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Andromeda nebula (Chambers 1904, p.6)

"There is one elliptic nebula which stands out beyond all the rest, yet its great size,
brilliancy, and peculiar features forbid its being regarded as a typical elliptic nebulae. I
am here alluding to the "Great Nebulae in Andromeda," Messier’s 31st. Its ellipticity is
considerable; it is likewise very long, and has a bright central condensation which renders
it readily discoverable by the naked eye on a clear night not far from the star  Andromeda
of magnitude 4%. [...] No telescope has yet resolved this object distinctly into stars, though
several hundred stars have been counted within its limits. This object is, however, probably

stellar, and may one day be proved to be such." (Chambers 1904, p. 116-117)

I cannot remember the exact moment when I was shown a picture of a galaxy and told that it was a
galaxy consisting of billions of stars situated outside our Galaxy, the Milky Way. My parents gave me
books about space and the Universe from an early age on, and for me this knowledge seemed natural.
What Chambers wrote in 1904 in his book ‘The story of the stars’, however, is simply a description
of an object that is a mystery. While reading such texts, I try to put myself in such a perspective
and situations. What was it like to look at the Andromeda nebula and wonder about its nature? And
what must that feeling of amazement have been like when he found out later? With thoughts like
these, I ask myself what am I looking at all the time without any clue of the underlying truth which

might be general education one day in the future?



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
galaxy’s morphology and fuel star formation. Since galaxy mergers can rapidly relax after colliding
or cannot be identified 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 5663 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 TRAM 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 role particuliérement impor-
tant car elles peuvent transformer la morphologie des galaxies et alimenter leur formation d’étoiles.
Comme les galaxies issues d’une fusion peuvent atteindre un état dynamique stabilisé rapidement
apres une fusion ou qu’il se peut qu’elles ne soient pas identifiées comme issues d’une fusion en raison
d’un manque de résolution, les méthodes de détection sont cruciales pour les étudier. Les galaxies a
raies d’émission doubles ont été beaucoup utilisées afin d’identifier les noyaux actifs de galaxies dou-
bles qui correspondent a des étapes tardives des fusions de galaxies. Dans cette these, une discussion
plus générale sur le phénomeéne des galaxies & raies d’émission & doubles-pics est présentée. A cette
fin, un échantillon de galaxies a doubles-pics composé de 5663 galaxies est sélectionné dans le Sloan
Digital Sky Survey et ses propriétés sont étudiées en détail. Afin de mieux comprendre les mécanismes
sous-jacents, les signatures de doubles-pics apparaissant dans les modeles de disques et les simulations
de galaxies isolées et de fusions de galaxies sont analysées. Pour mieux comprendre le lien entre la for-
mation d’étoiles et les galaxies a raies d’émission a doubles-pics, des observations de gaz moléculaire,
réalisées avec le télescope de 30m de 'TRAM, sont présentées et analysées. En conclusion, les barres et
les fusions mineures sont nettement privilégiées comme explications des signatures a doubles-pics car
cohérentes avec les caractéristiques trouvées. Cette thése montre que les galaxies a raies d’émission
a doubles-pics sont un aspect important pour les observations a haut redshift et représentent une

méthode potentielle d’identification des fusions de galaxies dans les grands relevés a venir.
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CHAPTER 1

Scientific context

1 Introduction

During a moonless night in an area with no significant 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 find 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 find many more of these nebulae whereas the Andromeda nebula, also known as Messier’s
31 (M31), is the brightest one (Messier 1781). 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 differ-
ence between apparent and absolute magnitude (Leavitt 1908; Leavitt & Pickering 1912). This
allowed a first 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 67000 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 ‘The Great Debate’. 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® light
years due to its apparent size. In Shapley’s opinion, this distance was not imaginable and a
diffuse nebular inside the Milky Way would be more plausible (Shapley & Curtis 1921). Curtis

1
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argued that the number of novae, which are a short bright flash 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 significantly 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 285000 pc to the nebulae M31
and M33, proving Curtis’ 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 vyec:

D= Vrec/H07 (1'1)

where Hg is the Hubble constant, which is an empirical constant in units of kms~! / Mpc. With
the connection between the spectroscopic shift to redder colours and vyec, one can quantify this

shift with the redshift z:
)\obs

142z =
)\emit

, (1.2)

where Agps and Aemit are the observed and the emitted (also called rest-frame) wavelengths,
respectively.

From the observational data, presented by Hubble, Georges Lemaitre came up first with a
theory of an expanding Universe (Lemaitre 1927). He then inferred from an extrapolation to the
past the idea of a Big Bang as the beginning of the Universe (Lemaitre 1931). In combination
with the mathematical description of a curved space time which Alexander Friedmann derived
earlier from the Einstein field 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 flat universe, dominated by dark energy, cold dark matter and baryonic matter, called the
ACDM-Universe. This model is assumed throughout this thesis with a parametrisation of the
fraction of matter density €2,, = 0.3, the fraction of the dark energy density 25, = 0.7 and a
Hubble constant of Hyp = 70kms~! /Mpc. In this model, the distance estimation as provided
in equation 1.1 is a rough estimation and is only valid for small distances (Weinberg 1972).
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 first atoms (mostly hydrogen and helium) formed
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during the nucleosynthesis at around 10 seconds to 20 minutes after the Big Bang. This gas
then collapsed into the first 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 first 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 identified 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 emission-
line 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 finally conclude on the origin of double-peak emission-line galaxies in chapter five
and give an outlook for future research on this field. Some figures 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 figure. All other figures are produced by myself, including all figures
in the peer review journal articles which are parts of this thesis, with the exception of Fig. 2 and
10 in Chapter 3.

2 The galaxies outside the Milky Way

2.1 Galaxy taxonomy

As it became clear after the Great Debate that the observed nebulae are outside our own Galaxy,
the Milky Way, a new field of research emerged: extra-galactic astronomy. The first steps in
order to systematically study these objects was to find 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
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Sb Sc
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NGC 4486 NGC 5576

NGC 4260 NGC 4999 NGC 5334

Figure (1.1) The Hubble sequence. This diagram is based on the classification scheme estab-
lished in Hubble (1926, 1927, 1936) and divides galaxies into different morphological categories.
The main features are spheroidal bulges, disc- and bar structures. To represent each galaxy
types, rgb-images from the Legacy Survey (Dey et al. 2019) are shown to illustrate their mor-
phology. The four galaxies on the left side are mainly characterised by their large central bulge.
The galaxy on the left (EO) has a perfectly spherical shape whereas the galaxies E3 and E6
exhibit an increasingly flatter profile. The galaxy noted as SO is still dominated by a bulge
but shows a clear disc structure. These galaxy types are known as early-type galaxies. On the
right hand side, six spiral galaxies are presented in two categories: on top (resp. bottom), disc
galaxies with a central bulge (resp. bar) are shown. Barred galaxies are indicated with a ‘B’ in
their type name. From left to right, the domination of their bulge/bar intensity decreases. On
the right, an irregular galaxy is shown exhibiting none of the main features discussed above. To
identify the shown galaxies, their names are denoted underneath each snapshot.

two main patterns occur most frequently: elliptical, bulge-like shaped galaxies and galaxies
exhibiting a disc as expected due to rotation. Hubble developed a scheme known as the Hubble
sequence which is shown in Fig.1.1. Disc galaxies can be further distinguished as some have
a central bulge and some an additional bar structure. Also elliptical galaxies can be divided
according to their ellipticity (Hubble 1927, 1936). Later, Gérard de Vaucouleurs found further
features how to distinguish the morphology of galaxies (de Vaucouleurs 1959). He found a more
precise subdivision for various bar structures that he observed and that Hubble’s sequence was

insufficient.

Elliptical galaxies are often called ‘early-type’ galaxies and disc galaxies ‘late-type’. However,
spiral galaxies with massive bulges i.e. of type Sa or SBa are often called early-type spiral galax-
ies. This nomenclature was first introduced in Hubble (1926) and is based on the assumption
that the Hubble sequence describes the evolution of galaxies, similar to an early-to-late evolution
of stars. From left to right, elliptical galaxies would evolve into lenticular galaxies and finally
transform into spiral galaxies either with or without a bar. As discussed in Baldry (2008), this
interpretation is wrong and was never intended by Hubble. As will be discussed in Sect. 2.3, one

can consider a galaxy evolution in the opposite direction.

2.1.1 Bulge and Disc decomposition

In the early phase of extra-galactic astronomy, galaxies were categorised by certain features
such as bulges, bars or a discs. The next step is to describe such features with the help of
models, in order to describe them in a mathematical way. An empirical model, known as the de

Vaucouleurs’s law, describes the surface brightness profile of elliptical galaxies (de Vaucouleurs
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Figure (1.2) Compilation of figure 1 and 2 from Chilingarian et al. (2007). On the left panel,
HST WFPC2 observations of the galaxy cluster Abell 496 are shown. On the right panel, the
best fit for A496cE with a two-component Sérsic profile to the HST filter F555 observation is
shown with the residuals on the bottom. The dashed blue line show the Sérsic function and
the dotted green line the exponential disc component the combination of the two components is
shown with red lines.

1948):

HRﬁdﬁm{—rnggﬁw{—J} (1.3)

where R, is the radius of the isophote containing half of the total flux and I, is the surface
brightness at the radius Re. This model has been further developed into a more general model,
the Sérsic profile, which can describe not only elliptical galaxies, but also spiral galaxies (Sérsic

1963). This model has an additional parameter the Sérsic index n:

I(R) = Ieexp{ — bn l(%)l/n - l] } (1.4)

where by is a dimensionless scale factor depending on the Sérsic index. This quantity can be
computed using the gamma function I' and the incomplete gamma function v by satisfying the
relation vy(2n; by,) = %I‘(Qn) (Ciotti & Bertin 1999). The Sérsic profile with an Sérsic index n = 4
reduces to a de Vaucouleurs profile as presented in equation 1.3. Normal galaxies have a Sérsic
index between 1/2 and 10, where an n = 1 Sérsic profile corresponds to an exponential function
and is used to model a disc. The Sérsic index correlates with the quantities such as the galaxy
brightness, size and concentration and can therefore be used as a proxy to the morphological
type (Trujillo et al. 2001).

As can be seen in the Hubble sequence (see Fig.1.1), many galaxies composed of two main
components: a bulge and a disc. In fact, only rare cases of pure disc galaxies or elliptical galaxies
can be best described with a single Sérsic profile. Often two components are needed: one for
a bulge and a second component with a Sérsic index n = 1, which describes an exponential
disc component. In Fig. 1.2, an example of a galaxy fitted with a two-component Sérsic fit by
Chilingarian et al. (2007) is shown. Meert et al. (2015) fitted systematically a single Sérsic profile
or a Sérsic profile plus an exponential component to a sample of 7 x 10° galaxies of the SDSS
(see Sect.2.1.2). They found that for about 90 % of this sample the galaxies are best described

by a two-component Sérsic fit.
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Figure (1.3) Band-pass filter system of the SDSS. On the top panel, the response function of
each photometnc filter used by the SDSS (for detailed description of the photometric system see
Fukugita et al. 1996) is shown. On the bottom panel, a galaxy observed by the SDSS with each
individual band is presented. It can be seen that e.g. the u and the z-bands show more noise
which is due to their lower efficiencies. However, as further discussed in Sect. 3.1, the u-band
filter is more affected by dust inside the observed galaxy in comparison to the band-pass filter
at larger wavelengths.
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Figure (1.4) A spectroscopic observation of the central 3" with the SDSS spectrograph. On the
left, an rgb-image composed from the photometric u, r and i-bands of the SDSS (see Fig. 1.3) is
displayed and the central spectroscopic observation is marked by a red circle. The corresponding
spectrum is shown on the right. In blue, the total flux is shown and in orange, the best fit of
the stellar continuum is shown. To highlight spectral features like ionised gas emission lines
two zooms into the regions around the HS and Ha emission lines are shown. (For a detailed
discussion on the significance of the spectra features, see Sect. 3.5)

2.1.2 The Sloan Digital Sky Survey: mapping the Universe

Galaxy Evolution is a subject that has seen many successes over the last century due in particular
to ever-improving telescopes. One invention stands out among others: photo detection based
on Charge-Coupled Device (CCD) (Boyle & Smith 1970). This technology made it possible
to acquire digital photometric and spectroscopic observations, allowing a larger community to
benefit from observations. Most importantly, it enabled the creation of survey programmes that
systematically mapped parts of the sky and measured the redshifts of galaxies using spectroscopic
imaging. Such surveys allow astronomers to test their theories on sufficiently large samples and
to make statistically significant statements. The first survey which gathered the redshift of 2401
galaxies was the Center for Astrophysics (CfA) redshift survey (Huchra et al. 1983) and allowed
to estimate the spatial distribution of galaxies. The data suggested a clustering structure of
galaxies but it was the second redshift survey CfA2, consisting of 18 000 galaxies, which revealed
the structure of the Universe (Geller & Huchra 1989). In fact, galaxies are distributed in a 3D

structure which resembles a honeycomb or bubbles enclosing large voids.
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Figure (1.5) Galaxy distribution in the SDSS. Galaxies from the sky region of
10h < R.A. < 14h and 0° < Dec. < 6° with SDSS spectroscopic measurements. The distribu-
tion of the R.A. and the redshift is shown on a polar diagram in the centre. Since the redshift
is a surrogate for the distance of a galaxy, this representation visualises the structure of the
Universe. To illustrate the distances of galaxies at different redshifts, six galaxies are shown
with SDSS rgb-images. For each galaxy, the lookback time ¢ g is indicated on top of the snap
shots.

The largest redshift survey today is the Sloan Digital Sky Survey (SDSS) which observed
about one third of the sky with multi-colour imaging and provides spectra of more than 3
million objects using different instruments (for Data Release (DR) 17 see Abdurro’uf et al. (2022)
and references therein). The first complete sample, including galaxy spectra, was finalised in
2009 and encompassed more than 920000 galaxies (Abazajian et al. 2009). The photometric
observations are performed using a CCD camera with 5 colour bands: u, g, r, i and z (Fukugita
et al. 1996). The response function of the SDSS photometric systems to the observation of a
galaxy is shown in Fig. 1.3 for each band. The spectral observations cover the central 3" of
each galaxy which are above the Petrosian (1976) r-band magnitude limit of » = 17.77. This
results in a volume-limited galaxy sample (Malmquist 1925) till a redshift of z = 0.35 and a
flux-limited sample till a redshift of z = 0.55. The spectra are observed in the wavelength range
3800 - 9200 Awith an average resolution of A\/AX = 2000 (Abazajian et al. 2009). Such a spectral

observation is shown in Fig. 1.4.

In Fig. 1.5, the spatial distribution of galaxies observed by the SDSS is presented up to
a redshift of z = 0.3. In addition to this, the rgb-images of galaxies randomly selected at
different redshifts are shown. For the galaxies of the local Universe at a redshift z < 0.05, the
morphological structure is well visible, whereas for the galaxies at z > 0.1, it is challenging to
guess their morphological type. Galaxies, in the far outskirts of this distribution, appear only as
dots. Galaxies, at a redshift of z = 0.2, are situated at a comoving distance of about 800 Mpc.
As the speed of light is constant, the time light needs to reach us from this distance is 2.4 Gyr
which is also known as the lookback time, t;g. This means that we can see the SDSS as a
collection of snapshots of the Universe at different stages of evolution. Thus, the SDSS is an
excellent basis to studying the properties of the Universe today and how galaxies evolved in the

last few billion years.
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2.2 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 first 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 first 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
significantly 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 “more chaotic origin for the
Galazy” (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/gas-
dynamical 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 findings 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 SO or even elliptical galaxies (Bournaud & Combes 2004).

Our current understanding of hierarchical structure formation was reviewed by Somerville &
Davé (2015) in which the authors underline a great agreement between observations and cosmo-
logical 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
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Figure (1.6) Star formation history from Madau & Dickinson (2014). On the y-axis, the
estimated star-formation rate per comoving volume is shown and on the x-axis, the redshift,
which is transformed into lookback time on the top. The data points are the measurements
gathered from the literature and the black line is the best fit describing this evolution.

role in the understanding of how galaxies evolve.

By estimating the star-formation rate (detailed description, in Sect.4.1), one can estimate
how many star formation happened at which epoch, per unit of comoving volume. A global
summary of this star formation density was compiled by Madau & Dickinson (2014) and sum-
marised in a single plot. In Fig. 1.6, one can clearly see that the star-formation rate is not
constant over cosmic time: the earliest galaxies, although their hydrogen content was abundant,
did not form stars very effectively. This is mainly due to the fact that young stars are mostly
composed only of hydrogen and are therefore very unstable. They ionise their environment
through strong radiation, preventing molecular clouds from forming into new stars (Abel et al.
2002). However, this dominance has diminished by z = 2 and star formation has experienced a
maximum, before decreasing steeply till the present day. What exactly the driving mechanism
on large scales is, is still up for debate, but in individual observations it is possible to pinpoint
what deprives galaxies from their star-forming fuel. For instance, the environment can interrupt
the gas accretion (e.g. Kauffmann et al. 2004) or massive halos can shock-heat the in-falling gas

(Dekel & Birnboim 2006) which prevents effective star formation.

2.3 Galaxy mergers

Our own Galaxy, the Milky Way, is gravitationally bound with its closest neighbour, the An-
dromeda Galaxy. These two galaxies are approaching each other with less then 200kms~!
(Peebles et al. 2001) which will ultimately lead to a collision (van der Marel et al. 2012). It is
estimated that this merger will eventually be completed in less then 5 billion years, resulting in
an elliptical galaxy (Cox & Loeb 2008). The merging of two galaxies plays a major role in our
current understanding of galaxy evolution. Numerous observations of galaxy mergers outside of
our Galaxy exist and numerical simulations can further help us to understand this phenomenon.

So fortunately, we do not have to wait till we crash into the Andromeda galaxy to study such
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Figure (1.7) A compilation of interacting galaxies and ongoing galaxy mergers. To illustrate
different types of mergers a compilation of 6 peculiar galaxy mergers seen by the Legacy Survey
(Dey et al. 2019) is shown. On the left, the interaction of an elliptical with a spiral galaxies at
a projected separation of 40 kpc is shown. A hint of a tidal feature in the outskirt of a spiral
arm can be seen in the top of the spiral galaxy. In the second snapshot from the left, a minor
merger between a large elliptical galaxy and a smaller galaxy can be seen. This merger is already
advanced as the larger participant has already stripped away the majority of the disc structure
of the minor galaxy leaving only the central bulge surrounded by tidal tails. In the two middle
images, two major merger systems in an early stage are shown as they show far out-reaching tidal
tails. The two right images show post-coalescence mergers as they exhibit strong perturbations.
They are also isolated excluding the possibility that a fly-bye event created these perturbations.

an event.

Toomre & Toomre (1972) first proposed that mergers can enrich the ISM of galaxies and
increase their star formation (for a detailed description of star formation see Sect.4.1). Studies
of star-forming galaxies in cluster environments showed that past merger events can fuel star
formation, leading to younger stellar populations (Bothun & Dressler 1986; Pimbblet et al.
2002). Observations (e.g. Combes et al. 1994; Bergvall et al. 2003) of close galaxy pairs and
galaxy-galaxy interactions revealed the presence of larger molecular gas reservoirs in comparison
to isolated galaxies. In addition to the observations, simulations demonstrated merger induced
central star-bursts (Mihos & Hernquist 1994a, 1996) and illustrated the underlying mechanism:
the gas inside the disc loses its angular momentum due to the torques caused by the interacting
galaxy, allowing the gas to fall onto the galaxy centre, eventually fuelling a central star-burst.
The merging of two or more galaxies can proceed in many different ways and the morphology
of the resulting galaxy strongly depends on the initial parameters such as the mass ratio or
kinematic impact parameters (Di Matteo et al. 2007). Two main merger categories are the most
prominent ones in the literature: major and minor mergers. A merger between two galaxies is
considered as a major merger if the galaxies have an approximately equal mass ratio. There is
no strict limit at what mass ratio galaxy mergers are considered minor mergers but common
ratios are between 1:4 (Lotz et al. 2004) and 1:10 (Mihos & Hernquist 1994b).

Close interacting galaxies can be identified by their distance and the measurement of their
projected velocities (e.g. De Propris et al. 2005). With this approach, 1716 galaxies were selected
from the SDSS DR4 with a mass ratio of up to 1:10 (Ellison et al. 2008). This sample revealed
that the interaction of a galaxy pair in a low density environment shows the largest triggered
star formation rates (Ellison et al. 2010). By selecting additional galaxy pairs in the SDSS DR7
(in total 21347), Patton et al. (2011) demonstrated a direct link between galaxy interactions
and a central starburst. By extending their search to galaxies with an active nuclei (see Sect.
3.4), Ellison et al. (2011) showed that nuclear activity can also be triggered by galaxy-galaxy
interaction.

Galaxies that are in close interaction with each other can be identified using spectroscopic
redshifts. One can even determine the mass ratio and study the characteristics of both galaxies

involved. However, this becomes a real challenge once the merger is advanced and only one
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object is observed. Only early stages of major mergers can be identified 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 profile 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 identification 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 identified though imaging. They also included maps of stellar kinematics, which did
not significantly 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 specific 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 identified
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 identification of post-coalescence

minor and major mergers is crucial but challenging to obtain since merger systems relax rapidly.

3 The view of galaxies at different wavelengths

3.1 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 filters of the
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Figure (1.8) Spectral energy distribution of the galaxy J132443.67+323225.0. On the top panel,
photometric flux measurements at different wavelengths are shown with coloured dots and the
best fitting SED model obtained with CIGALE (Boquien et al. 2019) is shown with a black
line. To illustrate different flux measurements, the observations are shown in snapshots above
the measurements. Fach snapshot is titled with the observation facility used to obtain it and
the resolution is indicated below the snapshot. Below the top panel, the relative residuals are
shown and on the bottom panel, a SED-model decomposition provided by CIGALE is shown.

SDSS, presented in Sect. 2.1.2, cover the range between 3543 and 9134 A, roughly corresponding
to the wavelengths visible to the human eyes. However, galaxies also emit light in wavelengths
that are invisible to humans. Figure 1.8 shows, for an exemplary spiral galaxy, the intensity
with which it emits light in the various wavelength bands from ultraviolet to radio waves. The
distribution of this light is called spectral energy distribution (SED) and provides information
about different components and ongoing processes inside the galaxy. The SED observations
shown in Fig. 1.8 are modelled with the SED-fitting tool CIGALE (Boquien et al. 2019). This
allows to present the isolated spectral components in the bottom panel and to discuss them
individually. The main components are the light emitted from stars making up the stellar
continuum, dust emission, gas emission and radio continuum emission. In some galaxies, an
AGN significantly contributes to the SED or in some cases is the dominant light source. This
is subsequently discussed in Sect. 3.4. The galaxy presented here, however, shows no sign of a
significant AGN contribution. Since gas emission is of particular importance for this thesis, it

is described in greater detail in Sect. 3.2.

