigated different kinematic processes, showing a DP. The result was that rotational curves of disc galaxies can produce a DP signature and their strength depend on the stellar bulge mass and concentration. In addition, bar structures can produce a DP signature, when observed parallel to its major axis. Major mergers tend to accumulate a central gas disk in late post-merger stages (1 Gyr after the Ąnal coalescence), which can be observed as a DP. Minor mergers, on the other hand, show a DP only during 350 Myr after the Ąnal coalescence, which is independent from the direction of observation. Both scenarios are hardly recognisable as mergers in the snapshots. Taking into account that increased star-formation rates are common for DP emission-line galaxies, the major-merger scenario is unlikely since their enhanced star formation might have already faded. Hence, the observations are best explained by bar galaxies and minor mergers.

There is a deep connection between star formation and galaxy mergers as the molecular gas reservoir can be replenished through merging. To better understand the role of DP emission-line galaxies in this context, I performed CO observations with the IRAM 30m telescope and studied the molecular gas content of DP galaxies located above the star-forming main sequence. Using further CO observations from the literature, I created a sample of 52 star-forming DP galaxies and studied their characteristics. It turns out that these galaxies have a much higher molecular gas content than predicted by scaling relations from the literature. In addition, we Ąnd the exact same kinematic signatures in optical and CO lines for 20 % of the galaxies. This indicates that the molecular gas is concentrated in the centre of the galaxies. This picture is further supported by the fact that we Ąnd strong central star formation enhancement in almost all galaxies. These observations clearly favour the idea that recent minor mergers have effectively funnelled gas into the centre of these galaxies, triggering star formation.

High resolution observations

Proposing further observations with special telescopes can shed light on the fundamental processes of carefully selected DP galaxies. However, the time allocation process for some telescopes is very challenging and often only allows for questions of particular importance in the Ąeld. In fact, Śarchival data products are, in the long term, as important as the PI science programsŠ [START_REF] White | astro2010[END_REF]. By cross matching the DP galaxy catalog with the Hubble Legacy archive1 , I Ąnd 53 galaxies which have been observed with the Hubble Space Telescope (HST) providing the highest resolution in the optical wavelength. Only 17 of these galaxies are already published with a context in DP emission line galaxies, all of them on dual AGN (Liu et al. 2018;Comerford et al. 2015Comerford et al. , 2018;;Shangguan et al. 2016). Thirty-six of the identiĄed galaxies are not published with any connection to their DP emission lines. This is predominantly because most of the studies were on other topics or the galaxies were located in the exposed Ąeld by chance. Regarding the high resolution of the HST, these observations allow detailed studies on the connection between central kinematics and the galaxy morphology. A Ąrst inspection of this sample reveals several different galaxy types. However, for 6 of the identiĄed targets it is challenging to draw a conclusion either because the images were observed with a too short exposure time and are therefore not deep enough or the target galaxies are only partly covered by the Ąeld of view. Of the remaining 30 galaxies, 17 (57 %) are ongoing mergers, have prominent tidal features or exhibit multiple bright spots in their centres. Five galaxies (17 %) have a large bar, 3 (10 %) are elliptical galaxies and 5 (17 %) are disc galaxies with a large bulge. The latter type is mostly identiĄed as a S0 galaxy from the SDSS image. This relatively small sample already shows a clear increase in galaxy mergers, most of which remain undetected with the SDSS due to the lack of sensitivity. This is an excellent basis for a future detailed study on the origin of DP signatures in individual galaxies. Furthermore, this archival data mining shows the importance of archives on the one hand and the usage of high resolution observations on the other hand.

Resolving kinematics with integrated field spectroscopy

Single-Ąbre spectroscopy such as SDSS only provides a kinematic estimation of the central 3 ′′ . Integrated Ąeld spectroscopy (IFS), on the other hand, allows many kinematic measurements over a spatial distribution. One survey of this kind is the Mapping Nearby Galaxies at Apache Point Observatory (MaNGA) survey (AbdurroŠuf et al. 2022, DR 17), providing observations for about 10 000 galaxies. Considering the different mechanisms, discussed in Chapter 3, which can create a DP signature in the inner 3 ′′ , IFS observations can provide the needed spatial resolution to distinguish between the different scenarios. In Mazzilli Ciraulo et al. (2021), two individual gaseous counter rotating discs were identiĄed in a DP galaxy with MaNGA, reveling two galaxies in the act of merging. The system is considered as a pre-coalescence merger with a mass ratio of 1:9. A key aspect of this analysis was the assumption of a double-Gaussian parametrisation of the ionised-gas emission lines.

Based on high resolution observations of the molecular gas with ALMA, Treister et al. (2020) was able to identify multiple kinematic components in the of the violent merger system NGC 6240. They found rotation patterns around two nuclei and distinguish these components from a giant molecular gas clump and gas outĆows. This study shows in great detail how kinematic observations with a high spatial resolution can help to distinguish between different phenomena. Considering the large number of IFS observations from surveys, such as Manga, it is clear that there are numerous opportunities to investigate in individual well-selected DP galaxies. A simple cross-match between the DP sample from Maschmann et al. (2020) and the Manga-DR17 yields to 69 DP galaxies observed by MaNGA (see Mazzilli Ciraulo et al. 2022, in revision). This is a promising sample size to investigate various phenomena such as rotating discs or post-coalescence merger and can help to discuss different scenarios. The number of DP galaxies in the MaNGA survey can even be increased by searching for multiple components over the entire observed area.

Double-peak emission line galaxies in cosmological simulations

Given the long time scales of galaxy evolution, the only way to study the change of galaxies over time is through galaxy simulations. How galaxies can generate a DP signature at different evolution stages is discussed in a qualitative way in Chapter 3 (Maschmann et al. 2022a). The simulations considered were only isolated galaxies and idealized galaxy-galaxy mergers. The build up of galaxies, however, does not occur in such idealised scenarios and is rather described as repetitive gas accretion and merger events with large variety of mass ratios (Tonini et al. 2016). A more realistic view on galaxy evolution can be provided by modern cosmological simulations such as the Illustris TNG project (Nelson et al. 2019). This brings the particular possibility to measure DP signatures at different events of galaxy evolution. One can investigate e.g. whether there is a direct link between a recent minor merger or gas accretion and an observed DP signature or in how far galaxy bars and rotating discs are dominating the population of DP galaxies. Finally cosmological simulations can provide an estimation on which process occurs most frequently at what redshift leading to DP signatures as a possible probe for galaxy evolution in surveys at higher redshift.

Exploring the high-redshift Universe

The cosmological context is particularly important when trying to understand the evolution of galaxies. We know from observations that the star formation density decreases exponentially since z ∼ 2 (Madau & Dickinson 2014). We also know that the major merger rate decreased since z ∼ 1 (Lotz et al. 2011) and that stellar bulges were smaller at higher z (Sachdeva et al. 2017). As described in Chapter 1, close super-massive black holes are the Ąnal stage of a galaxy merger. To better understand such stages, Chen et al. (2022) identiĄed dual quasars till z ∼ 3.5 and Ąnd an increasing frequency of dual AGNs towards higher redshift (z < 1.5). This is in line with the increase in major mergers towards higher redshifts. What this example shows is that single phenomenons such as dual AGNs can be used to test theories of how galaxies are evolving over cosmic time.

Also DP galaxies can help to identify and understand different scenarios at redshifts beyond the SDSS. Especially in the light of upcoming spectroscopic surveys at higher redshift, this kinematic signature can be used to study gaseous discs and galaxy mergers. For this purpose the future VLT 4MOST survey is of special interest as it observes emission-line galaxies up to a redshift of z = 1.1 (Richard et al. 2019). With this survey one can test whether DP galaxies evolve over cosmic time. DP signatures might probe more mergers at higher redshift since stellar bulges are less frequent and the gravitational potential is not sufficient to create a DP signature. Such statistical analysis would also help to understand the connection of galaxy evolution and the declining star-formation rate in this time span.

Final remark

In the course of this thesis I got a wide overview of DP emissions-line galaxies. I have gained a good understanding of how the underlying processes can cause this phenomenon. With in-depth studies of smaller sub-samples, I have learned how DP galaxies play a role in the Ąeld of galaxy evolution. Especially for future spectroscopic surveys at higher redshift this phenomenon can provide a useful tool. Well adjusted detection algorithms for galaxy mergers can allow us to understand how the merger rate has evolved over cosmic time. In fact, this can open a door to a better understanding of the role galaxy merger play in the context of star formation and starformation quenching since z = 1 -2. To get there, however, the phenomenon of DP emission lines must be further investigated by means of spatially resolving spectroscopic observations. Furthermore, modern cosmological simulations offer more realistic simulations to characterise further the underlying mechanisms.
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  It was this what motivated me to started my PhD thesis and worked on the articles Maschmann & Melchior (2019); Maschmann et al. (2020); Mazzilli Ciraulo et al. (2021); Maschmann et al. (2022b) and Maschmann et al. (2022a), which are the central results of this thesis.

  also observed a break for high velocities in the TF relation, which they interpret as an additional baryonic mass present in the central part. Similarly to Kannappan et al. (2009), Bait et al. (2017) and Fraser-McKelvie et al. (
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 2 at z = 0.2 -0.6 with far-IR luminosities of log(L FIR /L ⊙ ) > 12.45(Combes et al. 2011), 15 ULIRGs detected in CO(2-1),, or (4-3) at z = 0.6 -1.0 with log(L FIR /L ⊙ ) > 12(Combes et al. 2013), 27 ULIRGs detected in CO(1-0) at z = 0.04 -0.11 with L FIR = 0.24 -1.60 10 12 L ⊙(Chung et al. 2009), and 37 CO(1-0) detected ULIRGs at z < 0.3 with L FIR = 0.29 -3.80 10 12 L ⊙ (

  to classify our galaxy samples based on optical emission-line ratios: [OIII]λ5008/Hβ on the y-axis and [NII]λ6585/Hα on the xaxis. Relying on the criteria empirically found byKewley et al. 

  

  Article number, page 2 of 29 Maschmann et al.: Double-peak emission line galaxies in SDSS[NII]λ6585/[NII]λ6550 = 2.92 ± 0.32(Acker et al. 1989). Using the non-parametric emission line fit from RCSED we could extrapolate and subtract the [NII] doublet, as done inSchirmer et al. (2013).

  Maschmann et al.: Double-peak emission line galaxies in SDSS Table D.1. Fraction of cross match for different BPT and morphological types

	BPT -class	LTG	Elliptical	S0	Merger	Uncertain	Total
				DP-sample			
	SF COMP AGN LINER Uncertain	326(12.9%) 431(20.0%) 103(16.3%) 29(16.7%) 25(14.5%)	54(2.1%) 69(3.2%) 24(3.8%) 13(7.5%) 7(4.1%)	990(39.1%) 266(10.5%) 715(33.2%) 208(9.7%) 204(32.4%) 77(12.2%) 53(30.5%) 22(12.6%) 65(37.8%) 16(9.3%)	898(35.4%) 730(33.9%) 222(35.2%) 57(32.8%) 59(34.3%)	2534 2153 630 174 172
			No-bias Control sample			
	SF COMP AGN LINER Uncertain	873(31.1%) 388(31.6%) 177(25.8%) 76(24.7%) 38(12.3%) 23(0.8%) 41(3.3%) 29(4.2%) 25(26.0%) 3(3.1%)	539(19.2%) 266(21.7%) 129(18.8%) 56(18.2%) 19(19.8%)	245(8.7%) 116(9.5%) 80(11.6%) 35(11.4%) 11(11.5%)	1131(40.2%) 415(33.8%) 272(39.6%) 103(33.4%) 38(39.6%)	2811 1226 687 308 96
				Control sample			
	SF COMP AGN LINER Uncertain	18510(22.6%) 120(0.1%) 1123(23.8%) 76(1.6%) 1229(26.0%) 5328(6.5%) 5934(7.2%) 52173(63.6%) 82065 360(7.6%) 1933(40.9%) 4721 331(20.4%) 46(2.8%) 418(25.8%) 138(8.5%) 690(42.5%) 1623 122(22.8%) 56(10.4%) 106(19.8%) 49(9.1%) 203(37.9%) 536 71(15.2%) 4(0.9%) 64(13.7%) 43(9.2%) 285(61.0%) 467

Table D .