3.1.1 The stellar continuum

A single star, in thermal equilibrium, radiates light in a continuous spectrum which approximates
a blackbody spectrum. The peak flux of the spectrum is determined by the surface temperature
of the star. Furthermore, the atmosphere of stars absorbs light at specific wavelengths, depending
on the elements and the temperature. The observation of a galaxy can also be seen as the
observation of about trillions of stars at the same time (considering a galaxy with the size
of the Milky Way). Since there are many different types of stars in a galaxy, one no longer
observes a single blackbody spectrum but a superposition of all contributing stars, building up
a continuum spectrum. In addition, due to thermal effects in the atmosphere of stars one see

1

broader absorption lines with a range of 200-300 kms™". These can be seen as characteristic

dips in the spectrum. In the bottom panel of Fig. 1.8, the stellar continuum of the galaxy is
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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 A(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 2.380um (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.

3.1.2 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 pm. 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 um. 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 specific 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, COs or
oxygen, in our atmosphere absorbs IR light. The first 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 um (Neugebauer et al. 1984). For the SED fit as shown in
Fig. 1.8, IRAS observation at 60 um are used. Mid-IR observations with higher resolutions
but at smaller wavelengths were provided by the Wide-field 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 pm (Wright et al. 2010). Mid-IR observations can be carried out with ground
based telescopes at the wavelength at 2-7 um 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
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wavelength range from 55 to 672 pm (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).

3.1.3 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 field (Condon 1992). The resulting synchrotron
spectrum is described by a power law of S(v) o< v®, where S(v) is the radio flux and « is the

spectral index defined as:
_ log(Fy, /Fu,)
log(va/v1)

where 1 and vy are two different radio frequencies. Synchrotron radiation emitted by star-

(1.5)

formation sites have a typical spectral index of about & = —0.7 (Condon 1984). However, AGN
can, as well, contribute significantly 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 6; = 1.22\/D, where D is the telescope diameter (Wilson et al. 2008). 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 math-
ematically with a correlator and an image can be calculated using the mathematical technique
called aperture synthesis (see chapter 9 in Wilson et al. 2008). One major drawback is that due
to the low telescope surface, covered by the individual antennae, compared to a single dish tele-
scope 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 configuration
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
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Figure (1.9) HI and CO spectroscopic observation of two galaxies. On the left, two HI spectra
observed with the Arecibo 305m telescope (Giovanelli et al. 2005). The telescope beam of the
size of 3.5' is shown with a red dashed line on the galaxy snapshots from the Legacy survey
(Dey et al. 2019), shown next to the HI spectra. On the right, CO observations with the IRAM
30m telescope of the two transitions CO(1-0) and CO(2-1) are shown®. In order to visualise
the dependency on Doppler shift, the galaxy shown on the top panels is nearly face-on. The
galaxy on the bottom panels is inclined by 70°. Due to the Doppler shift caused by rotation,
the observed lines of the inclined galaxy is broader than those of the face-on.

index of & = —0.6 is measured for the galaxy in Fig. 1.8 as presented with a yellow line.

3.2 Gas in galaxies

Whereas the stellar-, radio- and dust- continuum spectra are characterised by extended emission
over a range of wavelengths, the light coming from gas is different: it is observed as emission
lines at discrete wavelengths. These discrete emission lines originate from electrons transitioning
from excited energy levels back to their ground state. Hence, the spectroscopic signature of gas

depends on multiple factors: temperature, density, elements and ionisation state.

3.2.1 Atomic hydrogen gas

Hydrogen plays a special role, since in its atomic form it either absorbs light when cold and dense
(50-100 K and 20-50 cm™3) at 21 cm or emits light at this discrete wavelength when it is warm
and less dense (6000-10000 K and 0.2-0.5cm™3) (Ferriere 2001). The 21-cm line originates from
the transition of the electron between the two hyperfine levels of the ground state 1s and is also
called the spin-flip transition. In Fig. 1.9, observations of the warm atomic Hydrogen gas (HI)
and the molecular gas (CO) is shown for 2 galaxies: one face-on and one strongly inclined (70°)
galaxies. From the rest HI line intensity, Sgy, one can directly calculate the atomic hydrogen
mass (Meyer et al. 2017):

<@) _ (2.35610° <DL )2 ( Shi Av ) (1.6)
Mo/ \ (1+2) Mpc Jykms=1)’ '

where Dy, is the luminosity distance and A v the line width in km s~!. The gas mass provides

information about how much atomic hydrogen is present inside and the direct environment of a
galaxy. This gas can further cool down and fuel star formation in form of molecular gas clouds
(Leroy et al. 2008; Bigiel et al. 2008).
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3.2.2 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 102 - 10° cm =3 (Williams et al. 2000). Due to its simple symmetry, the
cold molecular hydrogen has no emission lines and is therefore invisible. However, far less abun-
dant molecules are found in these clouds, which show transitions even at such low temperatures.
The most common ones are CO, HoO 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 telescope’.

The intrinsic CO luminosity L can be calculated from the velocity integrated transition

line flux Fooy—i-1) = Sco@y—i—1) Av following Solomon et al. (1997):

LQJO(J—>J—1) o 3.25 x 107 SCO(J—)J—l) Av (Vrest >2 < Dy, >2 (1 7)
Kkms—! pC2 o (1 + Z) Jykm g1 GHz Mpc s .

where Dy, is the luminosity distance and vyt the rest CO line frequency. From the intrinsic CO

luminosity, one can estimate the molecular gas mass:

Mpu, = aco Loog—i—1)/T31: (1.8)

where aco is the luminosity-to-molecular-gas-mass conversion factor of the CO(1-0) line.

11 = Leo (3-i-1)/Lco (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 ro; = 0.77 was found for usual star-
forming galaxies, whereas for galaxies with a strong excess in their IR emission a mean value
ro; = 0.83 was found Genzel et al. (2015). The conversion factor aco of the Milky Way is
ag = 4.36 £ 0.9 My /(K kms~! pc?), 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 (Wolfire et al. 2010; Bolatto
et al. 2013), which quantifies 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), and Freundlich et al. (2021), can be calculated as:

aco = ag\/0.67 x exp(0.36 x 108-67-logZ) x 10—127x(8.67—logZ) (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. 4.1.

! 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.
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Figure (1.10) Ionised-gas emission-line spectra of an HII region (top panel) and an AGN (bot-
tom panel). To compare to other spectra e.g. as shown in Fig. 1.4, these spectra are shown
in rest frame wavelength. For the top panel, all detected emission lines are indicated by black
dashed lines (see Table1.1). For both spectra, the Legacy Survey snapshots are shown and the
position of the 3” SDSS spectra are shown with red circles. For the AGN spectra, a zoom-in
of the Ha emission line is shown in order to visualise the broad-line region. The Ha broad-line
component is shown with a yellow Gaussian function and the narrow-line component of the Ha
and [NIIJA6550, 6585 doublet are shown with blue lines. The total fit is shown by a green line.

3.2.3 Ionised gas

When molecular gas clouds compress further under the pressure of gravity, stars will eventually
form and illuminate the gas cloud from inside with a UV radiation of up to 100eV (Dopita &
Sutherland 2003). This UV radiation will ionise the atoms as for example the ionisation energy
needed for a hydrogen atom is 13.6 eV. The ionised atoms then capture free electrons and emit
light at discrete wavelengths while electrons decay further down to lower energy levels. These
regions can be detected due to their distinct emission-line signature with UV, optical and IR
spectroscopy. Such regions with a particle density 10 - 20* cm™2 are called HII regions. In the
Milky Way, HII regions are made up of about 90 % of hydrogen, about 7 % helium and heavier
elements (Shaver et al. 1983).

On the top panel of Fig. 1.10, the optical ionised-gas emission-line spectrum of a HII region,
measured by the SDSS, is shown. The most prominent emission line in this spectrum is the Ha
line emitted at a rest wavelength of 6564.64 A. This is the first line transition of the Balmer
series as it is emitted when an electron in an hydrogen atom falls from the energy level n=3 to
n=2. Since many of such ionised gas emission lines play an important role in this thesis, the
most important emission lines are listed in Table 1.1 and indicated in Fig. 1.10.

HII regions are not the only sources of ionised-gas emission lines. Binary star systems or
supernova remnants can ionise the interstellar gas with a X-ray spectrum which is dominated by
high energetic X-ray photons (also referred as hard X-ray spectrum) (Townsley et al. 2011). Also
the gas accretion disc of a SMBH can be a strong X-ray source which ionises the interstellar
gas. From an observational perspective, such emissions can be dominated by less probable
transitions e.g. the oxygen [OIII]A4960.3,5008.2 doublet. These lines are also called "forbidden"
lines because we would never observed them in a lab on Earth, due to their vanishing probability.

In inter-stellar gas however, they can be observed due to the fact that less dense gas is ionised
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Line name Wavelength in air Wavelength in vacuum

A A
[0 11] 3726.032 3727.092
HY 3797.904 3798.982
Hp 3835.391 3836.479
[Ne II1] 3868.760 3869.857
[He 1] 3888.647 3889.749
H e 3970.079 3971.202
H s 4101.742 4102.900
H v 4340.471 4341.692
H 3 4861.333 4862.692
O 111] 4958.911 4960.296
[0 1] 5006.843 5008.241
[He 1] 5875.624 5877.255
01 6300.304 6302.049
[N 11] 6548.050 6549.862
H o 6562.819 6564.635
N 11] 6583.460 6585.282
[S 11 6716.440 6718.298
[S 1] 6730.810 6732.671

Table (1.1) Tonised gas emission lines values measured in air and vacuum?. All optical emission
lines emitted by ionised gas and most frequently measured in a SDSS spectra. All emission lines
are indicated in real SDSS spectra in Fig. 1.10.

and electrons can spend enough time in excited states and thus less probable transitions can
happen. In dense regions, on the other hand, this would not happen because electrons change
their energy state more frequently due to collisions (Mo et al. 2010). 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 + 128km 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 addi-
tional broad line component with a Doppler-shift of up to several 1000 kms~! (Goad et al. 2012).
Since this component is not observed in less probable emission lines such as [OIII]A5008.2, it
must originate from dense gas. In fact, the origin is the accretion disc around the SMBH, which
also explains the high velocities (Mo et al. 2010). In Fig.1.10, the presented AGN exhibits a

broad line component in its Balmer lines.

3.3 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 find the best fitting 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

2Exact values taken from https://physics.nist.gov/PhysRefData/ASD/lines_form.html
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Figure (1.11) Colour-magnitude diagram of galaxies. On the z-axis (resp. y-axis) the absolute
r-band magnitude M, (resp. the colour NUV — r) is shown. Contours show the distribution of
SDSS galaxies with Galactic dust and k-corrected magnitudes (Chilingarian et al. 2017). The
dashed line shows the best separation between the red sequence on top and the star-forming
main sequence on the bottom (Smethurst & Masters, et al., (2022)). To illustrate the different
galaxy morphology found at different locations on this diagram, six randomly picked galaxies
are shown with snapshots of the Legacy Survey (Dey et al. 2019) and red arrows show their
location on the colour-magnitude diagram.

formed stellar population has a different SED shape in comparison to an old one. One of the
simplest methods to investigate galaxies is to look at the difference in magnitude between two
or more band-pass filters (de Vaucouleurs 1961), which provides an estimation of the colour, i.e.
the wavelength dominating the filter measurements.

In Fig. 1.11, the absolute magnitude M,. estimated from the r-band observations of the SDSS

is shown on the x-axis. This is calculated from using the luminosity distance Dr;:
M,,a =r—25— 510g10(DL) (111)

On the y-axis, the difference between the GALEX NUV-band and the SDSS r-band magni-
tude is shown. To illustrate how different galaxies behave on this diagram, contours show the
distribution of the entire SDSS DR7 (see Sect.2.1.2).

As we know from Equation 1.2, the entire SED is shifted towards redder colours for galaxies
at higher redshift. This implies that the colour of a galaxy probes not always the same part of
the SED. This shift can be corrected by a factor, the so-called k-correction, calculated for a given
redshift with an interpolation of multiple optical and near IR colour measurements (Chilingarian
et al. 2010). Hence, in Fig.1.11, only k-corrected colours are shown provided by Chilingarian
et al. (2017). The colours are furthermore corrected for dust attenuation originating from dust
clouds inside the Milky Way. Intrinsic dust extinction is not accounted for here. In fact, star-
forming galaxies with a substantial dust content are observed at redder colours as discussed e.g.
by Gongalves et al. (2012); Sodré et al. (2013); de Sa-Freitas et al. (2022).

M, measures the brightness in the r-band of the galaxies and a distribution of about 6 orders
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of magnitudes is observed in Fig.1.11. The NUV — r 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 NUV —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 NUV —r = 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 ques-
tion 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 "green valley*,
first defined by Salim et al. (2007). Galaxies with colours 4 > NUV —r > 5 are mostly massive
galaxies that recently dropped out the main star-forming sequence (see Sect.4.3) due to star-
formation 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 g — r and
r — 1 for elliptical and spiral galaxies selected from the SDSS. The selection is performed with a
machine-learning algorithm trained by Dominguez Sanchez et al. (2018) as described in detail in
Maschmann et al. (2020). A clear separation is visible with the elliptical galaxies concentrated
at g —r ~ 0.8 and r — i ~ 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
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Figure (1.12) Galaxy SED and morphology as seen with PEGASE 3. On the left, a colour-
colour diagram shows the distribution of different galaxy types. On the z-axis (resp. y-axis),
the colours r — i (resp. g — r) are shown. Elliptical and disc galaxies selected from the SDSS
using Dominguez Sanchez et al. (2018) are shown with red and blue contours respectively. The
displayed colours are calculated using Galactic dust and k-corrected magnitudes (Chilingarian
et al. 2017). On the right, simulated spectra for two galaxies, one disc and one elliptical, produced
with PEGASE 3 (Fioc & Rocca-Volmerange 2019), are shown. On the top, the spectra at
redshift z = 0 are shown and on the bottom, their star-formation history. To illustrate the
evolution of the two galaxies over time, the colours of these two galaxies are shown with markers
on the left panel.

no star formation can happen. On the right part of Fig.1.12, the star-formation history over
cosmic time and the spectra at present day are shown. The evolution of the colours of this galaxy
is as well shown, indicating a migration to the red sequence. In contrast to this, a spiral galaxy
is modelled with an exponential declining gas supply over cosmic time. Furthermore, a major
merger event replenished the gas reservoir instantaneous 4 Gyr ago resulting in a star-forming
galaxy at the present day. In the colour evolution, we see a slow migration towards redder
colours which is then stopped by the merger event and keeps the galaxy inside the star-forming
sequence. The difference between the star-forming spiral and the quiescent elliptical galaxies is
striking when looking at these spectra at present time: this clearly shows the connection between
morphological type and the SED of galaxies. Based on this connection, the blue sequence on
the bottom in Fig. 1.11 is associated with the main sequence of star-forming galaxies, whereas
the red sequence, on the top, is known as the quiescent sequence, consisting of galaxies with

quenches star formation (see Sect. 4.3).

3.4 Properties of active galactic nuclei
3.4.1 Discovery of AGN

Heber Curtis is not only known for his participation on the Great Debate with Harlow Shapley
on the size of the Universe (see Sect. 1). He is also known for detailed catalogues in which he de-
scribed his observations of celestial bodies. In Curtis (1918), he noted the following commentary

for the elliptical galaxy MS8T:

" Exceedingly bright; the sharp nucleus shows well in 5™ exposure. The brighter central

portion is about (/.5 in diameter, and the total diameter is about 2 ; nearly round. No
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Figure (1.13) SED of the galaxy CGCG 218-007 hosting an AGN. The SED with the best
fitting model provided by CIGALE (Boquien et al. 2019). In comparison to the SED shown
in Fig. 1.8, this galaxy has additional X-ray observations. Furthermore, an AGN component
is included in the SED model. Note that one data point observed by IRAS at 60 um shows
significant deviation from the model in comparison to other estimations. This is due to a
contamination of a neighbouring galaxy which cannot be resolved by the IRAS detector.

spiral structure is discernible. A curious straight ray lies in the gap in the nebulosity
in p.a. 20°, apparently connected with the nucleus by a thin line of matter. The ray

is brightest at its inner end, which is 11" from the nucleus."

What he described as a ‘curious straight ray’ is the first description of a jet which corresponds
to the ejection of ionised matter accelerated to relativistic velocities by the central SMBH of a
galaxy. However, the underlying mechanism was not clear at the epoch and detailed studies at
different wavelengths of such objects were needed.

Seyfert (1943) found that the emission lines in the central nuclei of NGC 3516 and NGC
7469 are broadened up to a velocities of 8500kms~!. About a decade later, the nomenclature
‘active galactic nuclei’ was first introduced by Viktor Ambartsumian (Israclian 1997). With the
rise of radio astronomy, many bright radio sources were identified, such as M87 (Stanley & Slee
1950; Baade & Minkowski 1954). Using radio interferometry, the radio jet was then identified
as an extended radio source by Turland (1975). A few years earlier, the nucleus of M87 has
been confirmed as one of the first X-ray sources (Bradt et al. 1968). One discovery in the
early 1960s had a major impact in order to understand all these observations: the spectroscopic
measurement of the star-like object 3C 273 revealed a redshift of 0.158 (Schmidt 1963). This
distance implied that the optical luminosity of this quasi-stellar object (quasar) is 100 times
brighter then all other identified galaxies with identified radio sources. With the detection of
such objects at even higher redshift (Greenstein 1963), it was clear that the observed brightness
cannot be of stellar origin as discussed in Hoyle & Fowler (1963a,b). It was Edwin Salpeter
and Yakov Zeldovich who independently came up with an explanation (Zeldovich 1964; Salpeter
1964): an accretion disc of hot dense gas swirling into the SMBH at the centre of the galaxy is

the engine powering the observed intense radiation.

3.4.2 AGN contribution to the SED

AGN are a major part of extra-galactic astronomy, where quasars are only the most extreme
cases. In fact, many galaxies show signs of AGN activity as for example Maiolino & Rieke (1995)
estimated 5 - 16 % of all nearby galaxies, indicate an AGN in their spectra. Also, not all AGN

are visible since many are hidden behind dust obscuration as for example discussed in Assef et al.
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(2013). In Fig.1.13, the SED of a galaxy hosting an AGN is shown from the X-ray to radio
wavelengths. The best fitting model obtained with the SED fitting tool CIGALE (Boquien
et al. 2019; Yang et al. 2020, 2022) finds a significant 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 significant 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 2-10keV 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, 2022). The SMBH is surrounded by a dense accretion disc which
can be identified 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
insignificant in the UV and optical wavelengths.

In Fig.1.13, one can also find a significant 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 field 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(v) o< v®. In contrast to
the spectral index associated with star formation of o ~ —0.7 (Condon 1984), the synchrotron
spectra of an AGN is observed to be flat & ~ 0 or even positive (Linfield 1982; Perley 1982;
Bridle & Perley 1984), reaching values up to a ~ 2.5 (Mhaskey et al. 2021). The AGN-spectral
index of the measured for the galaxy in Fig.1.13 is a = —0.1, whereas the synchrotron radiation
emitted by star formation is described by o = —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 (Wilson & Colbert 1995),
with luminosities of up to 1026 WHz~! at 2.7 GHz (Urry & Padovani 1995).

3.4.3 Influence of AGN on the host galaxy

AGNs are not only important as individual objects since they affect their host galaxy and
influence 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 outflows 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 outflows can compress molecular clouds enhancing the star-formation efficiency
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Figure (1.14) BPT diagram of two galaxies. On top panels, the optical spectra of two galaxies
are shown. On the left (resp. right) side, a star-forming galaxy (resp. a galaxy hosting an AGN)
is shown. The stellar continuum provided by Chilingarian et al. (2017) is shown with orange
lines. To illustrate the emission lines needed for the BPT diagram, the continuum subtracted
emission line spectra near the Ha and Hf emission lines is shown with zoom-ins. In the middle
of the bottom panels, the BPT diagram with [NII[JA6585/Ha on the z-axis and [OIII]A5008/H/
on the y-axis is shown (Baldwin et al. 1981). The contours show the distribution of the SDSS
with galaxies exhibiting all four needed emission lines with at least a S/N > 3. The black dashed
and solid lines separate observations classified as HII, composite (comp) or as AGN (Kewley
et al. 2001, 2006). The situation of the above star-forming and AGN-hosting galaxies are shown
with blue and red markers respectively.

(Silk 2005, 2013; Gaibler et al. 2012).

For individual galaxies, it is difficult to estimate how strong AGN activity can affect the host
galaxy. It is also challenging to determine the AGN contribution to the SED with only a few
data points. Diagnostic diagrams based on optical emission lines of the ionised gas are a popular
method since redshift surveys such as the SDSS provide optical spectra for a large sample of
galaxies (see Sect.2.1.2). These diagrams can provide information about the ionisation state of
the gas and distinguish between the radiation from HII regions of an ionising AGN emission as

discussed in the next section.

3.5 Ionised gas diagnostics

As discussed in Sect. 3.2.3, ionised-gas emission lines can have different origins and thus the
intensity proportions of different lines strongly vary between different galaxy types as illustrated
in Fig. 1.10. An empirical classification based on the emission line ratios was first introduced by
Baldwin, Phillips, & Terlevich (1981). Hence, the diagram is often referred as the BPT diagram.
Such a diagram is shown in Fig.1.14 with the emission-line-flux ratios [NIIJA6585/Ha on the
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z-axis and [OIII]\5008/Hf 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 classified 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 Ho emission line. The right galaxy
hosts an AGN. A clear kinematic confirmation for this is the detected broad line component in
the Ha-emission line and the fact that forbidden lines such as [NIIJA6585 and [OIII]A5008 are
significantly stronger than Balmer emission lines. The two lines used to distinguish between
these two kinds of galaxies encloses a region where galaxies are classified as ‘composite objects
whose spectra contain significant contributions from both AGN and star formation’ (Kewley et al.
2006).

In order to further characterise galaxies, additional BPT diagrams are used. These diagrams
use ([SII]A6718 + [SII]A6733)/Ha (resp. [OI]A6302/Ha) on their xz-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 field spectroscopy
can localise AGNs or HII regions and help to better study the structure of galaxies (e.g. Belfiore
et al. 2016).

4 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 significant 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
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Figure (1.15) SED of stellar populations and their star-formation history. On the left, the SED
of two stellar populations is shown similar to the stellar component presented in Fig. 1.8. In red,
the SED of an old stellar population is shown, which started forming 13 000 Myr ago. In blue,
a young stellar population is shown which originates from a 1000 Myr old starburst. With a
black dashed line, the total stellar spectrum is shown. On the right, the star formation rate is
shown, modelled by an exponentially declining star formation history. The main (resp. young)
stellar population declines with an e-fold of 7000 Myr (resp. 100 Myr).

of the Universe and building up the main population of the galaxy. (2) A second population of
young stars and a more rapidly declining star-formation history, accounting for a recent starburst
caused by gas accretion or a merger. Such a model, computed with CIGALE, is illustrated in
Fig.1.15. The main stellar component started forming 13 000 Myr ago and declines with an
e-fold of 7000 Myr. As shown on the left of Fig. 1.15, this stellar population makes up the main
emission of the SED with a dominance at red colours. Younger stars, produced by a recent short
burst 1000 Myr ago with an e-fold of 100 Myr build up only 1% to the total stellar mass of the
modelled SED. As can be seen on the SED, this contribution of the young stellar component is
less intense in comparison to the main stellar population. However, the young stars are brighter
in the UV and blue optical light. This is why we see galaxies with ongoing star formation
exhibiting blue colours as illustrated in Fig. 1.11.