 D 2. Fraction of cross match for different BPT and morphological types

	BPT -class	LTG	Elliptical	S0	Merger	Uncertain
			DP-sample		
	SF COMP AGN LINER Uncertain Total	326(35.7%) 431(47.2%) 103(11.3%) 29(3.2%) 25(2.7%) 914	54(32.3%) 69(41.3%) 24(14.4%) 13(7.8%) 7(4.2%) 167	990(48.8%) 715(35.3%) 204(10.1%) 53(2.6%) 65(3.2%) 2027	266(45.2%) 208(35.3%) 77(13.1%) 22(3.7%) 16(2.7%) 589	898(45.7%) 730(37.1%) 222(11.3%) 57(2.9%) 59(3.0%) 1966
			No-bias Control sample		
	SF COMP AGN LINER Uncertain Total	873(56.7%) 388(25.2%) 177(11.5%) 76(4.9%) 25(1.6%) 1539	23(17.2%) 41(30.6%) 29(21.6%) 38(28.4%) 3(2.2%) 134	539(53.4%) 266(26.4%) 129(12.8%) 56(5.6%) 19(1.9%) 1009	245(50.3%) 116(23.8%) 80(16.4%) 35(7.2%) 11(2.3%) 487	1131(57.7%) 415(21.2%) 272(13.9%) 103(5.3%) 38(1.9%) 1959
			Control sample		
	SF COMP AGN LINER Uncertain Total	18510(91.8%) 120(39.7%) 5328(74.6%) 5934(91.0%) 52173(94.4%) 1123(5.6%) 76(25.2%) 1229(17.2%) 360(5.5%) 1933(3.5%) 331(1.6%) 46(15.2%) 418(5.9%) 138(2.1%) 690(1.2%) 122(0.6%) 56(18.5%) 106(1.5%) 49(0.8%) 203(0.4%) 71(0.4%) 4(1.3%) 64(0.9%) 43(0.7%) 285(0.5%) 20157 302 7145 6524 55284
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 D 

										CHAPTER
	3. Galaxy environment						
		LTG	S0 Elliptical Merger Uncertain	LTG	S0 Elliptical Merger Uncertain
	Yang et al. (2007)		DPS					NBCS
	isolated poor group rich group cluster unknown Yang et al. (2007) (z < 0.11) 59.7 % 68.6 % 24.3 % 16.6 % 5.0 % 2.4 % 6.1 % 2.4 % 4.8 % 10.1 %	56.3 % 29.3 % 6.0 % 3.0 % 5.4 % DPS	54.0 % 25.0 % 3.6 % 4.2 % 13.2 %	63.4 % 65.7 % 67.6 % 16.0 % 21.0 % 15.0 % 2.8 % 4.6 % 3.9 % 3.3 % 4.5 % 2.2 % 14.5 % 4.2 % 11.4 %	47.8 % 25.4 % 11.2 % 10.4 % 5.2 % NBCS	58.1 % 25.9 % 3.3 % 4.5 % 8.2 %	67.9 % 13.3 % 3.4 % 3.4 % 12.0 %	Notes: Fraction of galaxies in different
	isolated poor group rich group cluster unknown	54.8 % 65.2 % 28.1 % 23.0 % 5.1 % 2.8 % 7.7 % 4.6 % 4.4 % 4.4 %	50.9 % 34.3 % 8.3 % 3.7 % 2.8 %	43.6 % 33.3 % 6.7 % 9.3 % 7.1 %	62.5 % 62.8 % 66.9 % 20.2 % 22.4 % 20.1 % 3.6 % 5.8 % 6.1 % 6.8 % 6.2 % 4.7 % 7.0 % 2.9 % 2.3 %	39.1 % 28.7 % 14.9 % 13.8 % 3.4 %	48.3 % 32.8 % 5.0 % 9.5 % 4.5 %	65.1 % 15.1 % 6.0 % 6.6 % 7.2 %	environments from Yang et al. (2007) and Saulder et al. (2016)
	Saulder et al. (2016) (z < 0.11)	DPS					NBCS
	isolated poor group rich group cluster unknown	38.2 % 51.1 % 37.0 % 29.2 % 12.7 % 9.5 % 10.7 % 6.7 % 1.5 % 3.4 %	35.2 % 38.0 % 11.1 % 12.0 % 3.7 %	36.4 % 31.1 % 13.8 % 8.9 % 9.8 %	44.0 % 43.5 % 48.8 % 33.0 % 32.8 % 31.7 % 9.5 % 11.1 % 10.5 % 10.0 % 11.0 % 8.1 % 3.6 % 1.5 % 0.9 %	27.6 % 29.9 % 20.7 % 20.7 % 1.1 %	33.3 % 38.8 % 11.4 % 11.9 % 4.5 %	45.7 % 31.1 % 10.6 % 9.8 % 2.8 %
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Table 1 .