One quantity, of particular interest in order to study the evolutionary state of galaxies, is
their SFR at the time of the observation. From the modelled star-formation history, such as
the one shown in Fig.1.15, one can directly obtain the SFR. However, such an estimation is
strongly depending on the chosen model which is an approximation (e.g. Boquien et al. 2019).
In fact, it is possible to directly measure the current SFR from the calibration of the luminosity
at different wavelengths. This is due to the fact that HII regions contribute to the SED over
a large range of wavelengths (see Sect 3.1). Such calibrations have been performed in the radio
continuum (e.g. Condon et al. 2002), the IR continuum (e.g. Hunter et al. 1986; Lehnert &
Heckman 1996; Kennicutt 1998a), optical emission lines (Rosa-Gonzdlez et al. 2002) and UV
continuum (Meurer et al. 1995; Kennicutt 1998a). In order to get an overview of the tools used

to estimate star formation, the most commonly ones are discussed in the following.

4.1 Star formation rate estimators

The light of young stars, dominated by UV emission, is absorbed by dust and re-emitted in the
thermal IR spectrum (Kennicutt 1998a). This makes the far-IR (FIR) luminosity, in the range
10-300 pm, a sensitive star-formation tracer. A commonly-used calibration to convert the far-IR

luminosity into a SFR was provided by Kennicutt (1998b):

SFR(FIR)[Muyr~ '] = 5.8 x 10° Lpr [Lo) (1.12)
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where Lpgr is the bolometric luminosity of the FIR emission. While inspecting the AGN contri-
bution to the SED in Fig. 1.13, one notices that the AGN significantly contributes to the total
FIR luminosity and biases the SFR estimation (Sanders & Mirabel 1996). In order to distin-
guish between IR emission from an AGN and star formation sites, an accurate SED modelling

is needed.

As discussed in Sect 3.2.3, the Ha 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(Ha)[Moyr—!] = 7.9 x 1072 L(Ha)[ergss ], (1.13)

where L(Ha) is the Ha 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 Ha luminosity can compensate
this. The intrinsic Ha luminosity Liy(H,) can be calculated from the observed Ha luminosity
Lobs(Hq) following Calzetti (2001):

Lint (Hat) = Lops(Ha) 100-4KHEB=V) (1.14)

where k(H,) is the reddening curve computed for the Ha 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 Ha/Hp:

(1.15)

E(B — V) = 1.97logio [(HO‘/HB)b] |

2.86

following Momcheva et al. (2013) and Dominguez et al. (2013). This formula is based on the
assumption that the gas is at a temperature of T = 10*K with an electron density of n, =
102cm~3. A case B recombination (the gas is optically thick to radiation just above 13.6eV)
would then result in an intrinsic Ha/H/ ratio of 2.86 (Osterbrock & Ferland 2006). Using the
dust corrected Ha luminosity, one can calculate the star-formation ratio using equation1.13
(Kewley et al. 2002). As reviewed in Kennicutt (1998a), the SFR can be also estimated from
the forbidden emission-line doublet [OIIJA3727,3730 or the UV continuum. These estimators,

however, are reliable only if dust attenuation can be estimated.

A more complex approach to estimate the SFR was performed for a large sub-sample (10°
galaxies) of the SDSS by Brinchmann et al. (2004). Their SFR estimation relied on ionised-gas
emission-line modelling described in Charlot & Longhetti (2001). They, furthermore, take the
gas excitation into account using BPT diagrams (see Sect.3.5) and estimate the AGN contri-
bution to the Ha 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
g—r and r —i SDSS photometric-band measurements and extrapolated the spectral-based SFR
for the entire galaxy. They used the SFR estimated in the fibre 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
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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 fitting for about 700000 (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 find a
very good agreement for galaxies of the main star-forming sequence. However, they find 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 2dex. Since
the conversion from IR luminosity to SFR is fixed, 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.

4.2 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 specific 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 fitting 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 specific 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.

4.3 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
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Figure (1.16) Illustration of the main sequence of star-forming galaxies. On the left panel,
the distribution of the SFR and the stellar mass estimated by Brinchmann et al. (2004) and
Kauffmann et al. (2003), respectively, is shown. The dichotomy, already observed in Fig. 1.11, is
clearly visible with the main sequence of star forming galaxies on top and a sequence of quiescent
galaxies on the bottom. The main sequence was parametrised by Whitaker et al. (2012) and
shown for redshifts z = 0,0.25 and 0.5 with coloured lines. On the right panel, the distance
between the predicted main sequence and the measured SFR dMS = SFR/SFRyg is shown as
a function of stellar mass. To illustrate the distribution of different galaxy types, the same
galaxies shown with snapshots in Fig. 1.11 are shown here with their location on the diagram.
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higher masses but similar absolute r-band magnitudes is due to the fact that high-mass galaxies
have a higher mass-to-light-ratio (Kauffmann et al. 2003). Taking the model of hierarchical mass
growth of galaxies over cosmic time (see Sect.2.2), this distribution further supports the idea
that star-forming galaxies are the progenitors of massive galaxies with quenched star formation.

As illustrated in Fig1.6, the star-formation density is not constant over cosmic time. The
SFR varies with redshift and so does the main sequence of star-forming galaxies. This shift was
parametrised by Whitaker et al. (2012): a relation between the stellar mass and the SFR provides
the expected SFR values for the main sequence for a given redshift. This relation is shown for
z =0,0.25 and 0.5 with coloured lines on the left panel in Fig. 1.16. This relation further allows
to compute the offset of an individual galaxy from the main sequence as IMS = SFR/SFR)s.
This offset is shown on the right panel of Fig. 1.16. The main sequence is situated at §MS = 0
with a scatter, estimated from observation of 0.3 dex (e.g. Noeske et al. 2007b; Rodighiero et al.
2011; Whitaker et al. 2012; Schreiber et al. 2015). In order to illustrate the different galaxy types
found along this distribution, the snapshots of the exact same galaxies shown in Fig.1.11 are
displayed in the right panel of Fig. 1.16. Their position on the diagram describing the distance to
the main sequence shows good agreement with their position on the colour-magnitude diagram:
on the one hand, elliptical galaxies of the red sequence are found to be quenched and shifted up
to 2dex below the main sequence. On the other hand, blue galaxies, mostly discs, are scattered
around the main sequence.

The distribution of galaxies along the main sequence is a useful tool to characterise their
evolutionary state of galaxies and has been extensively used to study the behaviour of galaxy
samples over cosmic time (e.g. Noeske et al. 2007b; Whitaker et al. 2012; Speagle et al. 2014;
Schreiber et al. 2015; Tacconi et al. 2018). One key question in galaxy evolution till the present
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day is how galaxies evolve along the main sequence and what makes them drop beneath the

main sequence (Conselice 2014).

4.4 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 significant contribution to the cosmic star-formation history, the
authors find 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 outflows and
inflows 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:
‘What 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?’ (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 filaments 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, 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 significantly below it though star-formation quenching. Figurel1.17,
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 ‘blue
nugget phase’, 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 outflows.
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 finally 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 SO 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).
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Figure (1.17) Galaxy evolution on the main sequence over cosmic time, taken from Tacchella
et al. (2016, figure 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.
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5 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 find 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 Mg pc2 (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 Mg 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 4 0.6 x 105M,. 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 finally coalescing. From major merger
simulations, Begelman et al. (1980) estimated that the two cores will stay at a separation > 1kpc
for ~ 100 Myr, before forming a stable binary at separations of 0.01 — 1 pc (Milosavljevi¢ &
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 1kpc, using X-ray observations. The first candidate of a close dual AGN
was found using the Very Long Baseline Array (VLBA) which revealed the presence of two
central, compact, flat-spectrum components (Maness et al. 2004), as expected from two AGN.
With higher resolution, Rodriguez et al. (2006) confirmed 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 [OIIT]A4960, A5008 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 kms~! and a spatial separation of 1.2kpc. From an HST image, they
find 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 identified as a
DP emission line. They, furthermore, found 32 AGN exhibiting a velocity offset between 60 to
300km s~ 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)
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Figure (1.18) Long-slit spectroscopy of a double-peak galaxy observed by Gerke et al. (2007).
A compilation of the figures 1, 2 and 3 from Gerke et al. (2007). On the left panel, the HST ACS
observations with the broad band filters F606W and F814W (V and I) are shown. With dashed
lines, the edges of the DEEP2 DEIMOS slit observations are shown. Dotted lines indicate the
central part of which the spectra, shown in the middle and right panel, is extracted. On the
middle panel, the 2D spectral observations of the HA, [OIII]A 4960 and [OIII]A5008 emission
lines on the DEIMOS detector are shown from top to bottom respectively. The vertical shift
between the two horizontal dashed lines in the bottom panel indicates the spatial position of
the two [OIIIJA5008 emission line components. This separation corresponds to 1.2kpc. On the
right panel, the 1D spectrum is shown, which clearly reveals the DP signature.

measured a projected separation of 1.75kpc in the system COSMOS J100043.154+020637.2.
Using a long-slit spectrometer, they found a projected velocity difference of 150 kms~—!. This is

indeed a less prominent DP signature, present in the 3” SDSS spectra.

These results have revealed that there can be a link between a dual AGN and a DP emission
line shape. If one takes this a step further and looks at large surveys such as the SDSS, which
provides spectroscopic measurements of many galaxies, this offers a great opportunity to find
large samples of dual AGN. Nevertheless, it is difficult to infer the underlying mechanism in
the central kpc of a galaxy from just a single spectroscopic measurement and an image. Such a
systematic search for a DP [OIII]A5008 emission line was first performed by Wang et al. (2009)
who found 87 DP AGN in the SDSS DR-7. By searching for DP [OIII]A 4960 and A5008 emission
lines, Liu et al. (2010) who found 167 DP AGN and Smith et al. (2010) 148 DP AGN. However,
they were not able to distinguish between a rotating disc scenario, ionised gas outflow or a dual
AGN. They clearly state that “spatially resolved optical imaging, spectroscopy, radio or X-ray
follow-up are needed to draw firm conclusions” (Liu et al. 2010). In a more general study, which
also included non-AGN galaxies, Ge et al. (2012) found 3030 DP galaxies. These works build a

solid basis for in-depth studies using follow-up observations of peculiar systems.

Subsequently, many follow-up observations were carried out for interesting DP objects. An-
other technique is to resolve dual AGN with X-ray observations. In Comerford et al. (2011), this
technique was carried out by using the Chandra X-ray Observatory. As can be seen in Fig. 1.19,
two sources have been detected revealing a projected separation of 1.9 kpc. In addition, long-slit
observations with the Kast Spectrograph on the Lick 3m telescope confirmed the same separa-
tion and found a projected velocity separation of 350 kms~! (Comerford et al. 2011). However,
even with high-resolution observations, it remains challenging to determine the exact configu-
ration of the AGN. For example, a galaxy merger can also lead to an AGN with off-centred
kinematics with respect to the stellar kinematics of the host galaxy. These offset-AGN create
an emission line anomaly as well (Comerford & Greene 2014). In a larger study of 12 optical
selected dual AGN with both high resolution HST and Chandra X-ray observations, Comerford
et al. (2015) found 6 dual or offset AGN with a separation of less then 10 kpc and 6 single AGN.



34

CHAPTER 1. SCIENTIFIC CONTEXT

Figure (1.19) Chandra X-ray observations of a dual AGN candidate. Figure taken from Com-
erford et al. (2011, figure 2). The Chandra X-ray in the 0.5-8keV range is shown on the left.
In the middle panel, the X-ray data were smoothed with a 3 pixel radius Gaussian and on the
right, a two-component model is shown, consisting of a two-dimensional Lorentzian with a vary-
ing power law. The size of the images is 4”7 x 4”.
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Figure (1.20) VLA image of dual AGN J1158+3231 observed at 8.5 GHz. Figure taken from
Miiller-Séanchez et al. (2015, figure 14). The contours on both images indicate the levels of the
peak flux intensity between 10 % and +90 % with 10 % steps. On the left panel, the colour bar
represents the total radio intensity. The positions of the two nuclei, C1 and C2, are marked with
arrows. The photometric major axis is indicated with a red dashed line and a yellow dashed line
marks the orientation of the two [OIII]A5008 peaks, detected with long slit observations. On
the right panel, the spectral index, calculated with additional VLA observations at 11.5 GHz, is
displayed.

They, furthermore, find the dual or offset AGN to be 10 times more luminous than the single
AGN ones. This enhancement can be explained by an effective inwards funneling of gas during
a past merger event.

Using high-resolution multi-band Very Large Array observations in combination with optical
long-slit spectroscopy, Miiller-Sanchez et al. (2015) conducted a detailed study of 18 DP AGN.
In three galaxies, they found two separated optical components with emission line ratios typical
of AGN. Figure 1.20 displays the two nuclei of one of those three galaxies, which have a pro-
jected separation between 0.6 and 1.6 kpc and which have been individually detected with radio
emission at 8.5 and 11.5 GHz. The fact that both nuclei have a flat spectral index, confirms the
hypothesis of a dual nuclei. They found that perturbed gas kinematics are responsible for the
DP emission line signature in 75 % of the cases while 10 % remain ambiguous.

Based on a large sample of 71 AGN at z < 0.1 which exhibit a DP [OIIIJA5008 line in

their SDSS spectra, Nevin et al. (2016) performed a systematic classification using additional
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long-slit spectroscopic observations. They conclude, that for about 86 % of their sample, the
DP profiles are produced by moderate-luminosity AGN outflows. 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 confirm 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 outflows. 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 [OIIIJA5008 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 [OIIIJA5008,4960 doublet but also the HS, He, the [NIIJA6550, 6585
doublet and the [SIT]A6718,6733 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. 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.
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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 finds also large galaxies absorbing smaller ones in a minor merger. With the help
of simulations relying on the the ACDM 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 find diagnostics enabling to identify late
stages of galaxy mergers.

Tonised-gas emission lines are measured at a specific wavelength, defined 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 find 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 find not only AGN. With an
automatic selection procedure, I managed to find 5663 such galaxies consisting of only 7% AGN.
With a detailed study of different galaxy characteristics, I succeeded in identifying special fea-
tures 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
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exhibiting larger bulges and SO galaxies are more frequent among them than in SP galaxies.
About 36 % of the DP galaxies are SO galaxies compared to only 20 % of the SP sample. Fur-
thermore, 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
significantly 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 outflows, 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).



1. DOUBLE-PEAK EMISSION-LINE GALAXIES IN THE SDSS CATALOGUE 39

Astronomy & Astrophysics manuscript no. output
December 11, 2022

©ESO 2022

Double-peak emission line galaxies in the SDSS catalogue. A
minor merger sequence.

Daniel Maschmannl’z, Anne-Laure Melchiorl, Gary A. Mamon3, Igor V. Chilingarian4’5, Ivan Yu. Katkov>:©

! Sorbonne Université, LERMA, Observatoire de Paris, PSL research university, CNRS, F-75014, Paris, France

e-mail: Daniel .Maschmann@rwth-aachen.de, A.L.Melchior@obspm.fr

RWTH Aachen University, Institute for Theory of Science and Technology, Aachen, Germany

Institut d’ Astrophysique de Paris (UMR 7095: CNRS & Sorbonne Université), 98 bis bd Arago, F-75014 Paris, France

Center for Astrophysics — Harvard and Smithsonian, 60 Garden St. MS09, Cambridge, MA, 02138, USA

Sternberg Astronomical Institute, M.V. Lomonosov Moscow State University, 13 Universitetsky prospect, Moscow, 119991, Russia
New York University Abu Dhabi, Saadiyat Island, PO Box 129188, Abu Dhabi, UAE

[ IRV N SV Y

Received 02 March 2020/ accepted 23 July 2020

ABSTRACT

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 SO 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 SO 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 SO galaxies and a deficit of pure disc galaxies.

Key words. galaxies: kinematics and dynamics, galaxies: interactions, galaxies: evolution, galaxies:irregular, techniques: spectro-

scopic, methods: data analysis

1. Introduction

The evolution of galaxies over cosmic time is largely deter-
mined by their mass growth and is thus connected to their en-
vironment and their merger rate. It is well observed that the
mix of morphological types of galaxies depends on the environ-
ment (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 environ-
ment (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 sim-
ulations (e.g. Mo et al. 1998). Accretion from filaments is moti-
vated by numerical simulations (e.g. Bond et al. 1996), while ob-
servational detection is based on filaments of galaxies in cluster
environments (e.g. Laigle et al. 2018; Sarron et al. 2019) and the

Ly« 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 Re-
lease (DR) 4 with stellar mass ratios between 0.1 < M;/M, <
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 DR?7, they increased their sample to 21347
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 ongo-
ing 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



40

CHAPTER 2. DOUBLE-PEAK EMISSION-LINE GALAXIES

A&A proofs: manuscript no. output

dual AGNs, which is a late stage of a galaxy merger (Genzel
et al. 2001; Koss et al. 2016, 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 re-
sulting in a binary quasar with a projected separation of 21 kpc
and a radial velocity difference of 215km s~!. Mergers with a bi-
nary quasar have also been associated with an offset and/or DP
[OIII]A5008 emission line (e.g. Comerford et al. 2009, 2013).
Many systematic searches for dual AGNs have been conducted
at different wavelengths (Liu et al. 2011, 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 emis-
sion 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, Com-
erford et al. (2015) confirmed a dual AGN, with a separation
of 2.2 kpc, resulting from an extreme minor merger (460:1) cre-
ating a DP [OIII]A5008 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 emis-
sion lines (Miiller-Sanchez 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 sup-
ported by Monte Carlo simulations in Nevin et al. (2018). Fur-
thermore, Comerford et al. (2018) associated double-peak emis-
sion 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 iden-
tify 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 Distri-
butions (RCSED) (Chilingarian et al. 2017).

This work is organised as follows. In Sect. 2, we describe the
pipeline developed to automatically select galaxies with spec-
tra exhibiting double-peak emission lines and describe the selec-
tion 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 conclu-
sion in Sect. 6.

A cosmology of Q,, = 0.3, Qs = 0.7 and & = 0.7 is assumed
in this work.

2. Detection of double-peak emission line galaxies
in RCSED catalogue

2.1. Spectroscopic data

The RCSED contains 800299 galaxies selected from the SDSS
DR?7 spectroscopic sample (with a spectral resolving power R =
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1500...2500) in the redshift-range 0.007 < z < 0.6 (Chilingar-
ian 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 tem-
plate 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 A, 6790 A]. In Fig. 1, we
show major emission lines extracted from stellar continuum sub-
tracted 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 func-
tions 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 re-
veal low-luminosity AGN broad line components (Chilingarian
et al. 2018). The catalogue provides the fluxes resulting from
these two procedures for several emission lines, y> per num-
ber degree of freedom (Ndof), hereafter X%,, the equivalent width
(EW) and other parameters, as specified in Chilingarian et al.
(2017).

2.2. 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 show-
ing 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.

2.2.1. Preliminary candidates

We first restricted the analysis to galaxies with detectable emis-
sion lines, in order to define a preliminary sample on which a
subsequent emission line fitting can be applied. Hence, we se-
lected objects with a S/N > 10 in the [OIII]A5008 or He16565
lines. To secure the detection of the S[11]16718 and S[II]16733
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 189152 galaxies, which have a
S/N > 5 in at least three emission lines among Ha16565,
HpBA4863, Hy14342, [OIII]A5008, [O1]16302, [NII]16550, and
[NII]26585. 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 y2 value of the single
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Fig. 1. Emission lines of three DP galaxies, namely HB14863, [OIII]A5008, [O1]46302, [NII]A 6550, Ha16565, [NII]JA 6585, [SI1]16718 and
[SII]A 6733. For each panel, we display on the top left, the 62” x 62" SDSS snapshot. Each displayed line is fitted with a double Gaussian function
as explained in Sect.2.2. We show the blueshifted Gaussian component as blue lines and the redshifted component as red lines. The green line is
a superposition of the two Gaussian components. Below each emission line we show residuals. We flag lines with a confirmed DP selected with
criteria described in Sect. 2.2 as ‘with DP” and flag the others as ‘no DP’ for failing the criteria. The black dashed vertical line indicates the position
of the stellar velocity of the host galaxy, computed by Chilingarian et al. (2017). The top spectra are for a face-on spiral galaxy at a redshift of
z = 0.02 with a Avpp = 232km ™!, which resembles an outflow (discussed in Sect. 5.6). The middle spectra are for an elliptical galaxy at z = 0.05

showing a Avpp = 495 kms~!. The bottom spectra are for a galaxy merger at z = 0.05 and Avpp = 269 km s~

!, This is one of 58 galaxies discussed

in Maschmann & Melchior (2019) showing a DP structure probably associated with recent galaxy merger.

Gaussian and non-parametric RCSED fit, we can compared the
spectra whose emission lines resemble a Gaussian shape with
those spectra showing an unlikely Gaussian shape, such as a

DP. We selected 99 740 galaxies with a larger y2 value for the
Gaussian fit than for the non-parametric fit. They were classified
as preliminary candidates. Spectra with a larger y2 value for

the non-parametric fit were selected as the control sample (CS),
since they have more likely a Gaussian shape (see detailed
description in Sect.2.2.3).
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STAGE 1: emission-line stacking and fitting
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Fig. 2. Flowchart describing the first two stages of the automated selection procedure, detailed in Section 2.2. We list up all selection criteria and
note the number of galaxies at each selection step. In stage 1 we select preliminary candidates and a control sample (CS) using emission line
properties and y? ratios from emission line fitting computed by Chilingarian et al. (2017). We visualise the stacking and fitting procedure and all
selection criteria described in 2.2.2. In stage 2 we describe the individual fitting of each emission line and list up all criteria for the DP flag detailed
in 2.2.4. We finally select 7479 DP candidates and 89 412 galaxies for the CS.

2.2.2. Emission line stacking and fitting procedure single emission line can be distorted by noise, genuine signals
will be enhanced in the stacked spectra characterised by a re-
duced noise. To guarantee the significance of this procedure, we
required S/N > 5 for all stacked emission lines. To stack the
emission lines, we selected each emission line in the range of
+30A with respect to the emission line position and transformed
it into velocities. We calculated the velocity of each wavelength
biniasv; = ¢ (AA;)/ Aest, Where AA; is the difference between the
wavelength of the bin i and the observed emission line position
and A its rest-frame wavelength. We calculated the stacked
spectra by summing the flux of each selected emission line in
each velocity bin v; and add the uncertainties quadratically.

The emission line fittings performed in the RCSED catalogue is
separated for Balmer and forbidden emission lines since they can
originate from different parts of the galaxy (Chilingarian et al.
2017). For the preliminary selected galaxies, we only find ~ 1%
showing a deviation greater than the SDSS spectral resolution
between the two fits regarding the emission line position or dis-
persion. The RCSED catalogue has also excluded SDSS objects
classified as quasars or Seyfert 1 (Schneider et al. 2010) since the
stellar population analysis or the k-correction (e.g. Chilingarian
et al. 2010b) is not supporting these kind of objects (Chilingarian
et al. 2017). Hence, most broad-line galaxies were not included

and we were not investigating such line shapes in this study.

We can thus assume a priori the same or a similar shape in
all emission lines. This motivates a stacking procedure of the
different emission lines of each spectra. While the shape of a
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We isolated the Ha16565, [NII]J16550 and [NII]16585
emission lines for the stacking procedure. They can overlap
and cause artefacts in the stacked spectra. The [NII]26550,
A6585 doublet is characterised by a fixed flux ratio of
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[NII]A6585/[NII]16550 = 2.92 + 0.32 (Acker et al. 1989). Us-
ing the non-parametric emission line fit from RCSED we could
extrapolate and subtract the [NII] doublet, as done in Schirmer
et al. (2013).

We fitted a single Gaussian function (gginge) and a double
Gaussian function (ggouble) against each stacked spectrum. We
used the following functions for the adjustments:

Y
Sungte(0) = A exp((” 4 )+ B, (1)

2072

where A is the amplitude, ¢ the mean and o the standard devi-
ation of the Gaussian function, v the velocity and B a constant
accounting for the background noise level.

b= 1)
Sdouble(V) = Ay exp (# + A, exp[
20

1

2
@-p)y ”‘22) ] +B. ()
205

In Eq. (2), we used the same notation as Eq. (1) with subscripts
(1,2) defining the first and second Gaussian components. All fit-
ting procedures were performed using the data analysis frame-
work ROOT!

We then applied criteria to select DP candidates with the fit
procedure, as follows:

1. 1/25 < A/A; <25
2. Auvpp = |uz — pa| > 360
3. F-test

Criteria (1) ensures that one of the two possible peaks is not sup-
pressed or does not represent only noise. Criteria (2) demands
the separation of the two peaks to be three times greater than
ov, the bin-width of the spectroscopic observation, transformed
into a velocity, which is 36v = 207km s~!. The F-test of cri-
teria (3) directly compares the two fitted models and demands
a significant decrease in y? relative to the increase in the Ndof
for the double Gaussian fit (subset ‘d’) in comparison to the sin-
gle Gaussian fit (subset ‘s’). Following Mendenhall & Sincich
(2011), we calculated the F-statistic, as follows:

(x2 - x3)/(Ndof, — Ndofy)
X3/Ndofy

) 3

fstat =

and demanded the Fisher-distribution F to reject the single Gaus-
sian hypothesis with a probability of less than 5% by using the
cumulative distribution function:
Fear(fseat|Ndofs — Ndofy, Ndofy) > 0.95. 4
With these criteria, we selected 7479 galaxies.

The Gaussian velocity dispersions o that we measured di-
rectly from the spectra need to be corrected for the instrumental
broadening oy (as e.g. discussed in Woo et al. 2004). We calcu-

2

lated the corrected dispersion as o cor = +/07 — 0%, where o

i inst’
corresponds to o, o7; and o,. The resolution of the SDSS spectra
is not constant for the covered wavelength range and decreases
towards higher wavelengths. To correct the stacked-spectra ve-
locity dispersions, we used the mean o, computed over the
selected emission lines. We find a mean o = 61 + 4kms™!.
In the subsequent analysis, we only discussed corrected velocity
dispersions.

! © Copyright CERN 2014-18 (http://root.cern.ch/).

2.2.3. Control sample selection

For later analysis, we selected a Control Sample (CS) to com-
pare 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, con-
tains 189 152 galaxies, and was then divided into two subsam-
ples using the Gaussian and the non-parametric fits provided in
the RCSED. We kept spectra exhibiting a larger y2 value for the
non-parametric than for the Gaussian fit to select galaxies show-
ing Gaussian shaped emission lines. With this criterion, we se-
lected 89 412 galaxies, building up the CS. Since we considered
the same S/N thresholds for emission lines and the same maxi-
mal redshift as for the DP candidates, this is a representative con-
trol 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.

2.2.4. Individual emission line fitting

In the second stage of the selection procedure, we examined
the following emission lines separately: Hy14342, HBA4863,
[OIII]A5008, [01]16302, [NIIJA 6550, Ha16565, [NII]16585,
[SII]A6718, and [SII]A6733. We fitted a single and a double
Gaussian function to each line. For the double Gaussian func-
tion, we set the parameters y; > and o » 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,, , and +E,, ,. The uncer-
tainties are usually smaller than the spectral bin size 64 of the
SDSS which means that these values are quasi fixed. In the case
of uncertainties larger than 0.4 x 61, we fixed them to 0.4 X dA.

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],A2 > 30'b

2. x2(single) > y*(double)
3. 1/3<A1/A, <3

4. S/N > 5

where o, is the root mean square (RMS) of the background noise
level measured on both sides of the emission line. The first cri-
terion ensures that the amplitude of each DP component is sig-
nificantly 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 ex-
cluded 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 cri-
teria above, we set a flag to highlight the specific line as a DP
line.

2.2.5. Final selection of double-peak galaxies

In the third stage of the selection procedure, we excluded galax-
ies 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,
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Fig. 3. Stage 3 of the selection procedure to find the final DPS. This
algorithm sorts the fitted emission lines according to their S/N and uses
the DP flags indicating confirmed DP in the specific line. All selected
galaxies must have a confirmed DP in the strongest line. If the object has
more than 1 (resp. 2) confirmed line(s), we must also find a DP in the
second (resp. second and third) strongest line. This procedure excludes
objects which have a falsely confirmed DP in some weaker lines. We
finally get the DPS counting 5 663 galaxies. In Table 1, we present the
distribution of DP galaxies for different number of confirmed DP.

we also demanded the second (resp. second and third) strongest
line to be flagged as DP. With these criteria, we excluded 1816
galaxies, which do not show a DP in their strong lines. This can
occur for different reasons: (1) the fitting procedure can fail at
specific lines because of a noisy line shape, (2) the spectra show
only a DP structure in the stacked spectra but not in any individ-
ual line, or (3) DP occur only in weak lines, which are dominated
by noise.

Our final DPS contains 5663 galaxies with Av = |y, — |
between 211 and 582 km/s. In Fig. 4, we show distributions of
the flux ratios between the two fit components of the He16565,
[OIII]A5008, HBA4863 and [NII]16585 emission lines. There is
a noticeable difference between the flux ratio @dmax/@Pmin of Ha
and [OIII]. We also present the distribution of Avpp and the mea-
sured ratio of the amplitudes and velocity dispersions 0" max /0 min
of the two components in the stacked spectra.

The number of confirmed DP lines varies between one and
nine and is presented in Table 1. 92% (resp. 72%) of the selected
galaxies exhibit three (resp. four) or more double-peak emission
lines.

The automated selection procedure selected DP galaxies
with an objective algorithm. This means that we did not need any
visual inspection, which would have been a subjective factor in
the sample selection. We show in Table 2 some fitting parameters
of the first five galaxies of our DPS.

2.3. No-bias control sample

Figure 5 displays stellar mass (Kauffmann et al. 2003) as a func-
tion of redshift for the CS and for the DPS. We can observe that
very few low-redshift objects are present in the DPS. This is ob-
viously a selection bias: our method ends up excluding small

Article number, page 6 of 29

systems with M, < 10'° M. This is due to the fact that we cut
Avpp < 211kms™': those two quantities are related through the
Tully Fisher relation (Tully & Fisher 1977), as further discussed
in Sect. 4.3.4. We thus indirectly cut on the redshift and the fibre
size. Hence, most DP detections correspond to a fibre size larger
than 3 kpc and massive galaxies which have M, > 10'%4 M,
The maximal redshift observed in the DPS is z = 0.32 (but this
particular galaxy has no stellar mass approximation and is thus
not represented in Fig.5). Only < 1% of the DP galaxies have
a redshift z > 0.25. This can be explained by the S/N cut of
emission lines in the selection procedure (see Sect.2.2.1). For
comparison purposes, we defined a sample of ordinary galaxies
showing no double-peak emission lines but following the same
redshift and stellar mass distribution as the DPS. We randomly
selected galaxies from the CS (defined in Sect. 2.2.3) following
the same redshift-stellar mass distribution as the DPS. Therefore,
we divided the redshift-stellar mass space into a grid of 20x20
boxes and randomly draw galaxies from the CS in each box, fol-
lowing the probability of finding a DP galaxy in the specific box.
We were thus able to select 5 128 galaxies from the CS as shown
in Fig. 6. In order to keep the same redshift-stellar mass distribu-
tion for the NBCS as the DPS, it is not possible to exceed 5 128
galaxies in the NBCS. This new sample has approximately the
same redshift and stellar mass properties as the DPS but shows
single Gaussian shaped emission lines and is hereafter called the
no-bias control sample (NBCS). We present the redshift and stel-
lar mass distributions for both samples in Fig. 6.

2.4. Comparison with other works on DP

In this Section, we compare our DPS with previous samples. In
Table 3, we cross-identify our samples at different selection steps
with four other works, which released galaxy samples defined
with DP galaxies or asymmetric features. Namely, we present
a comparison with the samples found by Wang et al. (2009) and
Liu et al. (2010), which comprise 87 and 167 Type two DP AGNs
detected with the [OIII]JA5008 line. The sample of Smith et al.
(2010) comprises 148 quasars classified as type one and type two
AGNS. Ge et al. (2012) conducted a much broader selection pro-
cedure and provide two samples: one composed of 3030 galaxies
with double-peak emission lines (hereafter G12-DP) and a sec-
ond one gathering 12 582 galaxies with top flat or asymmetric
line shapes (hereafter G12-TFAS).

Our DP detection algorithm is based on a stacking proce-
dure, which enables to study galaxies with at least three signifi-
cant emission lines including a strong [OIII]A5008 or He16565
line. These requirements are encoded among others in the pre-
liminary selection (see Sect.2.2.1). By comparing the sample of
our preliminary candidates of 99 740 galaxies (see Sect.2.2.1),
we detect 71% (resp. 57%) of the sample found by Wang et al.
(2009) (resp. Liu et al. 2010). Those galaxies, which fail our DP
detection algorithm, show mostly different emission line shapes
between the [OIII]A5008 and Ha16565 lines. Those galaxies
were then systematically sorted out in stage three of our selec-
tion procedure (see Sect.2.2.5). We find only one DP galaxy in
the RCSED catalogue selected by Smith et al. (2010), which also
fails our final selection procedure due to an irregular He16565
shape where the algorithm is not able to adjust a double Gaussian
function with fixed y; » and o7y » (see Sect. 2.2.5). These are stud-
ies based on AGN quasars (Schneider et al. 2010) which were
excluded from both the RCSED (Chilingarian et al. 2017) and
our present study.

By comparing our work to the catalogues provided by Ge
et al. (2012), we find a detection rate of 75% (resp. 47%) for
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Table 1. The DPS sorted into groups of number of confirmed DP lines

Number of lines with confirmed DP 1 2 3 4 5 6 7 8 9
Number of Objects 175 269 1149 1634 897 800 543 169 27
Table 2. The double-peak galaxy sample
Identifier M 23 o o) DPy, Hp flux; Hp flux,
kms™! kms™! kms™'  kms™! 107 7ergem?s™! 1077 ergem? 57!
€)) 2 3 “ &) () @) )
DPS 1 -81+9 219x10 1506 119+6 1 57T+5 33+4
DPS 2 -194+7 43+ 11 915 108 + 8 0 25+4 34+5
DPS 3 -187+11 163+£8 158+10 1097 1 39+4 27+3
DPS 4 -89 +28 125+27 110x15 99+13 1 47+ 7 42 +8
DPS 5 -99+6 148 £5 1104 106+3 1 71+5 58+5

Notes: We provide the parameters obtained by the two fitting procedures described in sec. 2.2.2 and 2.2.4. The first column (1) provides the object
identifier. We provide the fit-parameters and their uncertainties for the stacked spectra in columns (2-5). In column (6) we provide the DP flag
exemplary for the HB314863 line and the flux of the two DP components in column (7) and (8). This table is available in its entirety in digital form
and provides parameters for: Hy14342, HB44863, [OIII]15008, [O1]16302, [NII]A 6550, Hae16565, [NII]A 6585, [SI1]16718 and [SII]A 6733.
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Fig. 4. Characteristics of the galaxies selected with a DP feature in their emission lines. From left to right: The first panel shows the flux ratio
Pmax/Pmin Of the stronger line divided by the weaker line for the individual emission lines Ho16565, [OIII]A5008, HBA4863 and [NII]16585.
We display the He16565 and [OIII]A5008 emission line ratios of the objects found in Maschmann & Melchior (2019) with blue and re hatched
surfaces. The other panels display parameters computed on the stacked spectra (see Sect.2.2.2). The second panel shows the velocity difference
Av between the two peak components taken from the stacking procedure. The third (resp. fourth) panel displays the amplitude (resp. velocity
dispersion) ratio of the stronger and weaker line components of the stacked spectra.

the G12-DP (resp. G12-TFAS) sample of those detected in our
preliminary sample. We find some similarities between the two
catalogues but we find only 947 galaxies on the G12-DP sample
and 2967 from the G12-TFAS sample. In addition, most of the
galaxies found by Ge et al. (2012) have been discarded in our
algorithm since they do not show a S/N > 5 in at least 3 emission
lines, or are better fitted by a single Gaussian function than a
non-parametric function (see Sect.2.2.1).

In this work, we present a new DP sample with a very differ-
ent selection procedure in comparison to previous works which
all relied on visual inspection at some stage. Our sample was
selected by an algorithm without any subjective post processing.

2.5. Summary

We developed an automated selection procedure to find double-
peak emission line galaxies. We present 5663 such galaxies
showing a wide range of possible emission line shapes (differ-
ent Flux, Amplitude or o ratios, see Fig.4). Due to a wide range
of explanation for DP phenomena, we classify our sample in the
following and present an analysis.

3. Sample classification
3.1. Classification based on ionisation diagrams

To identify different galaxy types, BPT diagnostic diagrams pro-
vide an empirical classification based on optical emission line
flux ratios first introduced by Baldwin, Phillips, & Terlevich
(1981), which have been further tuned by Kewley et al. (2006b)
and Schawinski et al. (2007). We used three different types of
BPT diagrams: the first type uses the emission line flux ra-
tio [OIII]5008/HB4863 on the y-axis and [NII]6585/Ha6565
on the x-axis as shown in Fig.7. The second and third types
of BPT diagrams use ([SII]6718 + [SII]6733)/Ha6565 (resp.
[OI16302/Ha6565) on the x-axis, while the y-axis is the same
as the first type. We classified galaxies with the first BPT dia-
gram into 4 groups: star-forming (SF) galaxies, active galactic
nuclei (AGN), composite (COMP) galaxies and low-ionisation
narrow emission line regions (LINER) (Schawinski et al. 2007).
In the case of the DPS, we display each of the two emission
line components in the BPT-diagrams, as the two peaks are most
probably emitted from two different regions.

We classified the two emission line components according
to their position on the BPT diagram if all four needed emission
lines have a S/N > 3. In the case where we only have three emis-
sion lines with a S/N > 3, we computed the upper or lower limits
derived from the uncertainties of the undetected emission line. If
the constraints of these emission line ratios are unambiguous, we
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Fig. 5. Stellar mass-redshift distribution for the CS (blue, top left panel) and the DPS (red, top middle panel). The contours indicate the density
level. In the top right panel, we show the histogram of stellar masses and, on the bottom left panel, the histogram of redshifts. We also display the
fibre diameter corresponding to 3" on top of the upper left and middle panels.

Table 3. Comparison of our DPS to other similar works with respect to the selection procedure of this work.

Previous work

Cross matched samples

Sample Size RCSED Preliminary Candidates DP Candidates ~ DPS
Wang et al. (2009) (87) 83 82 75 58
Liu et al. (2010) (167) 135 129 114 73
Smith et al. (2010) (148) 1 1 1 0
Ge et al. (2012) G12-DP (3030) 2794 1255 1179 947
Geetal. (2012) G12-TFAS  (12582) 11475 6277 3585 2967

Notes: We present the comparison of our DPS to other similar works with respect to the selection procedure of this work. We show in the first
column the reference of the sample and the size in the second. In the third column, we show a cross-match with the RCSED catalogue (Chilingarian
et al. 2017). We display the number of galaxies found in the preliminary candidate sample, the DP candidates and the final DP galaxies in the last

three columns, respectively (see Sect.2.2.1, 2.2.2 and 2.2.5).

could classify them. Since the COMP region in the first BPT dia-
gram borders the AGN and the SF regions, it was not possible to
classify galaxies as COMP unambiguously using the flux limits.
In Fig. 7, we show the classification of the single lines of the CS,
the NBCS and each emission line component of the DPS. We
also show with arrows upper or lower limits of these DP galax-
ies, which only have three significant emission line components.
In all BPT diagrams, we colour-code the specific star formation
ratio computed by Brinchmann et al. (2004).

The classification of the first BPT diagram type using all
four emission lines with a S/N > 3 was used first. This classi-
fied about 67% of the bluer and the redder peaks. Galaxies with
only three significant emission lines in the first diagram type
were classified using the upper or lower limits, which comprises
about 16% of the blue and the redshifted peaks. With the second
and the third types of BPT diagrams, we only classified 0.4% of
the two peak components with all four emission lines having a
S/N > 3. Numerous peak components could not be classified
using the upper or lower limits in the second or the third dia-
gram types. This is because if the [NII]6585 line is weak, the
[SI1]6718, [SII]6733 or the [OI]6302 lines are usually not de-
tected. To directly compare the DPS with the CS and the NBCS,
we also performed the same BPT classification as for the CS and
NBCS but with the non-parametric emission line fit performed
by Chilingarian et al. (2017). This classification shows 80 to 90%
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agreement with those DP, classified the same way in each com-
ponent (e.g. double SF). We present the final BPT classification
in Table 4 for all the three samples, namely DPS, CS and NBCS.

We classified 88945(99.5%) galaxies of the CS,
5032 (98.1%) of the NBCS and 5423 (95.4%) galaxies from the
DPS with an individual classification and 4818 (85.1%) using
the non-parametric fit. The majority of the CS galaxies are SF
92%, while only a small amount is classified as COMP (5%) and
only a few galaxies, about 2% (resp 1%), are classified as AGN
(resp. LINER). This is not surprising since we know from Fig. 5
that the CS comprises many small galaxies. This classification is
different for the NBCS: the majority (55%) is still classified as
SF but we find around 24% to be classified as COMP, and 13%
(resp. 6%) as AGN (resp. LINER). In comparison, we classified
45% of the DPS as SF using the non-parametric emission line
fit. About 38% of the DPS are classified as COMP showing that
we find less SF and more COMP galaxies in comparison to the
NBCS. We find a similar AGN fraction of about 11% (13%).
We find twice the fraction of galaxies classified as LINER in the
NBCS (6%) in comparison to the DPS (3%).

By classifying each emission line component of the DPS, we
find 29% (resp. 17%) to be classified as SF (resp. COMP) in both
emission line components. We also find 14% of the DPS galaxies
with one component to be classified as SF and the other one as
COMP. According to Kewley et al. (2006b), COMP galaxies are
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Fig. 6. Stellar mass-redshift distribution (see Fig.5) for the DPS (red)
and the NBCS (black). The selection of the NBCS is explained in
Sect.2.3. We also compute histograms for the redshift and the stellar
mass for both samples for a better comparison. The NBCS follows the
same distribution as the DPS and contains 5 128 galaxies.

a combination of a SF and a AGN nucleus or a SF and LINER
emission. Counting all galaxies which have at least one emission
line component classified as COMP, we find 45%. This is an
excess of about a factor 2 in the DPS in comparison with the
NBCS (24%). Counting only all galaxies classified as ‘double
SF’ or ‘SF and uncertain’ in the second peak, we find 39% of
the DPS, which is significant less in comparison with the NBCS
(55%).

Many works published in the recent years were focused on
double-peak emission line AGNs with the motivation to find dual
AGN:Ss (see Sect. 1). Here, we do not observe the DPS to be domi-
nated by this type of galaxies. We observe about 7% double AGN
or LINER classification and 3% with one AGN or LINER and
one uncertain. We furthermore find 6% to show a mixed classifi-
cation with one AGN or LINER component. In comparison with
the NBCS, which comprises about 19% to be classified as AGN
or LINER, we find less AGN and LINER in the DPS. We recall
that QSO and Seyfertl galaxies have been excluded from the
RCSED (Schneider et al. 2010; Chilingarian et al. 2017), which
can explain the lack of galaxies classified as AGN in this cat-
alogue (see also Sect.2.4). Smith et al. (2010) concentrated on
DP QSO and find 148 DP galaxies, which are not treated in this
work (see Sect. 2.4).

3.2. Morphological classification

We identified the morphological types of our galaxy samples
using Dominguez Sdnchez et al. (2018), which is a machine-
learning-based algorithm to identify different types of galaxy
morphologies. Different neuronal networks have been trained
with SDSS gri colour composite images on various criteria to
determine their morphology. To classify our samples, we used
the following variables to define the probability of an observed
feature: Pyjsc for disc features, Pso for SO galaxies, Pegge—on for
edge-on orientation, Pyerger for visual merger and Py, for a bar
structure. The T-type relates each galaxy to a type classification
on the Hubble sequence. To classify spiral galaxies according to

Table 4. Classification based on BPT diagrams (see Fig. 7 )

Criteria Counts  fraction
DPS
double SF 1617  (28.6 %)
double COMP 939 (16.6 %)
double AGN 385 (6.8 %)
double LINER 29 (0.5 %)
SF + COMP 784 (13.8 %)
SF + AGN 17 (0.3 %)
SF + LINER 9 0.2 %)
COMP + AGN 167 2.9 %)
COMP + LINER 64 (1.1 %)
AGN + LINER 59 (1.0 %)
SF + uncertain 570 (10.1 %)
COMP + uncertain 592 (10.5 %)
AGN + uncertain 110 (1.9 %)
LINER + uncertain 63 (1.1 %)
Not classifiable 258 (4.6 %)
DPS with non-parametric fit
SF 2534 (44.7 %)
COMP 2153 (38.0 %)
AGN 630 (11.1 %)
LINER 174 (3.1 %)
Not classifiable 172 3.0 %)
No-Bias Control sample
SF 2811 (54.8 %)
COMP 1226 (239 %)
AGN 687 (13.4 %)
LINER 308 (6.0 %)
Not classifiable 96 (1.9 %)
Control sample
SF 82065 (91.8 %)
COMP 4721 (5.3 %)
AGN 1623 (1.8 %)
LINER 536 (0.6 %)
Not classifiable 467 0.5 %)

Notes: Following Kewley et al. (2006b) and Schawinski et al. (2007),
we classify each two emission line component of the DPS individually,
as explained in Sect.3.1. We show all combinations of classification
such as double (e.g. SF + SF) and mixed (e.g. SF + COMP) classifica-
tions. We also display those galaxies which are not classifiable in only
one component (e.g. SF + uncertain) or in both. The classifications for
the CS and the NBCS are also displayed for comparison.

their inclination, we calculated the inclination angle i as:

bla)? - ¢?
cosi= A| "% )
1 -q5

where b/a is the r-band minor-to-major axial ratio estimated by
Meert et al. (2015), while g is the intrinsic axial ratio of galax-
ies observed edge-on and is set to gy = 0.2. The inclination
for galaxies with b/a < 0.2 is set to 90° (Catinella et al. 2012;
Aquino-Ortiz et al. 2018). Relying on Dominguez Sdnchez et al.
(2018) and through inspection of the selected SDSS images, we
find the following arguments:

— Late-type galaxies (LTG), which are disc dominated?, are
selected by T-type > 0 and Py;s. > 0.5.