 1 Characteristics of DP galaxy sample.

	ID DP-1 a DP-2 DP-3 DP-4 DP-5 DP-6 DP-7 DP-8 DP-9 DP-10 DP-11 DP-12	SDSS Designation J153457.21+233013.3 0.0181 z J143117.98+075640.7 0.0269 J142129.76+050423.6 0.0271 J130702.99+130429.3 0.0274 J141721.07+265126.8 0.0367 J141916.59+261755.0 0.0368 J160457.92+140815.3 0.0372 J143713.73+143954.5 0.0379 J141238.95+273740.7 0.0386 J090007.20+600458.1 0.0390 J132357.46+120233.3 0.0390 J135309.67+143920.9 0.0405	log(M * /M ⊙ ) 10.9 11.0 10.5 10.5 11.1 11.1 10.5 10.9 10.7 11.0 11.0 11.2	SFR M ⊙ yr -1 4.7 7.7 3.9 3.5 13.4 7.4 5.8 10.1 9.3 43.5 7.3 7.4	F 150 MHz F 1.4 GHz F 3 GHz mJy mJy mJy -316.1 242.8 -5.8 3.1 -5.4 2.8 -5.0 2.3 -21.0 10.6 -9.7 8.1 -2.6 1.8 -9.1 5.4 -2.7 1.6 8.5 4.8 2.9 -4.1 --18.0 3.9	D 25 arcsec o i 90.8 -65.8 82.2 61.6 60.9 -59.7 43.5 25.2 -44.6 38.5 41.4 47.0 -
	DP-13 b J020359.16+141837.3 0.0427 DP-14 J105716.67+283230.0 0.0457 DP-15 J113507.51+295327.7 0.0462 DP-16 J145415.59+254121.3 0.0479	10.9 10.9 11.0 10.8	12.3 10.4 7.2 24.8	-8.4 15.2 -	-1.6 3.3 3.3	3.3 1.8 2.8 1.9	47.4 43.7 49.6 25.3	-
	DP-17 b J091954.54+325559.8 0.0490 DP-18 J094142.69+283555.6 0.0538 DP-19 c J233455.24+141731.1 0.0621 DP-20 J120854.47+472833.3 0.0677 DP-21 J134316.22+524742.5 0.0690 DP-22 J110428.21+560131.4 0.0702 DP-23 J110746.31+552633.3 0.0715	10.4 11.1 11.0 10.7 11.1 11.0 10.9	9.1 7.5 21.5 17.0 36.7 10.5 25.2	36.4 10.7 -7.2 6.0 15.8 6.9	22.3 2.8 -2.4 5.1 4.7 2.9	7.8 2.0 1.7 -2.8 2.6 1.2	65.8 45.2 27.5 19.6 27.1 33.1 25.2	---
	DP-24 d J121346.08+024841.5 0.0731	10.6	17.5	-	24.6	17.0	4.5	-
	DP-25 d J102142.79+130656.1 0.0763 DP-26 J120437.97+525717.2 0.0815 DP-27 c J221938.11+134213.9 0.0835 DP-28 J114325.16+505154.7 0.0844 DP-29 J131943.32+515255.8 0.0902 DP-30 J114050.50+561335.3 0.1065	11.1 10.9 11.1 11.0 11.1 10.8	19.8 22.4 11.7 28.0 18.5 43.7	-10.4 -10.1 18.8 6.9	16.4 5.2 -4.0 4.1 1.1	7.1 1.4 -2.1 2.2 -	19.4 31.0 33.4 22.6 23.2 19.3	----
	DP-31 d J135609.99+290535.1 0.1087 DP-32 J150439.86+501100.4 0.1124 DP-33 J150911.71+482041.2 0.1194 DP-34 J124406.54+503940.3 0.1211 DP-35 J130704.53+485845.5 0.1230 DP-36 J130847.69+504259.8 0.1244 DP-37 J143616.57+554822.0 0.1400 DP-38 J135705.89+523532.3 0.1437 DP-39 J113703.72+504420.7 0.1601 DP-40 J141803.61+534104.0 0.1638 DP-41 c J100518.63+052544.2 0.1657 DP-42 c J105527.19+064015.0 0.1731 DP-43 c J091426.24+102409.6 0.1762 DP-44 c J114649.18+243647.7 0.1767 DP-45 c J134322.28+181114.1 0.1781 DP-46 J144017.35+563503.7 0.1801 DP-47 c J223528.64+135812.7 0.1830 DP-48 J110333.10+475932.7 0.1906 DP-49 c J002353.97+155947.9 0.1918 DP-50 J143211.77+495535.8 0.1938 DP-51 c J092831.94+252313.9 0.2830 DP-52 c J132047.14+160643.7 0.3124	11.2 10.8 10.8 10.8 11.2 11.0 11.1 11.1 10.8 11.1 10.8 11.0 11.5 11.1 11.3 11.4 11.4 11.0 11.3 10.7 11.2 11.5	55.8 15.2 12.7 23.7 80.6 35.6 63.8 36.5 47.1 65.9 47.1 44.1 61.5 106.1 67.7 19.3 88.2 21.1 54.6 11.4 25.4 64.9	13.1 7.8 5.6 8.4 8.7 8.7 11.5 5.4 4.8 10.9 -----5.3 -6.5 -3.1 --	10.7 1.5 1.9 2.0 1.7 3.5 2.1 2.8 1.0 2.2 --1.1 --1.6 -1.4 -1.5 --	5.2 ---1.2 -1.2 1.0 -1.0 ------0.0 -----	20.1 15.0 18.2 13.2 13.8 14.6 12.2 19.0 15.3 14.1 9.8 11.9 9.8 6.7 10.0 19.3 15.7 9.9 13.6 9.8 14.8 10.2	--------------

Table 2 .

 2 DP rates in samples from the literature.

	Sample	Size SDSS spectrum confirmed DP
	EGNOG COLD GASS 213 31 ULIRG 97 Low SF 47	27 213 18 47	11(35 %) 13(6 %) 4(4 %) 7(15 %)

Table 3 .