2 We refer throughout this article to LTG for all disc galaxies from Sa
to Sd.
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Fig. 7. BPT diagrams used to classify our samples into different galaxy types (Kewley et al. 2006b). The red line separates active galactic nuclei
(AGN) and composite galaxies (COMP) (Kewley et al. 2001). AGNs and low ionisation narrow emission line regions (LINER) are separated by
the green line (Schawinski et al. 2007) and the blue dashed lines separate star forming (SF) and COMP (Kewley et al. 2006b). We present the CS in
the upper left panel and the NBCS in the lower left panel. In the upper middle (resp. right) panel, we show the blueshifted (resp. redshifted) peaks
of DP galaxies with a S/N> 3 in the four emission line fluxes needed for the BPT diagram. In the lower middle and right panels, we display those
emission line components of the DPS with three of the requested emission lines with S/N> 3 and the fourth S/N< 3. To classify them, we display
arrows to indicate the limits derived by the uncertainties of weak emission lines. In all six panels, we apply the same colour-coding indicating the
specific star formation rate (SSFR) computed by Salim et al. (2016). We display in all panels the same contour lines corresponding to the density

of the CS. The corresponding classifications are presented in Table 4.

— Face-on are identified as LTG with an inclination angle
smaller than 30°. To further decrease the false-positive
detection rate, we demand Pegge—on < 0.1.

— Edge-on and strongly inclined galaxies are selected as
LTGs with an inclination angle larger than 70° and
Pedge—on > 0.4.

- Barred galaxies are LTGs with Py, > 0.9 and Pegge—on <
0.5

— S0 galaxies are selected by a T-type < 0, Psg > 0.6, Pgisc <
0.3 and Pegge—on < 0.4

— Elliptical are characterised by a T-type < 0 and Pgy < 0.3

— Merger galaxies are selected by using Pperger > 0.9. This
high threshold provides a sub-sample of merger with high
purity enabling to test if visible merging processes are at the
origin of DP galaxies.

To compare our galaxy samples with respect to their morpho-
logical classification, we did not apply any subjective correction
to the selection. We computed the fraction of all classified types
for the DPS, the CS and the NBCS in Table 5. Fig. 8 displays
the redshift distribution for the different morphological types of
the DPS and the NBCS. We observe merger and SO galaxies to
be more distant in comparison to LTG and elliptical galaxies.
This can be the result of a classification bias as discussed in the
training sample (Willett et al. 2013) used for the classification
in Dominguez Sanchez et al. (2018). We thus might misclassi-
fied LTG as SO galaxies because of their distance. In Fig.D.2,
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Fig. 8. Redshift distribution of the DPS for LTG, SO, merger, and ellip-
tical galaxies. We unified the histogram surface of all four samples to
1.

we illustrate the morphological types, by showing 20 randomly
selected galaxies for each type (except for the face-on LTGs, for
which we show all ten cases).

In Table 5, we find that the majority of the CS galaxies are

not classified (62%). This is due to a classification bias against
small and weak galaxies (Dominguez Sanchez et al. 2018). The
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Fig. 9. Fraction of different morphological types for the DPs and the

NBCS. The error-bars represent the binomial errors.

Table 5. The morphological classification of the DPS, the CS and the
NBCS.

Type DPS NBCS CS
LTG 914(16.1%) 1539(30.0%) 20157(22.5%)
Face-on 10002%)  149(2.9%)  1609(1.8%)
Edge-on  54(1.0%)  114(22%)  3844(4.3%)
Bar 105(1.9%)  147(2.9%) 956(1.1%)
Elliptical  167(2.9%)  134(2.6%) 302(0.3%)
SO 2027(35.8%) 1009(19.7%)  7145(8.0%)
Merger 589(10.4%)  487(9.5%)  6524(7.3%)
Uncertain ~ 1966(34.7%)  1959(38.2%)  55284(61.8%)

Notes: We used parameters provided by Dominguez Sanchez et al.
(2018) and Meert et al. (2015), described in detail in sec. 3.2. The first
column names the morphological type. The second (resp. third and
fourth) column provides the number of galaxies and the percentage in
parenthesis for the DPS (resp. CS and NBCS)

numbers of not classified galaxies in the DPS and the NBCS are
comparable (35% and 38%). By comparing the morphological
classification of the DPS and the NBCS, we find two noticeable
effects. On the one hand, LTG are less numerous in the DPS
(16%) than in the NBCS (30%). On the other hand, more SO
galaxies are present in the DP (36%) than in the NBCS (20%).
These results are visualised in Fig. 9.

We find in both samples a similar merger rate of ~ 10%. This
observation is a priori contradictory to the idea of a DP structure
due to a major galaxy merger but does not exclude the possibility
that DP galaxies might be minor mergers, post-mergers or hid-
den merger. Furthermore, the same merger rate (10%) was found
in a recent double-peak sample in the Large Sky Area Multi-
object fibre Spectroscopic Telescope survey (Wang et al. 2019b).
As a cross-check, we performed a visual inspection of the first
1000 galaxies in the DPS and the NBCS. We find a merger rate
of 11.4% (resp. 11.7 %) for the DPS (resp. NBCS), which is
close to the merger rate we extracted from Dominguez Sdnchez
et al. (2018). By lowering the selection threshold for mergers
(€.8. Prerger > 0.8 or Ppereer > 0.7), we do not detect different
merger rates in the DPS and the NBCS, but higher rates of mis-
classification.

We also classified LTGs in face-on (0.2%), edge-on (1.0%),
and bar (1.9%) galaxies. We chose strict selection criteria to
avoid false-positive classification for face-on and edge-on galax-
ies. These galaxy types are interesting since edge-on galaxies
may exhibit a double horn due to a rotating disc, while face-
on galaxies should not exhibit rotation in form of a DP. We do
not observe any excess of edge-on galaxies in comparison to the
NBCS (2.2%). In Sect.4.3.3 and 4.3.4, we discuss arguments
using the inclination.

We also provide cross-matches between the morphological
types and the BPT classifications in Table D.1 and D.2 and pro-
vide a statistical significance test in A.

4. Analysis
4.1. General characteristics

To describe the characteristics of the DPS and compare them
with the NBCS and the CS, we show in Fig. 10 the distribution
of six parameters: the Galactic extinction and k-corrected abso-
lute magnitude of the r-band M,, SSFR = SFR/M,, the lumi-
nosities of the [OIII]A15008 and Ha16565 emission lines, stellar
population ages, and stellar metallicities.

In every distribution, the CS differs from the DPS whereas
the NBCS shows good agreement with the DPS, except for the
Ha 16565 luminosity. We discuss in Sect. 4.2 that this is related
to a significant difference in the star formation activity. As dis-
cussed in Sect.2.2.3 and 2.3, the CS follows a different stel-
lar mass-redshift distribution in comparison to the DPS and the
NBCS. On average, the CS shows smaller M,, higher SSFR and
smaller absolute luminosities in the [OIII]A5008 and Hax 16565
line than the DPS and the NBCS. This different behaviour ob-
served for galaxies of the CS is mainly due to a sensitivity bias:
low-mass galaxies pass the signal-to-noise ratio cut on the emis-
sion lines while the DPS and NBCS are large-mass galaxies (see
Sect.2.3).

The differences in the DPS and NBCS Ha16565 luminosi-
ties are small: Ly,(DPS) = 41.16 + 0.36 and Ly,(NBCS) =
40.96 + 0.42 (mean and standard deviation). However, using
a the non-parametric Kolmogorov—Smirnov test to distinguish
weather the two distributions are the same or not, we find a k-
statistic of 0.235 marking the maximal distance of the cumula-
tive distribution function and a p-value of 5 x 10713°, strongly
indicating that these two distributions are different.

We checked the extinction based on the Balmer decrement
and found that DPS galaxies have slightly more extinction
(0.25 mag higher in V) than the NBCS galaxies, while this ef-
fect is stronger for LTG and SO galaxies (see Fig. C.1).

To approximate stellar ages, we used the spectral continuum
fit performed with a SSP (Chilingarian et al. 2017). Due to the
cut on the stellar masses (see Fig. 5 and 6), the CS is dominated
by young stellar populations with an SSP-based age between 1
and 2 Gyr in 52% of the galaxies. Nearly all (97%) of these
young galaxies are classified as SF (see Sect.3.1). The NBCS
and DPS show comparable distributions but with on average an
older stellar population than for the CS. The majority (74% and
71% respectively) of the two samples is younger than 5 Gyr,
while 47% (DPS) and 66% (NBCS) of these young galaxies are
SF galaxies. We also find that 29% (resp. 23%) of the young
DP galaxies (resp. NBCS) are classified as COMP. Last, we find
15% of the DPS to be classified with one peak as COMP and the
second one as SF. As discussed in Sect. 3.1, we find an excess
of the percentage of SF galaxies in the NBCS and CS whereas
we do not find such a high excess in the DPS. We also show the
stellar metallicity, computed by Chilingarian et al. (2017), and
find that the DPS and the NBCS follow the same distribution,
whereas the CS shows a different distribution with lower metal-
licity values. This is expected due to the difference in stellar mass
of the different samples (Tremonti et al. 2004).

While we find many differences between the DPS and the
CS, the NBCS and DPS distributions are similar. The NBCS is
therefore well suited to identify the peculiarities of the DPS.
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Fig. 10. Different parameters distributions of the DPS (red), the CS (blue) and the NBCS (black). The surfaces of all histograms are normalised to
unity. In the upper left panel, we compute the absolute AB magnitude in the r-band with Galactic dust and K-corrections estimated by Chilingarian
et al. (2017). The lower left panel shows the specific star formation ratio (SSFR) computed by Brinchmann et al. (2004). The middle upper (resp.
lower) panel presents the absolute luminosity of the [OIII]A5008 (resp. He16565) emission line. The absolute luminosity is calculated using the
flux of the non-parametric emission line fit provided by Chilingarian et al. (2017). The right upper panel computes the age assumed by a single
stellar population fit by Chilingarian et al. (2017). The right lower panel shows the stellar metallicity computed by Chilingarian et al. (2017).

4.2. Star formation vs. AGN excitation

SF is important to characterise the state of evolution of a galaxy
and to estimate its growth rate. In Sect.3.1 and 4.1, we find
that the majority of the DPS, CS and NBCS show SF activity.
At the same time, we find AGN activities (or galaxies classi-
fied as COMP) in the NBCS and the DPS. To further analyse
and compare our samples, we used diagnostic colour-colour di-
agrams, specific star formation rate (SSFR) and stellar mass di-
agrams and compare the SFR of the 3" SDSS fibre and of the
total galaxy. According to Salim et al. (2007), the SFR of AGN
computed by Brinchmann et al. (2004) can be overestimated.
We therefore used the NUV-band to compute the SFR and found
a good agreement to the SFR measured by Brinchmann et al.
(2004) for our galaxies classified as AGN. We discuss AGN ex-
citation of galaxies classified as composite galaxies and cross-
match our catalogues with radio observations.

In Fig. 11, the g — r vs. NUV — r colour—colour diagram
shows a single sequence with the star-forming blue cloud and the
red sequence, characterised by quenched star formation (Strat-
eva et al. 2001; Hogg et al. 2002; Ellis et al. 2005), separated
by a critical value of NUV — r = 4.75. The blue cloud (resp.
red sequence) is approximately represented by blue (resp. red)
contours for LTGs (resp. elliptical galaxies) from the RCSED
(compare with Chilingarian & Zolotukhin 2012). We find the
DPS to be situated in the upper region of the blue cloud and only
some outliers in the red sequence. We do not find significant ef-
fects for the different subsets classified in Sect.3. We can thus
conclude that the DPS and the NBCS are not quenched and are
mainly associated with the main star forming sequence. The dis-
tribution of the DPS is more concentrated in the range centred
at NUV — r ~ 3.5 than the NBCS (NUV - r ~ 3.0), which is
centred in the blue cloud. This shift towards redder colours can
be explained by considering shorter time scales 7 of an exponen-
tial declining star formation history, as shown in Chilingarian &
Zolotukhin (2012).

However, this is not the case for the DPS as their mean 7
is slightly larger than for the NBCS. We argue that these redder
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Fig. 11. Colour—colour relation between g — r and NUV — r. We present
LTG and elliptical galaxies selected from the RCSED catalogue using
Dominguez Sanchez et al. (2018) as blue and red contours and show the
DPS (resp. NBCS) as black dots in the top panel (resp. lower panel). We
display the best-fitting polynomial surface equation of constant abso-
lute z-band magnitudes with coloured lines (Chilingarian & Zolotukhin
2012).
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Fig. 12. SSFR as a function of stellar mass. The top left panel presents
LTG and elliptical galaxies selected from the RCSED catalogue using
Dominguez Sanchez et al. (2018) as blue and brown contours. These
contours are also shown as a reminder in the other panels. We show
contour lines indicating the 50%, 68% and 95% level for different mor-
phological subsamples of the DPS (red) and the NBCS (black). We in-
dicate with blue dashed lines the region of intermediate star formation
(—11.8 < 1og(SSFR/M,) < —10.8) (Salim 2014) and display the per-
centage of the morphological types situated in this zone.

colours are most probably to the mean extinction estimated to
Ay = 0.25, as displayed in the last column of Figure C.1.

We can notice some galaxies in the DPS situated below the
two sequences in Fig. 11. This area is associated with post star-
burst galaxies which underwent a recent massive starburst that is
now quenched (Chilingarian & Zolotukhin 2012). Such galaxies
can be also situated in the surface, as they can be biased when a
strong Ha16565 line contributes to the r-band magnitude, shift-
ing the position of the galaxies into the plane. We find that this is
not the case for DP galaxies, nor the NBCS. To confirm this, we
studied the colour-colour diagram with colours g—z and NUV—z,
where this off-plane shift disappears.

In Fig. 12, we show the SSFR, taken from Brinchmann et al.
(2004), as a function of the stellar mass, computed by Kauft-
mann et al. (2003). With this diagnostic diagram, Schiminovich
etal. (2007) distinguished between the blue and the red sequence
in terms of SSFR and stellar mass. Salim (2014) associated in-
termediate NUV—r colours known as the ‘green valley’ with in-
termediate star formation of —11.8 < log(SSFR/My) < —10.8
suggesting that these galaxies might be in transition. In Fig. 12,
we show the distribution of LTGs and elliptical galaxies selected
from the RCSED as reference. We display the 50%, 68% and
95% contour levels of different morphological types of the DPS
and the NBCS. We find, depending on the morphological type,
between 6% and 26% (resp. 8% and 43%) of the DPS (resp.
NBCS) showing intermediate star formation. We only find a sig-
nificant difference between the DPS and the NBCS for elliptical

Notes: We show the median and the 68 percentile of R =
SFRibre /SFR o for different ranges of redshift and galaxy types for
the DPS and NBCS.

galaxies: only 26% of the elliptical DP galaxies show interme-
diate star formation whereas 43% of the elliptical galaxies of
the NBCS are situated in this region. We find indeed very simi-
lar distributions for all different morphological types of the DPS
and thus conclude that SF and the stellar mass are not depending
on the morphological type.

To discuss the SF in a quantitative way, we used SFRs es-
timated by Brinchmann et al. (2004) for the entire galaxies
(SFRo1a1) and for the 3” SDSS fibre (SFRfpye ). Since the propor-
tion of a galaxy covered by the 3” fibre depends on its redshift,
we divided the DPS and the NBCS into three groups of redshift
ranges: z < 0.075, 0.075 < z < 0.125, and 0.125 < z. In order
to discuss the SF activities in detail, we especially examined the
sub-samples classified as double SF and AGN, using the BPT
classification performed in Sect. 3.1.

Hence, we present the comparison between the DPS and the
NBCS with the difference between total and 3" absolute r-band
magnitude, the ratio of the Petrosian radii of 90% and 50%, the
SFR§pe and the ratio R = SFRgpre /SFRora1. We show these ob-
servables for the three redshift groups for galaxies of the DPS
classified as double-SF (resp. double-AGN) and SF (resp. AGN)
galaxies of the NBCS in Fig. 13 (resp. Fig, 14). For double-SF
galaxies of the DPS, we find an excess of luminosity in the cen-
tre and a higher SFRgpe in comparison to SF galaxies of the
NBCS. This excess is most prominent for galaxies with a red-
shift z < 0.125, corresponding to maximal fibre diameter of 7.6
kpc. With respect to SFRyy,, we find a clear enhanced-central-
SF activity for double-SF galaxies of the DPS in comparison
to SF galaxies of the NBCS. We find a median SFR ratio for
double-SF galaxies of the DPS with a redshift z < 0.075 of

ﬁDps = O.73f8§§. For SF galaxies of the NBCS in the same

redshift range we find Rnpcs = 0.36’:8%. We find similar val-
ues for galaxies with a redshift 0.075 < z < 0.125, whereas this
effect is slightly weaker for galaxies with z > 0.125. This is due
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Fig. 13. Distribution of different observables within the 3" SDSS fibre. We show in three columns three different ranges of redshift. We present
galaxies of the DPS which are classified as double SF in red and galaxies classified as SF of the NBCS in black (see Sect.3.1) In the top row
we show the difference in absolute r-band magnitude of the total galaxy and the 3” SDSS fibre. The colours are Galactic dust- and k-corrected
(Chilingarian et al. 2017). In the second row we present the ratio of the radii comprising 90% and 50% of the Petrosian luminosity (Petrosian
1976) approximating the central brightness in comparison to the total galaxy. We show the star formation ratio of the 3” SDSS fibre SFR. in the
third row and the ratio between fibre and total star formation (SFRpre /SFR a1 ) in the bottom row (Brinchmann et al. 2004).
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Fig. 14. Comparison of absolute r-band magnitude, Petrosian radii and
SFRibee and SFRoy as in Fig. 13 but with DP galaxies classified as AGN
in both peak components (red) and galaxies of the NBCS classified as
AGN (black).
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to the fact that for more distant galaxies the 3”fibre covers the
majority of the surface of the galaxies, therefore SFRgpe tends
to SFRip1. We summarise the median SFR ratios and the 68-
percentile for different galaxy types in Table 6. We also find an
enhanced-central-SF for LTGs, SO galaxies and galaxies classi-
fied as double COMP at lower redshift.

Double-AGN of the DPS follow the same SFRgpe and
SFR. distributions as the AGNs of the NBCS and no enhance-
ment of central SF activity or central luminosity is observed as
shown in Fig. 14.

With the BPT classification in Sect. 3.1, we find less SF but
more COMP galaxies in the DPS in comparison to the NBCS.
Since COMP galaxies are understood to be a mixture of SF and
AGN (Kewley et al. 2006b), we quantified the AGN excitation
using the [OII]A3728 and the [NeV]13426 emission lines.

(1) The ratio [OII]A3728/[OIII]A5008 can be used to distin-
guish between a pure AGN and SF. From photo-ionisation mod-
els, a value between 0.1 and 0.3 is used for a pure AGN (Tam-
mour et al. 2015), while above a value of 0.3, the [OII]13728
flux is thought to be produced in SF sites (Osterbrock & Ferland
2006). Using the non-parametric emission line fit from Chilin-
garian et al. (2017), we find a mean ratio of [OII]/[OIIl] =
0.23 + 0.14 for galaxies classified as double AGN. For double
SF (resp. COMP) galaxies, we find [OII]/[OIII] = 1.57 + 0.56
(resp. 1.14 + 0.54). This indicates that galaxies which are clas-
sified as COMP are dominated by SF. This effect can also be
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Fig. 15. Velocity dispersion distributions for the CS (blue), the NBCS
(black) and the DPS (red, purple and orange). The left panel displays the
stellar velocity dispersion o, computed from Chilingarian et al. (2017).
The second panel shows the gas velocity dispersion og,s. We compute
the Gaussian emission line dispersion for the CS and the NBCS from
(Chilingarian et al. 2017). For the DPS, we display the o » of the emis-
sion line components, which is closer to the galaxy stellar velocity in
units of o, in magenta and the component which is more offset in
cyan. For better comparisons, we unify the surface of the histograms of
the left (resp. right) panel to 150 (resp. 100).

biased by extinction in dusty galaxy centres and must therefore
be considered with caution.

(2) We then discuss galaxies with AGN activity based on the
detection of the high-ionisation [NeV]13426 emission line (Gilli
et al. 2010; Vergani et al. 2018). Due to redshift, the [NeV]13426
line is only detected in SDSS spectra from z > 0.2. We inspected
spectra of the DPS galaxies classified as double-SF, -COMP and
-AGN for [NeV]13426 detection. We find no galaxies classi-
fied as double-SF contrary to 62% of the galaxies classified as
double-AGN having a detectable [NeV]13426 line. Only 4% of
the z > 0.2 galaxies classified as double COMP show this line
which supports the evidence that these are SF galaxies.

To discuss further aspects on the connection between AGN
excitation and SF in our galaxy samples, we cross-matched the
DPS and the NBCS with surveys of radio observations. It has
been known for a long time that non-thermal radio emission is
linearly correlated to the far-infrared flux (Helou et al. 1985;
Condon 1992; Sanders & Mirabel 1996), while IR luminosity
is a good SF tracer (e.g. Kewley et al. 2002). More recently, the
radio luminosity at 150 MHz has been considered as a potential
tracer of SF (Calistro Rivera et al. 2017; Wang et al. 2019a). We
useed FIRST at 1.4 GHz (White et al. 1997) and the first data re-
lease of the LOFAR Two-metre Sky Survey (LoTSS) (Shimwell
et al. 2019) at about 150 MHz. Roughly 20% (1154) of the DPS
are detected with FIRST, but only 8% (395) of the NBCS. In
the observed field of the LoTSS DR1 we find a detection rate of
73% (237) for the DPS and 56% (191) for the NBCS. We find a
significant excess of radio sources at 1.4 GHz and a higher de-
tection rate at 150 MHz for the DPS in comparison to the NBCS.
We will further explore the radio properties of these galaxies in
Maschmann et al. (in prep.).

4.3. Kinematic properties of the double-peak galaxies
4.3.1. Velocity distributions

To explore the gas and star kinematic properties of our samples,
we present basic velocity estimates to assess possible differences
between the DPS, the CS and the NBCS. In Fig. 15, we show
the stellar velocity dispersion o, and the gas velocity dispersion
O gas-

The stellar velocity dispersion was computed in Chilingarian
etal. (2017), fitted with a SSP and an EXP-SFH (see Sect. 2). We

computed the y? for both fit functions and selected the resulting
stellar velocity dispersion from the best fitting function.

To compute the gas velocity dispersion for the CS and the
NBCS, we used the velocity dispersion measured for all Balmer
and forbidden lines in Chilingarian et al. (2017) and show the
one of the strongest line. For double-peak emission lines, we
used the stacked emission line spectra (see Sect. 2.2.2) and com-
pute the ojpse Which corresponds to the DP component closer
to the galaxy velocity in units of o~ and o, to the component
which is more offset.

As shown in Fig. 15, we observe a higher o, for the DPS in
comparison with the CS and the NBCS. The gas velocity disper-
sion 0g, indicates higher velocities for the NBCS and the DPS
in comparison to the CS. This is expected from the Tully-Fisher
relation, since these two samples comprise more massive galax-
ies (Tully & Fisher 1977). For the DPS, we find the velocity
dispersions, measured for the close peak, to be compatible with
the gas velocity dispersions of the NBCS. For the far peak of the
DPS, the velocity dispersions are systematically smaller.

4.3.2. Single Gaussian approximation for DP

To discuss possible mechanisms behind double-peak emission
lines, we need to compare the gas kinematics of the DPS and
the NBCS. In order to do so we used the single Gaussian ap-
proximation of the double-peak emission lines, as computed in
Sect.2.2.2.

A single Gaussian fit to the complex line shape of DP galax-
ies provides a measure of the velocity dispersion assuming the
DP originates from one system. In Fig. 16 we show one stacked
emission line, the double Gaussian fit and the single Gaussian fit
performed in Sect. 2.2.2.

= N w »
o o o o

Flux, 10~erg/cm?/s/A

o

=750 -500 -250 0 250 500 750
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Fig. 16. Single Gaussian approximation. We compute the two Gaus-
sian functions resulting from the double Gaussian fit procedure to the
stacked emission line in 2.2. The blueshifted component is represented
by a blue and the redshifted by a red line. In orange, we show the best
fit of a single Gaussian function.

In Fig. 17, we show o, on the x-axis and on the y-axis 0 g
for the NBCS and o ingle for the DPS. We display the median and
the 68% percentile of 0 gqs and ogingle With a binning according to
0. The emission line parameters oj» and Avpp of the DPS are
restricted by a lower limit, defined with the spectral resolution
(see Sect.2.2.2). We thus find a lower threshold of 114 kms™'.
Similarly, for the NBCS, we find a minimal o, of 43 km s~

By comparing o4, With o, of the NBCS, we find a linear
relation described by oy = 0.71 0, +23.8 km s~! (black dashed
line in Fig. 17). This relation might be valid for opgle and o, of
the DPS for higher velocities (o, > 150kms™"). In this regime,
we can assume a linear relation for the DPS but we still find
a shift towards higher velocities in comparison to g, of the
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Fig. 17. Comparison of the stellar velocity distribution ¢, computed by
Chilingarian et al. (2017) with the gas velocity distribution o, for the
NBCS and the velocity distribution of the single Gaussian approxima-
tion o ingie for the DPS. We show in red (resp. black) points the median
and the 68% quantile for a binning according to o of the DPS (resp.
NBCS). For the DPS, the limitations in 07, and Avpp of the double
Gaussian fit are restricted by the spectral resolution (see Sect.2.2.2),
leading to a restriction of a minimal 0 g, indicated with a red line.
We also show the minimal oy, for the NBCS as a black line and the
best fit of a linear function as a black dashed line.

NBCS. This suggests that the gas components of DP galaxies
show higher velocities in comparison to o, or that one part of
the ionised gas is strongly perturbed or has an external origin.

4.3.3. Inclination

A double-peak emission line shape can of course also origi-
nate from a rotating disc. This has been discussed in detail in
Elitzur et al. (2012) and shown in simulation in Kohandel et al.
(2019). In order to test this specific scenario, we used a single
Gaussian approximation of the double-peak emission lines (see
Sect.4.3.2) which, in the case of a rotating disc, would be an
approximation for the gas velocity dispersion. We assumed here
that the rotation disc is the main disc of the galaxy, and study the
correlation of the velocity dispersion with the inclination angle i
defined with the photometric analysis. Hence, we calculated the
inclination angle following Eq.5 using the minor-to-major axis
measured by Meert et al. (2015) which provides reasonable re-
sults for spiral and SO galaxies if the disc component exhibits
good fit results (see Meert et al. 2015, for more details on fit
results). As a cross-check for the measured inclination, we fol-
lowed Yip et al. (2010) and find a dependency between the incli-
nation angle and the Balmer decrement He6565/HB4863 used to
calculate the inner galactic extinction. This trend is comparable
to the one observed for the NBCS, but, as mentioned above, the
extinction is slightly larger (0.25 mag) for DPS than for NBCS.
The area covered by the 3" SDSS fibre depends on the red-
shift. The measured gas velocity dispersion of a rotating disc
depends on the area integrated by the spectroscopic observa-
tions. We thus defined three redshift groups as in Sect.4.2 for
this analysis: z < 0.075, 0.075 < z < 0.125, and 0.125 < z. In
Fig. 18, we present the estimated inclination angle 7 as a func-
tion of various gas velocity measurements for the DPS and the
NBCS. The NBCS is represented by the gas velocity disper-
sion o g, (see Sect. 4.3.1). For the DPS, we display oingle from
the single Gaussian approximation (Sect.4.3.2), Avpp from the
stacking procedure (Sect.2.2.2) and o jose and o, as described
in Sect.4.3.1. For galaxies with a redshift z > 0.075, we see a
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clear correlation in the NBCS between oy, and the galaxy in-
clination i. This correlation between oy, and i can be explained
by a rotating disc. In contrast, we do not find any dependencies
between the displayed velocities of the DPS and i in any redshift
range. The absence of such a correlation for the DPS disfavours
the rotating (main-) disc scenario.

4.3.4. Tully-Fisher and Faber-Jackson relations

The velocities measured in galaxies are tightly correlated to
their size. This relation was first discovered by Faber & Jack-
son (1976) for the stellar velocity dispersion and the absolute
magnitude of elliptical galaxies (FJR). They concluded that the
luminosity L of a galaxy is consistent with the relation L o o%.
In parallel, a good relation between the full-width at 20% of the
maximum of the HI profile, corrected to the inclination of the
galaxy, and the galaxy size was found by Tully & Fisher (1977)
for spiral galaxies. This Tully-Fisher relation (TFR) is usually
understood as the self-regulation of star formation in the disc
(e.g. Silk 1997).

The parameters of these relations have been later measured
with higher accuracy. Here, we used for the FIR:
log(o./kms™") = =0.90 + 0.12 + (0.29 + 0.02) log,,(M./Mo),
measured by Gallazzi et al. (2006). For the TFR, we use:
logo(vror/km s = —0.69 + (0.27 £ 0.01) log,,(M./My), mea-
sured by Avila-Reese et al. (2008), where v, is the rotation ve-
locity, calculated as in Catinella et al. (2005) and Aquino-Ortiz
et al. (2018): v;or = W/[2sin ], where i is the inclination angle
(see Eq.5) and W the difference between the 10th and the 90th
percentile of the velocity measurements. Since we do not have
spatially resolved information on galaxy kinematics, we approx-
imated from a Gaussian shaped emission lines the 10th and the
90th percentile as W = 2.560 (This is close to the full-widths
half maximum of a Gaussian at 2.360°). We calculated v, for the
TFR using o, for the CS and the NBCS (see Sect.4.3.1) and
T single> Tclose and og, for the DPS (see Sect. 4.3.1 and 4.3.2). We
take the stellar mass log(M../My) measured by Kauffmann et al.
(2003) for the TFR and FJR. In the case where we display only
one of the DP (the close or the far peak), we approximated the
fraction of the stellar mass for each peak as log(fi» M./Mp).
We assumed fj 2, the mass fraction of each peak, to be the same
fraction as the total emission line flux of the stacked lines. This
is a rough approximation but would be our best guess to assume
each peak corresponds to one component of a hidden merger.

In Fig. 19 (resp. 20), we present the TFR for LTG (resp. SO)
of the DPS, the CS and the NBCS. We find good agreement for
LTG of the CS and the NBCS with the parameters for the TFR
found by Avila-Reese et al. (2008). We find that, for the LTGs
of the DPS, the rotation velocity calculated with ojpgle does not
follow the TFR. We measure vy, to be higher than expected for
the measured masses. We find a good agreement using o jose
whereas rotation velocities calculated with o, are shifted to-
wards lower velocities. For SO galaxies, we observe the same
velocity shifts as shown in Fig. 20. SOs and LTGs have a similar
behaviour: ong is offset with respect to the NBCS distribution
considering the two peaks as individual galaxies following this
distribution. In both TFRs, we find some outliers with extreme
Viot Values. By individual inspection, we find these velocities to
be the result of a small inclination and/or very broad peak com-
ponent.

In Fig21, we show the FIR (M. vs o) for elliptical and SO
galaxies. As a reference, we used the best fit from Gallazzi et al.
(2006) as a dashed line. We find good agreement for elliptical
galaxies of the DPS, CS and the NBCS. For SO galaxies, we find
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Fig. 18. Influence of the inclination on the velocity dispersion. We show different velocity dispersion distributions as a function of the galaxy
inclination for different groups of redshift. We only show LTG and SO galaxies for which we can compute the inclination using Meert et al. (2015).
For the DPS, we show AV with red dots, o jyg of the single Gaussian approximation in blue (see sect. 4.3.2) and in magenta (resp. cyan) the o of
the emission line component which is closer (resp. offset) to the stellar velocity in units of o~. We show the o, for the NBCS with black dots. All
data points represent the medians in the inclination intervals and the error bars the 16th to 84th percentiles.
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Fig. 19. Tully-Fisher relation (TFR) for LTGs. We compute the rota-
tional gas velocity v, for the NBCS and CS (black and blue contour
lines) using the gas velocity dispersion o, (see Sect.4.3.1). For the
DPS, we use the g Of the single Gaussian approximation in the
top panel. In the second panel, we show the TFR for the close and far
peak-components of the DPS (see Sect.4.3.1). The stellar masses are
computed by Kauffmann et al. (2003). We show the best fit computed
by Avila-Reese et al. (2008) as a dashed line.

in the NBCS and the CS systematically lower o, whereas the
DPS shows velocities agreeing with those of elliptical galaxies
with the same stellar mass. This is in agreement with the result
discussed in Fig. 15 that the stellar velocity dispersion is larger
for the DP galaxies, supporting again a large system composed
of the superposition of two systems.
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Fig. 20. Same as Fig. 19, but for SO galaxies. The dashed line corre-
sponds to the best fit of Avila-Reese et al. (2008).

4.4. Morphology and galaxy environment

We studied the environment of the DP galaxies with the galaxy
group catalogue provided by Yang et al. (2007)® and Saulder
etal. (2016). Yang et al. (2007) is a halo-based group finder algo-
rithm, determining the group masses and identifying each mem-
ber of groups using the redshift. About 90% of the DPS and the
NBCS are covered by this catalogue. Saulder et al. (2016) cali-
brated a group finder algorithm with simulation data providing a

3 We used the galaxy group catalogue compiled on the SDSS DR 7
available under: https://gax.sjtu.edu.cn/data/Group.html
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Fig. 21. Faber-Jackson relation for elliptical and SO galaxies using the
stellar velocity dispersion taken from Chilingarian et al. (2017) on the
x-axis and the stellar masses computed by Kauffmann et al. (2003) on
the y-axis. We show the best fit computed by Gallazzi et al. (2006) in
dashed lines.

higher sensitivity to different kinds of galaxy groups up to a red-
shift of z < 0.11 (47% of the DPS and NBCS). In this redshift
range, they cover 97% (resp. 98%) of the DPS (resp. NBCS).

We used galaxy groups sizes as discussed in Blanton &
Moustakas (2009): a poor group holds 2 to 4 members, a rich
group 5 to 9 and a cluster more than 10. With Yang et al. (2007),
we find 64% (resp. 66%) of the DPS (resp. NBCS) to be isolated,
19% (resp. 17%) in poor groups, 3% (resp. 4%) in rich groups
and 4% (resp. 4%) in clusters. To compare this result with Saul-
der et al. (2016), we looked at the fraction for galaxies with red-
shift z < 0.11 and find similar fractions as above. Using Saulder
et al. (2016), we find 45% (resp. 45%) of the DPS (resp. NBCS)
to be isolated, 34% (resp. 33%) in poor groups, 11% (resp. 12%)
in rich groups and 9% (resp. 12%) in clusters. We detect fewer
isolated galaxies in comparison to Yang et al. (2007), which is
due to the higher sensitivity of group identification.

In Table D.3, we present the fractions of the environmen-
tal classification for the morphological types (see Sect.3.2).
Analysing group properties such as number of group members,
distance to the closest neighbour or the velocity dispersion of
a galaxy group, we only find a difference between the DPS and
the NBCS for elliptical galaxies (Saulder et al. 2016). In the DPS
(resp. NBCS), we find 23% (resp. 41%) of the elliptical galaxies
to be situated in a dense environment (rich groups or clusters),
whereas 72% (resp. 58%) are situated in less dense environments
(isolated galaxies or poor groups).

SO galaxies are usually observed more abundant in clusters
than in the field (Dressler 1980), but this is not the case here. In
the DPS and the NBCS, we find about 80% of the SO galaxies
to be situated in less dense environments. We do not find any
differences in the fraction of isolated SO galaxies selected in the
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DPS and the NBCS, but we clearly see that most of the selected
SO galaxies are isolated. Even though we find an excess of SO
galaxies and a lack of LTGs in the DPS in comparison to the
NBCS (see Sect.3.2), we do not find any connection between
the galaxy environment and the morphological type.

Dressler et al. (1997) first observed an increase of SO galax-
ies over elliptical fraction in groups from z ~ 0.5 till today, while
the spiral fraction before z ~ 0.5 corresponds to the SO frac-
tion observed today. This supports the view that spirals evolve
into SO galaxies due to their environment (Fasano et al. 2000).
This has been supported by subsequent observational works (e.g.
Wilman et al. 2009). However, this is not the case here as 70% of
the DP-S0 galaxies are isolated according to Yang et al. (2007),
(or 50% for z < 0.11 according to Saulder et al. (2016)), and
the behaviour of SO and LTG are not significantly different in
the DPS in terms of excitation mechanisms and dynamics. This
apparently contradicts the work of Gao et al. (2018), based on
photometric decomposition, who found that the bulges of spirals
and SOs are intrinsically different and thus spirals are probably
not the progenitors of SOs.

4.5. Non-parametric morphological diagnostics

To further investigate the properties of the different morpho-
logical galaxy types, we computed photometric diagnostics for
the DPS and NBCS. We used the python package starMorpH*,
which calculates non-parametric morphological diagnostics of
galaxy images (e.g. CAS-statistics or the Gini coefficient), as
well a fit of a 2D Sérsic profile (Rodriguez-Gomez et al. 2019).
Here, we tested our galaxy samples using CAS-statistics com-
posed by concentration (C), asymmetry (A) and smoothness (S),
the shape-asymmetry (Ag), the Gini-coefficient, the second mo-
ment of the galaxy’s brightest regions M and the Sérsic index
n. For an exact definition and description of these diagnostics,
see Rodriguez-Gomez et al. (2019) and references therein. We
applied statmMoRPH to the r-band 62" X 62" Legacy Survey snap-
shots (Dey et al. 2019).

The CAS-statistics were introduced by Conselice (2003) to
distinguish between different morphological types. As discussed
in Sect.4.2, we find for some sub-samples of the DPS a higher
concentration, accompanied by a higher central SFR, in compar-
ison to the NBCS. However, we do not find any differences in
asymmetry or smoothness between the DPS and the NBCS.

To automatically recognise ongoing or past mergers, Pawlik
etal. (2016) introduced the shape asymmetry (As), which specif-
ically detects galaxies with low-surface-brightness tidal features.
We observe higher Ag for galaxies classified as mergers than for
other types (as expected), but we find for all sub-samples and
redshift ranges similar distributions for the DPS and NBCS.

Abraham et al. (2003) applied the Gini coefficient on galaxy
imaging in order to determine the galaxy morphology. The Gini
coefficient quantifies the inhomegeneity (or ‘inequality’ when
applied to human populations) with which a galaxy’s light is dis-
tributed. Lotz et al. (2004) combined the Gini coeflicient with
the second moment of the galaxy’s brightest regions My to be
able to distinguish between merger and non-merger galaxies.
We present this diagnostic in Fig.22. Galaxies with an ongo-
ing merger process are located on the left of the Gini-M,, dia-
gram, which is marked by a purple line (Lotz et al. 2008). In post
coalescence stages, the merger would migrate back to the right
where two populations are located: in the upper right part ellip-
tical, SO and Sa galaxies are located, whereas in the lower right

4 https://statmorph.readthedocs.io
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Fig. 22. Gini vs M coefficients for the DPS (top panel) and the NBCS
(lower panel). Blue (resp. orange) contours represent galaxies classi-
fied as LTG (resp. SO) and red (resp. green) dots denote elliptical (resp.
merger) galaxies (See the classification in Sect.3.2). The purple line
separates galaxies classified as merger on the left hand side and galaxies
associated with a Hubble type on the right hand side (Lotz et al. 2004).
The lower black dashed line divides elliptical, SO and Sa galaxies from
later types namely Sb, Sc and Irr (Lotz et al. 2008).

part irregular and spiral galaxies, of type Sb, Sc, Sd, or Irr, are
located Lotz et al. (2008). These two regions are separated by
a black dashed line. Using hydrodynamical simulations, this di-
agnostic combined with asymmetry is sensitive to merger time-
scales of ~ 200 — 400 Myr for major disc merger and 60 Myr for
minor mergers (Lotz et al. 2010b).

Galaxies of the DPS and the NBCS, classified as merger or
elliptical, show good agreement between their classification and
their position on the Gini-M;( diagram (Fig. 22). Galaxies clas-
sified as SO are spread over the region of early and late Hubble
types with similar distributions between the DPS and the NBCS.
This diagnostic diagram indicates a difference for LTG of the
DPS in comparison to the NBCS: we observe that LTGs of the
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Fig. 23. Distribution of Sérsic indices, computed by STATMORPH
(Rodriguez-Gomez et al. 2019) for the Legacy survey r-band images
(Dey et al. 2019), of LTGs of the DPS (red line) and NBCS (black line).
The areas under the histograms are normalised to unity.

DPS are mainly (63 %) situated in the region associated with
earlier Hubble type galaxies, whereas LTGs of the NBCS are
mainly situated in the region of later Hubble types (only 35 % in
the earlier Hubble type region). One might think that Sa galaxies
are over-represented in the DPS. However, with respect to the
full sample, we detect 10 % of the DPS and 11 % of the NBCS
classified as Sa galaxies. We only find 6 % of the DPS that are
classified as Sb-d, whereas 19 % of the NBCS are of this type.
Hence, there is no Sa excess but a deficit of Sb-d galaxies. In
Appendix C, we find Sb-d of the DPS to be the only morpho-
logical sub-sample that shows larger stellar masses (~ 0.2 dex in
log(M./My)) in comparison to LTG galaxies of the NBCS. Ad-
ditionally, we find the highest difference in extinction of about
0.3mag in the V band. We furthermore detect a significant ex-
cess in star formation in the centre: for Sb-d of the DPS (resp.
NBCS), we find a median SFRgpre/SFRora = 0.59*03) (resp.
SFRfipre /SFR a1 = 031t8%g)

The shift towards earlier Hubble types of LTGs of the DPS,
in comparison to the NBCS, is also supported by the measured
Sérsic index, presented in Fig.23. By comparing the Sérsic in-
dex of the DPS with those of the NBCS, we only find a dis-
crepancy for LTGs, all other subsets show similar distributions.
This indicates, that LTG of the DPS tend to have larger bulges in
comparison to the LTGs of the NBCS.

Interestingly, Nevin et al. (2019) tested the position of sim-
ulated minor and major mergers in the Gini-M,, diagram (see
their Fig. 7) and found that most minor mergers and about half
of the major mergers lie below the purple line, and mainly
in the ETG/S0/Sa region (above the black dashed line). This
corresponds to the trend discussed in Lotz et al. (2008): post-
coalescence galaxies are more concentrated in their light distri-
bution, while tidal features vanish.

In Appendix B, we follow Nevin et al. (2019), who devel-
oped a supervised Linear Decomposition Analysis (LDA) in or-
der to compute the predictor coefficients LD I pajor and LD 1inor,
defined to identify major and minor mergers. To get comparable
results, we restricted our analysis to z < 0.075. We find in cases,
such as LTG and SO galaxies, slightly higher merger rates for
the DPS in comparison to the NBCS. This result somehow sup-
ports a merging scenario, while it is compatible with the fact DP
galaxies might be dominated by post-coalescence mergers that
would escape such analysis targeting on-going mergers. This re-
sult is compatible with the results discussed above based on the
Gini-My, diagram.

4.6. Summary

We have studied different parameters derived from observations
to compare the DPS with the NBCS. The NBCS is defined to
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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, metallic-
ities, specific star formation ratio and [OIII]A5008 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 se-
quence.

— Double-AGN behave as NBCS-AGN with respect to star for-
mation: 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 SOs are isolated, and the SOs excess ob-
served in the DPS is not due to environment.

We detect the following differences:

— There is an excess of SOs (resp. a deficit of LTGs) in the DPS
with respect to the NBCS.

— According to the Gini-Mjy 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 com-
pared 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, 16565 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 ex-
cess but less significant.

— Double-COMP are more likely SF galaxies, according to the
[OII]A3728 / [OIII]A5008 line ratio, and to the detection rate
of the high-ionisation [NeV]A3426 emission line at z > 0.2.

— There is slightly more extinction (0.25mag in V) in DPS
galaxies than in their NBCS counterparts.

— All DPS velocity estimators are independent of the inclina-
tion, 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 com-
ponent 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 SO
galaxies from the DPS are offset from the NBCS TF rela-
tion.

— S0 galaxies from the DPS are shifted on the FJ relation from
the NBCS.

5. Discussion

In Sect. 5.1, we argue that SO galaxies detected as gas-rich DP
galaxies belong to a star-forming population identified in pre-
vious 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
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discuss in Sect. 4.6. In Sect. 5.4, we discuss here different obser-
vations, 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.