 3 Number of available radio measurements for CO samples.

		Sample	CO 150 MHz	1.4 GHz	3 GHz
	.	DP sample SP-EGNOG M sample COLD GASS 204 16 (8 %) 40 (20 %) 28 (14 %) 52 26 (50 %) 41 (79 %) 32 (62 %) 13 1 (8 %) 5 (38 %) 3 (23 %) 161 3(1.9 %) 0(0 %) 0(0 %) ULIRG 93 41 (44 %) 52 (56 %) 72 (77 %) Low SF 38 21 (55 %) 11 (29 %) 8 (21 %)

Table 4 .

 4 Characteristics of observed galaxies.Notes. Column 2 shows the morphological classification based on visual inspection. Galaxies that show tidal features are indicated with a '+ '.

	ID	Morphology BPT 1 BPT 2 BPT t Comb. fit N G	D N kpc
	DP-1 a	Merger	agn	agn	agn	0	2 †	334 †
	DP-2	LTG	comp	sf	comp	0	3 †	269 †
	DP-3	LTG	comp comp comp	1	1 †	-
	DP-4	LTG	sf	sf	sf	1	2 †	117 †
	DP-5	Merger	comp comp comp	1	4 †	27 †
	DP-6	LTG	comp	sf	comp	0	12 †	61 †
	DP-7	LTG	sf	sf	sf	0	13 † 115 †
	DP-8	Merger	comp comp comp	1	1 †	-
	DP-9	LTG	sf	sf	sf	0	1 †	-
	DP-10	LTG	comp comp comp	1	3 †	64 †
	DP-11	S0	sf	sf	sf	0	2 †	313 †
	DP-12	Merger	comp comp comp	0	20 †	15 †
	DP-13 b	LTG	sf	sf	sf	0	1 †	-
	DP-14	LTG	comp comp comp	0	2 †	146 †
	DP-15	Merger	sf	sf	sf	1	1 †	-
	DP-16	S0 + T	sf	sf	sf	1	6 †	174 †
	DP-17 b	Merger	comp comp comp	0	6 †	161 †
	DP-18	S0	sf	sf	sf	0	4 †	138 †
	DP-19 c	LTG + T	comp	sf	sf	1	3 †	85 †
	DP-20	S0 + T	sf	sf	sf	0	3 †	399 †
	DP-21	S0	comp	sf	sf	0	2 †	104 †
	DP-22	S0		agn	agn	0	3 †	707 †
	DP-23	Merger	comp	sf	sf	0	3 †	651 †
	DP-24 d	Merger	comp comp comp	0	8 †	129 †
	DP-25 d	Merger	comp comp comp	0	4 †	7 †
	DP-26	Merger	comp	sf	comp	0	4 †	42 †
	DP-27 c	LTG	sf	sf	sf	0	1 †	-
	DP-28	S0 + T	sf	sf	sf	0	1 †	-
	DP-29	S0	comp	agn	comp	0	2 †	370 †
	DP-30	Merger	comp comp comp	0	1 †	-
	DP-31 d DP-32 DP-33 DP-34 DP-35 DP-36 DP-37 DP-38 DP-39 DP-40 DP-41 c DP-42 c DP-43 c DP-44 c DP-45 c DP-46 DP-47 c DP-48 DP-49 c DP-50 DP-51 c DP-52 c	Merger S0 S0 + T Merger LTG S0 Merger Merger LTG + T S0 S0 S0 Merger S0 S0 S0 + T S0 S0 Merger Merger S0 LTG	comp comp comp sf sf sf sf sf sf sf sf sf comp sf sf sf sf sf sf sf sf sf sf sf sf sf sf sf sf sf sf sf sf sf sf sf sf sf sf comp comp comp comp sf sf comp sf sf sf comp sf sf sf agn comp sf sf sf comp	0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0	1 † 1 + 1 + 1 + 2 + 303 + ----1 + -1 + ---1 + -1 + ---1 + -1 + -1 + -1 + -1 + -1 + -1 + -1 + -------

Table 5 .

 5 Fit results of L ′ CO -radio correlation.

	Relation	Slope	Intercept	σ	P
	L ′ CO -L 150 MHz 0.82 ± 0.06 -9.54 ± 1.39 0.32 0.88 L ′ CO -L 1.4 GHz 0.80 ± 0.05 -8.62 ± 1.03 0.26 0.87 L ′ CO -L 3 GHz 0.87 ± 0.08 -10.01 ± 1.75 0.23 0.83

  org. SDSS-IV is managed by the Astrophysical Research Consortium for the Participating Institutions of the SDSS Collaboration including the Brazilian Participation Group, the Carnegie Institution for Science, Carnegie Mellon University, the Chilean Participation Group, the French Participation Group, Harvard-Smithsonian Center for Astrophysics, Instituto de Astrofísica de Canarias, The Johns Hopkins University, Kavli Institute for the Physics and Mathematics of the Universe (IPMU) / University of Tokyo, the Korean Participation Group, Lawrence Berkeley National Laboratory, Leibniz Institut für Astrophysik Potsdam (AIP), Max-Planck-Institut für Astronomie (MPIA Heidelberg), Max-Planck-Institut für Astrophysik (MPA Garching), Max-Planck-Institut für Extraterrestrische Physik (MPE), National Astronomical Observatories of China, New Mexico State University, New York University, University of Notre Dame, Observatário Nacional / MCTI, The Ohio State University, Pennsylvania State University, Shanghai Astronomical Observatory, United Kingdom Participation Group, Universidad Nacional Autónoma de México, University of Arizona, University of Colorado Boulder, University of Oxford, University of Portsmouth, University of Utah, University of Virginia, University of Washington, University of Wisconsin, Vanderbilt University, and Yale University. The Legacy Surveys (http://legacysurvey.org/) consist of three individual and complementary projects: the Dark Energy Camera Legacy Survey (DECaLS; NOAO Proposal ID # 2014B-0404; PIs: David Schlegel and Arjun Dey), the Beijing-Arizona Sky Survey (BASS; NOAO Proposal ID # 2015A-0801; PIs: Zhou Xu and Xiaohui Fan), and the Mayall z-band Legacy Survey (MzLS; NOAO Proposal ID # 2016A-0453; PI: Arjun Dey). DECaLS, BASS and MzLS together include data obtained, respectively, at the Blanco telescope, Cerro Tololo Inter-American Observatory, National Optical Astronomy Observatory (NOAO); the Bok telescope, Steward Observatory, University of Arizona; and the Mayall telescope, Kitt Peak National Observatory, NOAO. The Legacy Surveys project is honoured to be permitted to conduct astronomical research on Iolkam Du'ag (Kitt Peak), a mountain with particular significance to the Tohono O'odham Nation. LOFAR is the Low Frequency Array designed and constructed by ASTRON. It has observing, data processing, and data storage facilities in several coun-
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Table B .

 B 1. Observed CO(1-0) line parameters. Notes. Denotations a, b, c, and d are the same as in Table

	ID	Comb. fit I 1 CO(1-0) Jy km s -1	µ 1 km s -1	σ 1 km s -1	I 2 CO(1-0) Jy km s -1	µ 2 km s -1	σ 2 km s -1	I 3 CO(1-0) Jy km s -1	µ 3 km s -1	σ 3 km s -1
	DP-1 a DP-2 DP-3 DP-4 DP-5 DP-6 DP-7 DP-8 DP-9 DP-10 DP-11 DP-12	3.3 ± 0.1 8.1 ± 0.1 8.1 ± 0.4 10.3 ± 0.1 21.1 ± 1.3 -283 ± 17 157 ± 9 37.6 ± 1.9 -113 ± 1 34 ± 1 37.5 ± 0.2 -154 ± 1 30 ± 1 22.1 ± 0.3 -85 ± 8 100 ± 4 7.4 ± 0.5 -92 ± 1 99 ± 1 3.6 ± 0.2 7.6 ± 0.2 -225 ± 1 32 ± 1 17.5 ± 0.4 -118 ± 1 -22 ± 1 -52 ± 1 143 ± 11 145 ± 1 67 ± 15 8.1 ± 0.2 38 ± 3 134 ± 3 --27.4 ± 1.7 -132 ± 8 105 ± 6 20.8 ± 1.5 129 ± 8 7.8 ± 0.2 -108 ± 1 76 ± 1 8.4 ± 0.2 154 ± 1 8.6 ± 0.1 -64 ± 1 66 ± 1 5.1 ± 0.2 130 ± 1 8.9 ± 0.2 -167 ± 1 76 ± 1 3.7 ± 0.2 95 ± 1 18.7 ± 0.3 -98 ± 2 168 ± 2 8.5 ± 0.2 250 ± 1	138 ± 1 10.9 ± 0.7 71 ± 1 23.1 ± 0.5 124 ± 1 21 ± 1 94 ± 6 --33 ± 1 --168 ± 8 --90 ± 1 12.9 ± 0.2 155 ± 1 ---85 ± 6 --67 ± 1 --38 ± 1 --42 ± 1 7.0 ± 0.2 261 ± 1 62 ± 2 --	50 ± 1 60 ± 1 ---68 ± 1 ----47 ± 1 -
	DP-13 b DP-14 DP-15 DP-16	15.4 ± 0.2 10.0 ± 0.3 -104 ± 1 -96 ± 1 6.8 ± 0.4 -145 ± 11 5.9 ± 0.1 -115 ± 1	74 ± 1 75 ± 2 99 ± 5 30 ± 1	13.3 ± 0.2 7.5 ± 0.2 8.5 ± 0.5 12.1 ± 0.2	96 ± 1 110 ± 1 93 ± 12 27 ± 1	43 ± 1 63 ± 2 121 ± 6 66 ± 1	----	----	----
	DP-17 b DP-18 DP-19 c DP-20 DP-21 DP-22 DP-23	13.1 ± 0.2 -146 ± 1 6.0 ± 0.2 -256 ± 2 10.2 ± 0.6 -112 ± 9 7.3 ± 0.2 54 ± 4 3.7 ± 0.2 -201 ± 1 4.2 ± 0.3 -227 ± 2 4.2 ± 0.3 -149 ± 3	80 ± 1 71 ± 2 120 ± 6 149 ± 3 35 ± 1 54 ± 2 48 ± 2	27.5 ± 0.3 7.6 ± 0.3 7.5 ± 0.5 -14.4 ± 0.1 7.3 ± 0.3 6.6 ± 0.4	190 ± 1 38 ± 4 184 ± 8 --67 ± 1 35 ± 4 84 ± 4	111 ± 1 112 ± 2 101 ± 5 -128 ± 1 115 ± 2 94 ± 2	-3.8 ± 0.2 --4.9 ± 0.4 --	-250 ± 1 --141 ± 3 --	-35 ± 2 --30 ± 1 --
	DP-24 d	35.6 ± 0.7 -158 ± 1	108 ± 1 29.6 ± 0.6	16 ± 1	40 ± 1	-	-	-
	DP-25 d DP-26 DP-27 c DP-28 DP-29 DP-30	35.3 ± 0.4 20.4 ± 0.3 2.1 ± 0.2 9.5 ± 0.3 7.3 ± 0.3 3.2 ± 0.2	107 ± 1 24 ± 1 -222 ± 1 -70 ± 4 -244 ± 2 -120 ± 5	137 ± 1 136 ± 1 30 ± 2 101 ± 3 67 ± 2 93 ± 3	--22.5 ± 0.3 7.3 ± 0.3 9.6 ± 0.1 -	---6 ± 1 162 ± 2 -15 ± 1 -	--169 ± 2 66 ± 3 111 ± 2 -	----2.1 ± 0.4 -	----167 ± 5 -	----30 ± 2 -
	DP-31 d DP-32 DP-33 DP-34 DP-35 DP-36 DP-37 DP-38 DP-39 DP-40 DP-41 c DP-42 c DP-43 c DP-44 c DP-45 c DP-46 DP-47 c DP-48 DP-49 c DP-50 DP-51 c DP-52 c	16.2 ± 0.5 2.9 ± 0.2 5.4 ± 0.5 2.1 ± 0.1 6.9 ± 0.3 7.7 ± 0.3 5.2 ± 0.4 6.4 ± 0.3 6.1 ± 0.3 6.2 ± 0.2 1.8 ± 0.2 1.3 ± 0.2 1.9 ± 0.3 1.1 ± 0.3 -210 ± 15 74 ± 14 40 ± 9 299 ± 3 -94 ± 4 80 ± 4 114 ± 13 247 ± 16 -85 ± 1 30 ± 1 -79 ± 2 80 ± 2 -66 ± 4 141 ± 3 -20 ± 4 82 ± 5 77 ± 11 262 ± 9 -45 ± 11 235 ± 9 -179 ± 2 113 ± 2 -169 ± 4 51 ± 4 -229 ± 5 43 ± 4 -237 ± 6 53 ± 7 0.9 ± 0.2 -182 ± 7 41 ± 6 2.2 ± 0.2 -270 ± 4 58 ± 3 1.5 ± 0.1 -325 ± 2 30 ± 1 4.9 ± 0.5 70 ± 19 299 ± 28 0.9 ± 0.1 -305 ± 3 30 ± 2 3.5 ± 0.4 -1 ± 12 129 ± 13 1.1 ± 0.4 -318 ± 14 58 ± 16 4.2 ± 0.3 -108 ± 9 143 ± 8	6.8 ± 2.5 1.8 ± 0.2 -3.7 ± 0.2 7.0 ± 0.2 2.2 ± 0.1 3.6 ± 0.2 --6.1 ± 0.2 3.8 ± 0.3 2.8 ± 0.6 4.2 ± 0.6 1.5 ± 0.2 3.0 ± 0.6 2.3 ± 0.3 7.9 ± 0.6 -121 ± 12 167 ± 1 170 ± 2 30 ± 3 216 ± 2 33 ± 4 --138 ± 9 144 ± 1 185 ± 2 78 ± 2 194 ± 1 30 ± 3 154 ± 1 39 ± 5 ----148 ± 2 112 ± 2 43 ± 4 82 ± 4 -54 ± 23 106 ± 4 -16 ± 13 120 ± 7 59 ± 8 55 ± 14 -40 ± 21 128 ± 6 78 ± 9 107 ± 3 ---7.2 ± 0.4 27 ± 10 157 ± 2 ---1.5 ± 0.5 90 ± 38 144 ± 16 1.7 ± 0.3 148 ± 1 30 ± 8	-----2.9 ± 0.2 -----1.8 ± 0.4 146 ± 11 63 ± 4 ----------499 ± 3 112 ± 3 ----------1.0 ± 0.1 199 ± 2 30 ± 7 ---0.6 ± 0.3 192 ± 6 35 ± 6 ---4.3 ± 0.4 219 ± 7 92 ± 1 ---1.1 ± 0.3 248 ± 9 56 ± 2 ---------