5.1. Star-forming SOs

SO galaxies are usually described as disc galaxies, which have
exhausted their gas content (e.g. Somerville & Davé 2015) and
are proposed as a paralle]l Hubble sequence (van den Bergh 1976;
Kormendy & Bender 2012). However, it has been known for sev-
eral decades that some SOs are not forming stars but host large
amounts of HI gas (e.g. Kennicutt 1989). In these early observa-
tions of HI-gas-rich SO galaxies (e.g. van Woerden et al. 1983;
Knapp et al. 1984, 1985; Krumm et al. 1985; van Driel et al.
1988), inner and outer rings were already detected, and anal-
ysed in simulations (e.g. Athanassoula & Bosma 1985; Buta &
Combes 1996). The HI gas has often an Ha — [NII]-counterpart
(e.g. Pogge & Eskridge 1993). Observations have shown indeed
that about 85% of SO galaxies host optical ionised gas (e.g. Mac-
chetto 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 SO galaxies in the low-mass range that might be
fading mergers, while massive SOs, with M > 2 x 10'! M, be-
long to the red sequence, but up to 2% of these massive SO are
SE. In the blue SO 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 SO sample exhibits central star formation. They
also found that the majority of these SF SO galaxies have a stellar
mass below 10'°M. Tous et al. (2020) did not find such a mass
separation. In their study of these two SO populations composed
of SF and quiescent galaxies, they found that SF SO galaxies
avoid high-galaxy density and that their SFR and spectral char-
acteristics are entirely similar to those seen in LTGs.

Numerous observations show further evidence of various
tidal disturbances in the outer parts of SO: outer rings (e.g. Com-
erén et al. 2014; Sil’chenko et al. 2018), polar rings (e.g. van
Gorkom et al. 1987; Whitmore et al. 1990), circum-nuclear po-
lar 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. 2015, 2016; Pizzella
et al. 2018) and cylindrical rotation (e.g. Molaeinezhad et al.
2019). In Katkov et al. (2014, 2015), Proshina et al. (2019), and
Sil’chenko et al. (2019), the authors discuss the origin of this
counter-rotating gas and argue that SOs might accrete gas proba-
bly from filaments or from minor mergers. In parallel, numerous
works have shown that SOs can be produced by galaxy merg-
ers 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 SO galaxies in the
mass range 3 X 10'0 — 3 x 10" M, with optical ionised gas, in-
cluding a large fraction of star forming galaxies. Beside their op-
tical morphology, their kinematic behaviour is similar to those of
LTGs. We find similar distributions for LTGs and SO galaxies in
the TFR in Sect.4.3.4. We argue that the close peak might rep-
resent 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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5.2. Non-parametric merger identification

In the Sect. 4.5, we compute several non-parametric diagnostics
such as CAS-statistics, the shape asymmetry Ay, the Gini and
My coeflicients 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, 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-My dis-
gnostics, proposed by Lotz et al. (2004, 2008) to separate merg-
ers from non-mergers and to distinguish between late and early
Hubble types. We find good agreements with the predictions for
SO, 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 se-
quence of galaxies thickening towards SO. Last, this is in agree-
ment with the trend discussed in Appendix B with the small pos-
itive 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-Mj 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 diag-
nostics were developed to detect late and post-coalescence stages
of mergers (Pawlik et al. 2016; Lotz et al. 2008, 2010b,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 nu-
cleus beyond spatial resolution. Nevin et al. (2019) defined post-
coalescence 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. Bour-
naud et al. (2005) showed that intermediate mergers with 1:4 to
1:10 mass ratio can produce SO galaxies. A similar situation was
observed in GALMER simulations (Chilingarian et al. 2010a).
Hence, while it is now well-known that SOs can be formed by
minor and major mergers depending on the orientation and kine-
matics, 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 re-
lation: 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 SO 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 SO 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.

5.4. Support from other observations

Studies of SOs performed with planetary nebulae provide charac-
teristics comparable with our findings on the TF relation. With
a spectroscopic and kinematic analysis of planetary nebulae in
six SO galaxies, Cortesi et al. (2013) found that SOs are sup-
ported by random motions in addition to their rotating discs. SO
galaxies lie about 1 magnitude below the TFR for spiral galaxies
while their spheroids lie 1 magnitude above the FIR for elliptical
galaxies. This supports previous findings on these SO character-
istics (Bedregal et al. 2006; Rawle et al. 2013), which we observe
in the DPS for SOs but also for LTGs. Davis et al. (2016) also ob-
served 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. (2018) identified two separate popula-
tions of SO galaxies. Beside old, massive and metal rich galax-
ies with a bulge older than the disc (probably due to an inside-
out 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 SOs while other processes such as merg-
ers form the more massive SOs. As we only detect massive SOs,
this is compatible with our findings. We have a population of
massive star-forming galaxies, which are evolving through dif-
ferent stages of mergers. SO galaxies represent 36% of the whole
DP population, they are not faded. Beside their morphology, we
cannot disentangle them from LTGs.

5.5. Minor versus major mergers

As discussed in Bournaud et al. (2005), intermediate mass merg-
ers with ratio 1:4 to 1:10 produce Sa to SO galaxies, while equal
mass mergers produce mainly ellipticals (e.g. Barnes & Hern-
quist 1991), and 1:3-1:4 can produce SO-like systems (e.g. Bekki
1998; Eliche-Moral et al. 2018). Last, the scenario of single mi-
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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 in-
tensity 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 be-
tween 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 merg-
ers 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 enhance-
ments of SFR are dominated by major mergers. They estimated
that a starburst of 50 M yr~' 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 Mg yr~'.

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 ac-
count for the excess of SO 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 ra-
tio 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 in-
clined 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 ob-
served 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 SFRgp,e estimated
in the SF-DPS galaxies peak between 2 and 10 Mg yr~! and is
about a factor of 2 larger than for the NBCS. In numerical simu-
lations, Hani et al. (2020) found an SFR enhancement of a factor
two in 10.0 < log(M./Mg) < 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 sin-
gle peaked elliptical galaxies. We furthermore find that elliptical
galaxies with a DP have on average a 3 Gyr younger stellar pop-
ulation in comparison with those showing a single peak. This
is consistent with the detection of molecular gas in star form-
ing early type galaxies by Combes et al. (2007), who conclude
that the molecular gas might has been accreted from the environ-
ment and shows properties rather independent from the old, pre-
existing 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 na-
ture of the DP feature is still elusive, and could correspond to
gas clumps as well as to relics of two galaxy nuclei. We ar-
gue that DPS galaxies, most of which exhibit an ordinary mor-
phology, are more likely to be linked to gas-rich minor merg-
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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 SO
morphological excess clearly detected in the DPS, while we can-
not exclude that a few of these DP galaxies originate from major
mergers.

5.6. 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; Zhang et al. 2018), than in smaller
galaxies dominated by star formation feedback. Galaxy colli-
sions are usually thought to trigger AGN feedback (Di Matteo
et al. 2005). Gas outflow are found to be associated to emis-
sion 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 observa-
tions based on spectroscopic integral field units, Karouzos et al.
(2016) observed AGN driven outflow components with veloci-
ties between 300 and 600 km s~ with velocity dispersion up to
800kms~!. 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 1450kms~!. In the sys-
tem F08572+3915:NW, they found velocities up to 3350 kms™"'.
Galaxies without an AGN still reach projected velocities up to
1000 km s~!. They concluded that QSOs play a key role in accel-
erating gas outflows. Beside these extreme velocities, an outflow
with low projected velocities of several hundred km s~! 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 off-
centred emission line component. Therefore, these galaxies have
one peak component associated with the stellar velocity, com-
puted by Chilingarian et al. (2017) and a second peak compo-
nent more offset in units of o, (as discussed in Sect.4.3.1).
Furthermore, we demanded the second peak component to show
a velocity dispersion larger than 200km s~ 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 liter-
ature above. We show an example in the upper panel of Fig. 1.

Using the non-parametric emission line for the BPT classi-
fication (see Sect. 3.1), we find only 1% of these outflow candi-
dates 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;/A; < 3 applied in the selection procedure (see
Sect. 2.2). Outflow components show mostly very broad compo-
nent 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]A5008 in Maschmann & Melchior (2019). In sum-
mary, 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.
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6. Conclusions

We identified double-peak emission line galaxies with an auto-
mated 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 sev-
eral significant differences. There is an excess of SO galaxies,
which cannot be accounted for by the environment. The SO-DP
galaxies correspond to the star-forming SO galaxies identified
in isolated environments as discussed in Tous et al. (2020). In
parallel, the Gini-M, diagram reveals that LTG are mainly Sa
galaxies in the DPS with respect to the LTG of the NBCS. Simi-
larly, the DP LTG exhibit a larger Sérsic index than their NBCS
counterparts.

On the one hand, we find that LTG and SO galaxies behave
similarly on the TF relation but are off-centred towards large ve-
locity dispersions. On the other hand, if two gas components are
considered, we show that the close component behaves as ex-
pected 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 cen-
tral enhancement of the extinction.

We argue that this double-peak sample constitutes a se-
quence of multiple sequential minor mergers, which could ex-
plain the similar behaviour observed for the different morpho-
logical 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 SO 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 sup-
ports the view that the impact is small, typical of minor mergers.
The specificity of these DP galaxies is that the spectroscopic sig-
nature is inside the 3" SDSS-fibre, hence, it is somehow a post-
coalescence 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 be-
tween 1 kpc and 12 kpc.
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Table A.1. Contingency table for galaxy types

Type DPS NBCS  P-value
SF 2534(44.7%) 2811(54.8%) 1.66e-25
COMP  2153(38.0%) 1226(23.9%) 1.13e-56
AGN 630(11.1%)  687(13.4%) 3.27e-04
LINER 174(3.1%) 308(6.0%) 1.56e-13
LTG 914(16.1%) 1539(30.0%) 2.90e-66
ETG 167(2.9%) 134(2.6%) 2.93e-01
SO 2027(35.8%) 1009(19.7%) 2.11e-78
Merger  589(10.4%) 487(9.5%) 1.23e-01

Notes: We present the fraction of BPT and morphological classification
for the DPS and the NBCS and the corresponding p-value.

Appendix A: Statistical significance of contingency
tables

In Sect. 3.1 and 3.2, we identified some differences between the
DPS and the NBCS. Due to the number of different categories,
it is difficult to quantitatively conclude how significant these dif-
ferences are. Therefore, we used Fisher’s exact test (Fisher 1954)
to check some selected categories and evaluate a p-value to de-
termine how significant the differences between the DPS and the
NBCS are. The p-value represents the probability that the mea-
sured fraction of one galaxy type is originating from the same
parent sample

From the BPT classification, we used the SF, COMP, AGN
and LINER categories. For the DPS, we use the non-parametric
fit (see Sect.3.1). For the morphological classification, we ex-
amined LTG, elliptical, SO and galaxy mergers.

For Fisher’s exact test, we took the number of the above
mentioned categories cpps and cnpes of each sample and con-
sider the objects which are not in this category as the counterpart
Cpps.NBcs- We calculated the p-value following (Fisher 1954) as:

(CDPS +CNBCS)(5DPS +5NBCS)
Cpps Cpps

T

(A.1)
npps +n_NBcs)
Cpps +Cpps

where npps and nyges are the total numbers of objects in the
samples and (Z) denotes the binomial coefficient.

In Table A.1, we present the different classification with their
percentage of occurrence and the corresponding p-value. For a
sub-sample with a p-value smaller than 0.05, we consider the
two parent samples as significantly different. From this table,
we can conclude that the lack of SF or LINER and the excess
of COMP galaxies in the DPS is significant. Also the fraction
of LTG and SO galaxies are significantly different for the two
samples. We also find that the two samples show very similar
fractions of galaxy merger and elliptical galaxies.

Appendix B: Non-parametric merger indicators

It is challenging to identify late merger stages directly from
imaging observations, since merging signatures are depend
strongly on the mass ratio and the initial conditions. As discussed
in Sect. 4.5, the combination of Gini-My, diagnostics is a pow-
erful tool (Lotz et al. 2008), but which is strongly modulated
by time (Lotz et al. 2010b,a). A promising method to achieve
a higher sensitivity to detect a larger range of minor and ma-
jor merger stages was proposed by Nevin et al. (2019), using
a supervised Linear Decomposition Analysis (LDA). As input,
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Fig. B.1. Distribution of predictor coefficients LD 1o On the left pan-
els and LD1 s on the right panels (Nevin et al. 2019) for galaxies
with z < 0.075. We mark the decision boundary for LD1 o (resp.
LD1 yinor) With black dashed lines at > 1.16 (resp. > 0.42). We show
the DPS in red lines and NBCS in black lines. We show all galaxies in
the top panels and present LTG, SO, elliptical and merger galaxies in the
lower panels respectively.

Table B.1. Merger rate estimation using LD1 yyjor and LD 1 yinor

Type DPS NBCS
major minor major minor
total 269% 185% 25.1% 21.1%
LTG 315% 189% 245% 20.4%
SO 157% 11.8%  43% 1.4%
Elliptical 21.7%  43% 21.7%  0.0%
Merger 78.0% 70.7% 75.6% 87.8%

Notes: We present the computed major and minor merger rate using
the predictor coefficients LD1,nyjor and LD 1,y for galaxies with z <
0.075 of the DPS and the NBCS (Nevin et al. 2019). The distributions
are shown in Fig. B.1. We present also the merger rates for different
morphological types (See Sect. 3.2).

they used non-parametric imaging predictors such as the CAS-
statistics, the Gini and M; coefficients and the shape asymmetry
(As) computed by statMorpH (Rodriguez-Gomez et al. 2019).
Using hydodynamical simulations of galaxy merger with dif-
ferent mass ratios, they reached a high accuracy of 85 % (resp.
81 %) and a precision of 97 % (resp. 94 %) for major (resp. mi-
NOr) merger scenarios.

Nevin et al. (2019) focused on galaxies such as those ob-
served with the SDSS MaNGA survey (Drory et al. 2015), whose
average redshift is (z) ~ 0.03. To keep a statistically significant
sample, we restricted the merger identification analysis on sub-
sets of the DPS and the NBCS with z < 0.075. We used the pre-
dictor inputs computed by statmMoRrPH as described in Sect. 4.5
and computed the predictor coefficients LD 1 major and LD 1 yinor
for major and minor mergers as described in Nevin et al. (2019):

LD1ygjor = —0.81 +0.69 Gini + 3.84C +5.78 A + 13.14 Ag
—3.68Gini X As —6.5C X As — 6.12A X Ag
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LD linor = — 0.87 + 8.64 Gini + 14.22C + 521 A + 2.53 Ag
~20.33Gini x C — 4.32 A x Ag

We standardised the predictor inputs: we subtracted the mean
for each predictor and divide it by the standard deviation. To
compute the means and the standard deviations, we used all the
galaxies we want to test, meaning the DPS and the NBCS. To
separate mergers and non-mergers, the decision boundary for
LD1major (resp. LD 1minor) is > 1.16 (resp. > 0.42).

Since we only considered galaxies with a redshift of z <
0.075, we classify only 23 elliptical and 41 merger galaxies of
the DPS and the NBCS, which is due to the redshift distribu-
tion of these sub-samples (see Fig. 8). This makes it difficult to
conclude on the measured merger rate of these two sub-samples.

In Fig. B.1, we show the predictor coefficients LD1 y,jor and
LD/ yinor for different morphological types of the DPS and the
NBCS and display the decision boundary for each predictor as a
black dashed line. We present the merger rates for DPS and the
NBCS and different morphological classifications in Table B.1.
In comparison to the merger rate found in Sect. 3.2, we indeed
find a slightly higher major merger rate of 27 % for the DPS
and 25 % for the NBCS and a slightly higher minor merger rate
of 19 % for the DPS and 21 % for the NBCS. This diagnostic
is also in good agreement with the merger selection based on
Dominguez Sanchez et al. (2018)(See Sect. 3.2): visual merger
are classified as major merger with a rate of 78 % (DPS) and
76 % (NBCS) using the LDA-method.

LTGs, which are detected at lower redshift in the DPS and
the NBCS, build up the largest sub-sample with 254 of the DPS
and 392 of the NBCS. We find indeed a higher major-merger
rate of 32 % for the DPS in comparison to the NBCS with 25 %,
whereas we find a slightly lower minor-merger rate for the DPS
of 19 % in comparison to 21 % for the NBCS. For SO galaxies,
we find a higher major (16 %) and minor (12 %) merger rate for
the DPS in comparison to the NBCS (4 % and 1 % respectively).

In our merger scenario for double-peak emission line galax-
ies (see Sect. 6), we do not find the expected merger rates using
the LDA-method. This may be explained by DPS galaxies be-
ing past the coalescence phase, while the method developed by
Nevin et al. (2019) is not sensitive to faded and later stages of
mergers.

Appendix C: Characteristic parameter distributions

As discussed in Sect. 4.2, we detect higher SFRs inside the SDSS
fibre for the DPS in comparison to the NBCS. We find compara-
ble total SFRs and about the same stellar mass distribution. As
discussed in Sect. 4.1, we detect more extinction for the DPS in
comparison to the NBCS with an excess of about 0.25 mag in
the V band. We furthermore find comparable stellar ages for the
DPS and the NBCS, comparable time scales and about the same
stellar and gas metallicities.

With respect to the morphological classifications, we detect
significant differences between the DPS and the NBCS in two
subsamples, namely Sb-d and elliptical galaxies. Sb-d galax-
ies of the DPS show higher mean stellar masses (~ 0.2dex
in log(M./My)) and extinction (~ 0.3 mag in V) than Sb-d
galaxies of the NBCS (Fig. C.1). Furthermore, we detect a sig-
nificant excess of SF in the centre of DP Sb-d galaxies. We

detect SFRibre/SFRg = 0.59703" for Sb-d of the DPS and

SFRibre /SFRioar = 0.317032 for the NBCS. In the case of el-
liptical galaxies, we detect a 4 times higher SFR in the DPS in
comparison to their NBCS counterpart (Fig. C.1). This is con-
sistent with the fact that elliptical DP galaxies are situated in
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the main star forming sequence, whereas elliptical galaxies of
the NBCS are associated with the quenched red sequence (see
Sect. 4.2). Assuming a single stellar population, we find that el-
liptical galaxies with a DP have on average a 3 Gyr younger
stellar population in comparison with those showing a single
peak. Similarly, assuming an exponential declining star forma-
tion history, we detect two times larger time scales for DP ellip-
tical galaxies.

Appendix D: Additional material
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Fig. D.1. Comparison of absolute -band magnitude, Petrosian radii and
(SFRpe) and (SFRyy,) as in Fig. 13, but with DP galaxies classified
as COMP in both peak components (red) and galaxies of the NBCS
classified as COMP (black) in the upper panels and galaxies classified
as SOs in the lower panel.
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Table D.1. Fraction of cross match for different BPT and morphological types

Notes: This is a cross
match of Tables4 and 5. 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 and 5. We present
the fraction of each subset
classified with the BPT di-
agram in Sect.3.1 for all
different morphological type
specified in Sect.3.2. For
the DPS we show the BPT-
classification using the non-
parametric fit. We present
these fractions for the DPS,
the CS and the NBCS. All
columns add up to unity.

Notes: Fraction of

galaxies in different

environments  from
Yang et al. (2007)
and Saulder et al
(2016)

BPT - class LTG Elliptical SO Merger Uncertain Total
DP- sample
SF 326(12.9%) 54(2.1%) 990(39.1%)  266(10.5%) 898(35.4%) 2534
COMP 431(20.0%) 69(3.2%) 715(33.2%) 208(9.7%) 730(33.9%) 2153
AGN 103(16.3%) 24(3.8%) 204(32.4%) 77(12.2%) 222(35.2%) 630
LINER 29(16.7%) 13(7.5%) 53(30.5%) 22(12.6%) 57(32.8%) 174
Uncertain 25(14.5%) 7(4.1%) 65(37.8%) 16(9.3%) 59(34.3%) 172
No-bias Control sample
SF 873(31.1%) 23(0.8%) 539(19.2%) 245(8.7%) 1131(40.2%) 2811
COMP 388(31.6%) 41(3.3%) 266(21.7%) 116(9.5%) 415(33.8%) 1226
AGN 177(25.8%) 29(4.2%) 129(18.8%) 80(11.6%) 272(39.6%) 687
LINER 76(24.7%)  38(12.3%) 56(18.2%) 35(11.4%) 103(33.4%) 308
Uncertain 25(26.0%) 3(3.1%) 19(19.8%) 11(11.5%) 38(39.6%) 96
Control sample
SF 18510(22.6%)  120(0.1%) 5328(6.5%) 5934(7.2%) 52173(63.6%) 82065
COMP 1123(23.8%) 76(1.6%) 1229(26.0%) 360(7.6%) 1933(40.9%) 4721
AGN 331(20.4%) 46(2.8%) 418(25.8%) 138(8.5%) 690(42.5%) 1623
LINER 122(22.8%) 56(10.4%) 106(19.8%) 49(9.1%) 203(37.9%) 536
Uncertain 71(15.2%) 4(0.9%) 64(13.7%) 43(9.2%) 285(61.0%) 467
Table D.2. Fraction of cross match for different BPT and morphological types
BPT - class LTG Elliptical SO Merger Uncertain
DP- sample
SF 326(35.7%) 54(32.3%) 990(48.8%) 266(45.2%) 898(45.7%)
COMP 431(47.2%) 69(41.3%) 715(35.3%) 208(35.3%) 730(37.1%)
AGN 103(11.3%) 24(14.4%) 204(10.1%) 77(13.1%) 222(11.3%)
LINER 29(3.2%) 13(7.8%) 53(2.6%) 22(3.7%) 57(2.9%)
Uncertain 25(2.7%) 7(4.2%) 65(3.2%) 16(2.7%) 59(3.0%)
Total 914 167 2027 589 1966
No-bias Control sample
SF 873(56.7%) 23(17.2%) 539(53.4%) 245(50.3%) 1131(57.7%)
COMP 388(25.2%) 41(30.6%) 266(26.4%) 116(23.8%) 415(21.2%)
AGN 177(11.5%) 29(21.6%) 129(12.8%) 80(16.4%) 272(13.9%)
LINER 76(4.9%) 38(28.4%) 56(5.6%) 35(7.2%) 103(5.3%)
Uncertain 25(1.6%) 3(2.2%) 19(1.9%) 11(2.3%) 38(1.9%)
Total 1539 134 1009 487 1959
Control sample
SF 18510(91.8%)  120(39.7%) 5328(74.6%) 5934(91.0%) 52173(94.4%)
COMP 1123(5.6%) 76(25.2%)  1229(17.2%) 360(5.5%) 1933(3.5%)
AGN 331(1.6%) 46(15.2%) 418(5.9%) 138(2.1%) 690(1.2%)
LINER 122(0.6%) 56(18.5%) 106(1.5%) 49(0.8%) 203(0.4%)
Uncertain 71(0.4%) 4(1.3%) 64(0.9%) 43(0.7%) 285(0.5%)
Total 20157 302 7145 6524 55284
Table D.3. Galaxy environment
LTG SO Elliptical Merger  Uncertain LTG SO Elliptical Merger  Uncertain
Yang et al. (2007) DPS NBCS
isolated 59.7%  68.6 % 563%  54.0 % 634% | 657% 67.6% 478 %  58.1 % 67.9 %
poor group 243 %  16.6 % 293%  250% 160% | 21.0% 15.0% 254% 259 % 13.3 %
rich group 5.0 % 2.4 % 6.0 % 3.6 % 2.8 % 4.6 % 39 % 112 % 33 % 3.4 %
cluster 6.1 % 24 % 3.0 % 4.2 % 33 % 4.5 % 2.2 % 10.4 % 4.5 % 34 %
unknown 48% 10.1 % 54% 132 % 14.5 % 42% 114 % 52 % 8.2 % 12.0 %
Yang et al. (2007) (z < 0.11) DPS NBCS
isolated 54.8% 652 % 509% 43.6% 625% | 628 % 669 % 39.1% 483 % 65.1 %
poor group  28.1%  23.0% 343% 333% 202% | 224% 20.1 % 287%  32.8% 15.1 %
rich group 5.1% 2.8 % 83 % 6.7 % 3.6 % 5.8 % 6.1 % 14.9 % 5.0 % 6.0 %
cluster 7.7 % 4.6 % 3.7 % 9.3 % 6.8 % 6.2 % 4.7 % 13.8 % 9.5 % 6.6 %
unknown 4.4 % 4.4 % 2.8 % 7.1 % 7.0 % 29 % 23 % 3.4 % 4.5 % 72 %
Saulder et al. (2016) (z < 0.11) DPS NBCS
isolated 382% 51.1% 352% 364 % 440% | 43.5% 488 % 276% 333% 45.7 %
poor group  37.0% 292 % 380% 31.1% 330% | 328% 31.7% 299% 388 % 31.1 %
rich group  12.7 % 9.5 % 11.1% 138 % 95% | 11.1% 10.5% 207% 114 % 10.6 %
cluster  10.7 % 6.7 % 12.0 % 8.9 % 100% | 11.0 % 8.1 % 207% 119 % 9.8 %
unknown 1.5% 3.4 % 3.7 % 9.8 % 3.6 % 1.5 % 0.9 % 1.1 % 4.5 % 2.8 %
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Fig. C.1. Each column presents distributions of different parameters of the DPS (red) and the NBCS (black). We show different morphological
classifications in each row: in the top row the full samples, followed by Sa, Sb-d, SOs, elliptical, merger and galaxies without classification (see
Sect. 3.2). From left to right: the first column shows the star formation rate inside the 3”” SDSS fibre (SFRg.), the second column the total star
formation rate (SFRyy,;) (Brinchmann et al. 2004) and the third column the stellar mass M., (Kauffmann et al. 2003). In the last column, we present
the extinction computed with the Balmer decrements Ha/HB (Dominguez et al. 2013). We use the non-parametric emission line fit to estimate
emission line fluxes taken from Chilingarian et al. (2017). We display the mean and the standard deviation for each distribution.
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Face-on LTG