  Maschmann et al.: Central star formation in double-peak gas-rich radio galaxies Table B.3. Results of molecular-gas-mass estimation.M ⊙ / (K km s -1 pc 2 ) 10 9 M ⊙ 10 9 M ⊙

	ID DP-1 a DP-2 DP-3 DP-4 DP-5 DP-6 DP-7 DP-8 DP-9 DP-10 DP-11 DP-12	L ′ CO(1-0) 10 8 L d l 7.7 ± 0.1 17.5 ± 0.2 5.2 ± 0.2 4.7 ± 0.1 36.2 ± 1.4 23.6 ± 0.3 5.1 ± 0.2 31.7 ± 1.5 11.1 ± 0.2 9.5 ± 0.2 13.7 ± 0.2 20.4 ± 0.3	L ′ CO(2-1) 10 8 L d l -8.7 ± 0.1 3.1 ± 0.1 4.4 ± 0.1 21.6 ± 0.8 7.9 ± 0.0 3.3 ± 0.0 15.1 ± 0.7 4.8 ± 0.0 8.6 ± 0.3 10.9 ± 0.1 16.5 ± 0.1	α CO 3.9 3.9 3.8 3.8 4.0 4.0 3.8 3.9 3.8 3.9 3.9 4.1	M H2 3.0 6.9 1.9 1.8 14.5 9.4 1.9 12.2 4.2 3.7 5.4 8.3	f a CO(1-0) M corr H2 log(µ gas ) t depl Gyr 1.0 3.0 -1.4 0.6 1.6 11.0 -0.9 1.4 1.9 3.7 -1.0 1.0 1.6 2.9 -1.0 0.8 1.9 28.0 -0.7 2.1 1.6 15.5 -0.9 2.1 1.4 2.6 -1.1 0.4 1.2 14.6 -0.7 1.4 1.3 5.5 -0.9 0.6 1.3 4.8 -1.3 0.1 1.3 7.1 -1.2 1.0 1.6 13.3 -1.1 1.8
	DP-13 b DP-14 DP-15 DP-16	24.0 ± 0.2 16.9 ± 0.4 15.0 ± 0.6 18.9 ± 0.2	12.2 ± 0.2 9.3 ± 0.1 6.5 ± 0.2 15.5 ± 0.4	3.9 3.8 3.9 3.8	9.3 6.5 5.9 7.2	1.4 1.3 1.7 1.1	12.7 8.7 9.7 8.3	-0.8 -0.9 -1.0 -0.9	1.0 0.8 1.4 0.3
	DP-17 b DP-18 DP-19 c DP-20 DP-21 DP-22 DP-23	44.9 ± 0.4 23.3 ± 0.6 31.6 ± 1.3 15.5 ± 0.5 51.1 ± 1.0 26.3 ± 1.0 25.7 ± 1.1	-15.1 ± 0.1 -6.9 ± 0.2 41.4 ± 0.3 18.0 ± 0.3 12.2 ± 0.3	3.8 4.0 3.9 3.8 4.0 3.9 3.9	16.9 9.3 12.4 5.8 20.3 10.2 9.9	2.1 1.4 1.0 1.1 1.2 1.3 1.2	34.7 12.7 12.4 6.4 23.7 12.8 11.8	0.1 -1.0 -0.9 -0.9 -0.7 -0.9 -0.9	3.8 1.7 0.6 0.4 0.6 1.2 0.5
	DP-24 d	162.2 ± 2.2	-	3.8	60.9	1.0	61.0	0.2	3.5
	DP-25 d DP-26 DP-27 c DP-28 DP-29 DP-30	95.9 ± 1.0 63.5 ± 0.8 80.4 ± 1.2 55.8 ± 1.4 72.5 ± 2.0 17.1 ± 1.0	-41.1 ± 0.2 -34.9 ± 0.4 52.0 ± 0.7 20.1 ± 0.3	3.9 3.8 3.9 3.9 3.9 3.8	37.8 24.4 31.5 21.7 28.4 6.5	1.0 1.3 1.0 1.1 1.1 1.1	38.7 31.4 31.5 24.5 31.3 7.3	-0.5 -0.4 -0.6 -0.6 -0.6 -0.9	2.0 1.4 2.7 0.9 1.7 0.2
	DP-31 d 128.9 ± 14.1 DP-32 28.3 ± 1.5 DP-33 36.7 ± 3.1 DP-34 40.3 ± 1.7 DP-35 100.1 ± 2.5 66.9 ± 0.7 -34.3 ± 0.4 29.1 ± 2.1 47.9 ± 0.8 DP-36 94.0 ± 2.6 44.3 ± 0.7 DP-37 82.7 ± 4.4 62.1 ± 0.6 DP-38 63.5 ± 3.2 99.3 ± 2.0 DP-39 75.9 ± 4.1 -DP-40 158.9 ± 3.8 -DP-41 c 74.4 ± 4.2 -DP-42 c 85.6 ± 10.2 -DP-43 c 106.8 ± 10.4 -DP-44 c 39.2 ± 5.4 -DP-45 c 70.4 ± 10.1 -DP-46 69.7 ± 5.9 -DP-47 c 223.9 ± 12.0 -DP-48 87.5 ± 9.3 -DP-49 c 164.6 ± 9.1 -DP-50 64.3 ± 8.2 -DP-51 c 104.1 ± 24.8 -DP-52 c 292.6 ± 20.8 -	4.0 3.8 3.8 3.8 4.0 3.8 3.9 3.9 3.8 3.9 3.8 3.8 4.1 3.8 4.0 4.1 4.1 3.8 4.0 3.8 3.8 3.9	51.3 10.7 13.9 15.2 39.8 36.0 31.8 24.6 28.6 61.4 28.0 32.7 43.9 15.0 28.2 28.4 91.1 33.3 65.0 24.1 40.0 115.4	1.0 1.1 1.1 1.1 1.1 1.1 1.0 1.1 1.0 1.1 1.0 1.0 1.0 1.0 1.0 1.1 1.0 1.0 1.0 1.0 1.0 1.0	52.6 11.3 15.1 16.1 41.8 38.3 33.4 27.5 30.0 64.6 28.0 32.7 43.9 15.0 28.2 31.5 91.1 34.1 65.0 24.9 40.0 115.4	-0.5 -0.7 -0.7 -0.6 -0.6 -0.4 -0.5 -0.7 -0.4 -0.3 -0.3 -0.5 -0.8 -0.9 -0.9 -0.9 -0.5 -0.5 -0.5 -0.3 -0.6 -0.4	0.9 0.7 1.2 0.7 0.5 1.1 0.5 0.8 0.6 1.0 0.6 0.7 0.7 0.1 0.4 1.6 1.0 1.6 1.2 2.2 1.6 1.8

As the principal investigator of the observing run number 166-20, I observed the CO(1-0) and CO(2-1) lines with the IRAM 30m telescope located at Pico Veleta in Spain between

23rd to the 29th December 2020.

Exact values taken from https://physics.nist.gov/PhysRefData/ASD/lines_form.html
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THE MECHANISMS BEHIND DOUBLE-PEAK EMISSION-LINE GALAXIES
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CENTRAL STAR FORMATION IN DOUBLE-PEAK GAS RICH RADIO GALAXIES

We note that the continuum of the [OI]λ6302 line shows a small dip. This is most likely due to the fact that, for the stellar continuum fit, the emission lines are masked and structures close to the emission lines cannot be accurately modelled. Since we fit all emission lines simultaneously with the same kinematic parameters, this has no effect on the emission-line fit.

2 http://archive.eso.org/scienceportal
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CHAPTER 4. MOLECULAR GAS IN DOUBLE-PEAK EMISSION-LINE GALAXIES
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Appendix A: Initial galaxy parameters

In this section we provide detailed parameters of galaxy simulations of the GalMer project, described in Sect. 3.2.1 and 4.1. Table A.1 summarises the initial parameters of all individual galaxy types used in this work and Table A.2 summarises orbital parameters of the merger simulations. 

Appendix B: Merger orbit of major merger galaxies

In this section, an additional figure of a major merger simulation of two gSa galaxies is presented in 

Appendix B: Observation tables

In Table B.1 (resp. B.2), we present the parameters for the CO(1-0) (resp. CO(2-1)) line obtained using our fitting procedure described in Sect. 3.1. In Table B.3, we present the CO-to-M H2 conversion factor, the molecular-gas mass, the aperture correction factor, the estimated molecular-gas-mass fraction, and the depletion time.