Intermediate inclination LTG

Fig. D.2. 62” x 62" Legacy Survey snapshots (Dey et al. 2019) of 20 random galaxies of each morphological type, described in Sect. 3.2 (all 10

are shown for Face-on LTGs).
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CHAPTER 3

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 refine theories more precisely, explore further possibilities and find 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. 1 then tested from which direction I can detect a DP emission line using a single
and a double-Gaussian fit. 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
final coalescence. Major mergers, which show a strongly perturbed morphology during the
merger form a central gaseous disc at about 1 Gyr after the final 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 final coalescence. Furthermore, there is no correlation between the direction
from where we observe a DP and the galaxy orientation.

Comparing these scenarios with the findings of observed DP emission-line galaxies, major
mergers are unlikely to be the predominant mechanism, since these show mostly elliptical and

only few SO morphologies. Furthermore, at the discussed late merger stage, the enhanced star
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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 fit the observation quite well.
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ABSTRACT

Emission lines with a double-peak (DP) shape, detected in the centre of galaxies, have been extensively used in the past to identify
peculiar kinematics such as dual active galactic nuclei (AGNSs), outflows, or mergers. With a more general approach considering a
large DP galaxy sample selected from the Sloan Digital Sky Survey (SDSS), a connection to minor merger galaxies with ongoing star
formation was suggested. To gain a better understanding of different mechanisms creating a DP signature, in this paper, we explore
synthetic SDSS spectroscopic observations computed from disc models and simulations. We show how a DP signature is connected
to the central part of the rotation curve of galaxies, which is mostly shaped by the stellar bulge. We, furthermore, find that bars can
create strong DP emission-line signatures when viewed along their major axis. Major mergers can form a central rotating disc in late
post-coalescence merger stages (1 Gyr after the final coalescence), which creates a DP signature. Minor mergers tend to show a DP
feature with no correlation to the galaxy inclination within 350 Myr after the final coalescence. Comparisons of these scenarii with
observations disfavour major mergers, since they show predominantly elliptical and only a few SO morphologies. Furthermore, at such
a late merger stage, the enhanced star formation is most likely faded. Bars and minor mergers, on the other hand, can be compared
quite well with the observations. Both observations coincide with increased star formation found in observations, and minor mergers
in particular do not show any dependency with the observation direction. However, observations resolving the galaxy kinematics
spatially are needed to distinguish between the discussed possibilities. More insight into the origin of DP will be gained by a broader
comparison with cosmological simulations. The understanding of the DP origin can provide important tools to study the mass growth
of galaxies in future high redshift surveys.

Key words. galaxies: kinematics and dynamics, galaxies: interactions, galaxies: evolution, Methods: numerical, techniques: spec-

troscopic

1. 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 kine-
matics may be misleading. Mergers have been extensively stud-
ied using simulations (e.g. Toomre & Toomre 1972; Athanas-
soula & 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. 2008, 2013), resulting in
a good understanding on how galaxy mergers can fuel star for-
mation, 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 identify-
ing 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 sensi-
tivity for post-coalescence mergers. However, it remains chal-
lenging to apply these techniques to observations and identify
post-coalescence mergers.

As predicted in Begelman et al. (1980), the two super-
massive black holes of the progenitors of a merger should even-
tually 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 ob-
serve this phenomenon using a telescope providing high enough
resolution. Such dual AGNs were observed using an X-ray ob-
servation (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
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connection between the kinematic footprint and a dual AGN was
further discussed in Comerford et al. (2009a). Systematic stud-
ies on DP emission-line AGNs using additional high resolution
observations were able to distinguish between dual AGNs, AGN-
driven outflows, or rotating discs (Comerford et al. 2011; Com-
erford & Greene 2014; Comerford et al. 2015, 2018; Miiller-
Sanchez et al. 2015; Nevin et al. 2016).

In general, a DP emission-line profile traces multiple line-of-
sight velocities. AGNs are compact and bright sources and there-
fore dual AGNs, moving at two different velocities, are particu-
larly interesting to study late stages of mergers. Ge et al. (2012)
built up a DP-galaxy sample, also including non-AGNs and gath-
ered 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), 5663 DP emission-line galaxies
were selected using an automated selection procedure. Interest-
ingly, 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 in-
creasingly likely if one finds different characteristics in the two
emission-line components (Maschmann & Melchior 2019). Us-
ing 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 con-
tent of DP galaxies selected from above the main star-forming
sequence was studied in Maschmann et al. (2022). Twenty per-
cent 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 deter-
mine under which conditions a DP signature may be detected in
isolated galaxies, ongoing mergers, and post-mergers. More pre-
cisely, 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 iden-
tified DP signatures in the line of sight and the kinematic pro-
cesses inside the observed systems.

In Sect. 3, we describe axisymmetric models of disc galax-
ies and then study numerical simulations of such galaxies in
which non-axisymmetric patterns, especially bars (in the cen-
tral regions of interest), form. In Sect. 4, we characterise major-
and minor-merger simulations and identify under which circum-
stances a DP emission line can be detected. We then discuss in
Sect. 5 the found results in the context of past work on DP emis-
sion line galaxies and conclude in Sect. 6. In this work, a cos-
mology of Q,, = 0.3, Qs = 0.7, and & = 0.7 is assumed.
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2. Observations of double-peak emission-line
galaxies in the SDSS

The focus of this work is to determine the origin of DP emission-
line profiles. To accomplish this, we analyse synthetic emission-
line spectra from galaxy models and galaxy simulations. To
frame this analysis in the context of observations, we here re-
capitulate 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.

2.1. 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 Ha or the
[OIII]A5008 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. Re-
lying 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 Avpp > 3dv, with 6v the SDSS bin-width
of 69kms™!, 7479 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 emis-
sion 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; /A, must fulfil the condition 1/3 < A;/A, < 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-bias-
control-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 sam-
ples, the same visual merger rate was found between DP and SP
galaxy. However, DP galaxies are more likely to be classified as
SO galaxies (36 %) in comparison to SP galaxies (20 %). Fur-
thermore, 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 de-
tailed analysis of the spectroscopic kinematics revealed a signif-
icant higher stellar velocity dispersion in DP galaxies in compar-
ison 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 re-
lation in contrast to SP galaxies. When considering each individ-
ual 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 observa-
tions agree in particular with a model of repetitive minor merg-



1. THE MECHANISMS BEHIND DOUBLE-PEAK EMISSION-LINE GALAXIES 73

Maschmann et al.: The origin of double-peak emission-line galaxies

750 /1 M20
S 500

5]
© 250

e ——————

3¢pss diameter [Kpc]
=
o
T
i
i
U R S

0.05

0.10 0.15

Redshift z

0.20 0.25 0.30

Fig. 1. Redshift distribution of the DP galaxy sample (M20) (top panel)
and the conversion curve between redshift and the fibre diameter in kpc
of the SDSS 3" (red curve in the bottom panel). We mark with blue
dashed line the three representative redshifts and corresponding fibre
diameters: z = 0.05, z = 0.1, and z = 0.17 corresponding to a fibre
diameter of 3, 6, and 10 kpc, respectively.

ers which effectively transport gas into the central regions and
drive bulge growth as described in Bournaud et al. (2007).

2.2. SDSS spectroscopic measurements at different redshifts

The spectroscopic observation in the SDSS is taken within a
3" region centred on the brightest spot of a galaxy (Abazajian
et al. 2009). Hence, this spectrum probes the central 0.6 kpc in
low redshift galaxies at z = 0.01 and 30 kpc for the most dis-
tant spectroscopic observations in the SDSS at about z = 0.55.
In the latter case, the SDSS spectrum probes roughly the entire
galaxy, whereas for a nearby galaxy the spectroscopic measure-
ment probes only the very centre. In Fig. 1, we show the redshift
distribution of the DP galaxy sample of M20 and a conversion
curve between the fibre diameter and the redshift. The DP sam-
ple has a median redshift of z = 0.11 and 99 % of the sample
has a redshift of z < 0.22. Only 57 galaxies are situated at higher
redshift up to a value of z = 0.34. In order to represent this distri-
bution, we select three representative redshift values: z = 0.05,
z = 0.1, and z = 0.17, corresponding to a fibre diameter of 3, 6,
and 10 kpc, respectively. In the following, we analyse simulated
SDSS spectral observations of analytical models and galaxy sim-
ulations with these three fibre diameters.

2.3. Double-peak detection in synthetic emission-line spectra

In order to test whether a computed emission-line profile from an
axisymmetric model or a galaxy simulation shows a DP feature,
we develop a detection algorithm similar to M20. In a first step,
we convolve the produced line-of-sight velocity profiles with
the mean instrumental broadening of 61 kms~! (M20) from the
SDSS spectral detector, and compute the resulting signal with
the SDSS bin-width of sv = 69kms~'. We then fit a single-
and a double-Gaussian function to the velocity profile and select
DP galaxies satisfying the following criteria: (1) y*(single) >
x>(double), (2) 1/3 < Ay /A, < 3, and (3) Avpp = |2 —p2| > 3 dv.
X%(Single) (resp. X%(double)) is the reduced chi-square computed
for the single (resp. double) Gaussian fit, A; and A, are the am-
plitudes of the two Gaussian functions in the double-Gaussian
fit, and Awpp is the velocity difference between the blue and red-

Table 1. Mass and length parameters for the Sa galaxy.
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Fig. 2. Rotation curves of a disc galaxy for different characteristic radii
of the stellar bulge. We show with coloured lines the contribution of
each component, and in black the total rotation curve. In blue (resp.
orange), we show the contributions of the stellar (resp. gaseous) disc,
described by Miyamoto-Nagai density profiles. With a green (resp. red)
line, we show the contributions of the stellar bulge (resp. dark-matter
halo), described by Plummer density profiles. We show with different
line styles the contribution of the bulge and the total rotation curve for
bulges with different characteristic radii b. A characteristic bulge radius
b = 2 (thick solid green and black lines) corresponds to the fiducial Sa
galaxy. Vertical grey lines are plotted at the radii of the simulated fibre
for the redshifts z = 0.05, 0.1, and 0.17.

shifted component. In a first step of selection of DP candidates
in M20, an F-test was used. However, this was mostly motivated
to distinguish a DP from a SP profile in the case of a noisy spec-
tra. Since we do not include noise in our synthetic emission-line
profiles, we only use the chi-square ratio as such a selection cri-
terion.

3. Rotating discs

Double-peaked emission lines can be due to the rotation of discs.
In order to investigate when such a detection of DP is possible,
we first construct an idealised galaxy model with an axisymmet-
ric rotating gas disc. We modify the rotation curve of the model
by varying the mass concentration of a stellar bulge and study the
resulting gas line-of-sight velocity distribution. We also study
the effect of a change in the concentration of the gas density pro-
file. Using simulations of isolated galaxies, we then investigate
how the presence of a bar may impact the detection of a DP sig-
nature.

3.1. Axisymmetric models

The model, for its fiducial set of parameters, reproduces an Sa
galaxy. Potential-density pairs are used for all four components.
The gas and stellar discs each have a Miyamoto-Nagai density
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Fig. 3. Gaseous disc model at two different inclinations. We show 2D
projections of a Miyamoto-Nagai density profile as described in Equa-
tion 1 at an inclination of i = 30° (top panel) and i = 60° (bottom
panel). Both discs are turned by a position angle of 20°. The colour-bar
indicates the surface density. With black lines, we indicate iso-velocity
curves, with velocity values separated by 30kms~' (with a value of
Okms™! on the minor axes). With an orange (resp. green) circle, we
show the area observed by a 3" spectroscopic fibre at a redshift of
z = 0.05 (resp. z = 0.17). The more inclined the disc, the smaller the
distance of equidistant velocity lines and thus the steeper the velocity
gradient probed by the spectroscopic fibre.

profile (Miyamoto & Nagai 1975):

h*M
pa(R,2) = (?)

aR* + (a+3V2 + I2)(a + V22 + h2)?
|2+ (a+ VZ+I22|* (2 + W)t

. (D

where M is the total mass of the disc, a is a radial scale length,
and £ is a vertical scale length. The stellar bulge and the dark-
matter halo each have a Plummer profile (Binney & Tremaine
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1987, pag. 42):

(r) = 3M 1+£_%
P =\ g3 |

where M is the total mass of the component and b a characteristic
radius. The profile parameters for the four components are given
in Table 1, for an Sa galaxy.

The rotation curve is shown on Fig. 2 (thick black curve for
an Sa), with the detail of the contributions of the different com-
ponents. The individual contribution of each disc component is

0D,

R OR
ponent:

2

with @, the gravitational potential of the disc com-
z=0

GM
VR + (@ + NZF Iy

and the individual contribution of each spherical component

Qy(R,z) = - 3)

00, . .
(stellar bulge or dark-matter halo) is T with r the spherical
r

radius and @, the gravitational potential of the spherical compo-
nent:

GM
V21 b2

The rotation curve is then obtained as the square root of the
quadratic sum of the four contributions. For such an Sa galaxy,
the bulge dominates the rotation curve in the central parts, creat-
ing a steep rise of the rotation curve at small galactocentric radii
(see the thick green curve representing the bulge contribution on
Fig. 2).

() = - )

3.1.1. Emission-lines of a fiducial Sa galaxy

Figure 3 shows the mass surface density of the gas disc of this
Sa galaxy for two different disc inclinations. Iso-velocity curves
with values spaced by 30 km/s are over-plotted, starting at 0 km/s
on the minor axes. The line-of-sight velocity V is such that:

V = Viot cOs @ sin i, 5)
with Vi, the rotation velocity (obtained from the rotation curve,
assuming a zero gas velocity dispersion), ¢ is the azimutal angle
in the disc plane (¢ = 0[x] on the major axis), and i is the in-
clination of the disc with respect to the line of sight (i = 0 for a
face-on disc). The larger the inclination of the disc, the larger the
amplitude in line-of-sight velocity: for i = 30° the iso-velocity
contours have extreme values of -120 and 120 km/s (closed iso-
contours near the major axis) while for i = 60°, the smallest and
largest values are -210 and 210 km/s. The distribution of line-
of-sight velocities is thus wider for larger inclinations, and the
number of iso-velocity curves encompassed by a given fibre size
is larger, as can be seen from the two represented fibres, of di-
ameters 3 and 10 kpc.

The fraction of gas observed with a line-of-sight velocity V,
that is the line-of-sight-velocity spectrum, can be computed fol-
lowing Wiklind et al. (1997), as:

dm

Ronan
V= fo

Seas(R)RAR

(6)

Vrot (R ) 1-

vV
——— | sini
Viot(R) sin i
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Fig. 4. Emission-line profiles of gaseous-disc model observed at different inclinations. On the top left, we show a rotation curve calculated by
a model including a stellar and gaseous disc, a stellar bulge, and a dark-matter halo, parametrised as summarised in Table 1 with b = 2.0 kpc.
We compute the emission-line profiles observed within a 3” spectroscopic fibre for two redshift values: z = 0.05 and z = 0.17. The region
probed by these observations are marked by orange and green line, respectively. For the emission-line profiles we also show the two spectroscopic
observations in green and orange, with an off-set to the observation of z = 0.05 (orange spectra) to show them above the observation of z = 0.17
(green spectra). In the second column from the left, we show the measured line of sight velocity as described by Equation 6. In the third column
from the left, we show the observed spectra convolved by the SDSS mean instrumental broadening of 61 kms™!. On the rightmost column, we
show this signal binned to the detector resolution of the SDSS with a bin-width of 69 kms™!. We fitted a single and a double-Gaussian function
to the observations presented by yellow and black lines, respectively. For the double-Gaussian function we show its blueshifted (resp. redshifted)
component by dotted blue (resp. dashed red) lines. The different rows show different values of inclination as indicated in the titles.

where the integration goes from R = 0 to a maximum galacto-
centric radius Ry,,x (corresponding to the simulated SDSS fibre,
for example), and Zg,(R) is the gas surface density. In particu-
lar, a double-horn profile can be found for a constant Vi, (see
Wiklind et al. (1997)). However, the formula is only approxi-
mate when applied for a radius Ry,,x smaller than the disc size,
with an error increasing with inclination. We thus use simulated
models of gas discs with Miyamoto-Nagai density profiles, set-
ting the rotation velocity from the modelled rotation curve, and
we measure the line-of-sight velocity of gas inside the different
fibres for different inclinations.

We simulate the detection of double peaks for this Sa galaxy
with the fibres of diameters 3 and 10 kpc for four different in-
clinations of the disc in Fig. 4. The spectra obtained with Eq. 6
and shown on the second column from the left are, as explained
in Sect. 2.3, convolved with the mean instrumental broadening
of 61 kms~! from the SDSS spectral detector (the result of this
convoion is shown in the third column from the left), and then
binned with the SDSS bin-width of 6v = 69 kms~'. The spectra
are broader for higher inclinations because of the sini term in
Eq. 5. For fixed gas density-profile and rotation curve, the shape
of the spectra depends on the fibre size. For the small fibre, en-
compassing the beginning of the rise of the rotation curve, the
spectra are single-peaked. However, a ‘double-horn’ structure,
with a central dip and sharp vertical limits at terminal velocities,

appears for the larger fibre size. When viewing the disc edge-on,
the double-horn shape changes to a box-like shape. This is due
to the fraction of the disc moving perpendicular to the observer
and which is only covered at an edge-on perspective. The instru-
mental broadening significantly alters the emission-line shape:
for example the maxima of a horn are made closer to the centre
of the spectrum, making the spectra single-peaked for low in-
clinations, and the steepness of the edges is reduced. The result
of the binning is shown on the rightmost column, with both a
Gaussian fit and a double-Gaussian fit. For the latter fit, the two
components are shown in blue and red. Using the three criteria
of Sect. 2.3, a double-peak is identified only for z = 0.17 (10 kpc
diameter fibre) for an inclination of 90°. The difference of veloc-
ities of the two peaks Avpp is too small in the other cases for a
double-peak to be identified according to our criteria.

Depending on the amount of dust within the line of sight, the
signal of each gas particle decreases. As shown by Baes & De-
jonghe (2000) and Baes et al. (2000), this can cause a significant
decrease in the intensity at 0 km s~! and alter the emission line
shape. This effect would favour a DP structure and might lead to
a higher DP detection rate. However, the inclusion of this effect
is not straightforward. The estimation of dust extinction strongly
depends on the wavelength (Fitzpatrick 1999) and factors such
as the dust-to-gas mass ratio (Bohlin et al. 1978) and the metal-
licity (Salim & Narayanan 2020). In practice this means that for
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the simple galaxy models chosen in this work it would be dif-
ficult to select a certain set of extinction models. In addition,
since we are interested in the qualitative question of how differ-
ent mechanisms can cause DP signatures, we do not include dust
extinction in this work.

3.1.2. 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 de-
pends 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 concen-
tration 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, Avpp, is represented (colour-
coded) 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 fi-
bres 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 max-
imal 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, Avpp increases with inclination because of
the broadening of the velocity distribution. At fixed inclination,
Avpp increases with the concentration of the bulge (with decreas-
ing 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 scale-
length), 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.

3.1.3. 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 concen-
trated 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
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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 7!
is leading to a more single-Gaussian shape. With the smallest
fibre size, we do not detect any DP signatures. However, we ob-
serve the largest Av value for the smallest scale-length of 2 kpc
with Av = 117km s, For a scale length of 5 kpc (resp. 12 kpc),
we find Av = 106kms™" (resp. Av = 103kms™"). This is not
a strong trend but it shows that for higher central gas concen-
trations we can see a larger contribution of the rotation in small
fibres.

3.2. 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 de-
scribed in Sect. 3.1. In order to explore how DP signatures can
be found in more realistic isolated galaxies, we here analyse sim-
ulated 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 in-
clinations, and galaxy types. To understand how galaxies evolve
in isolation in comparison to the interactions, this database pro-
vides isolated galaxy simulations for each morphological type.
The reading and analysis of the outputs of the simulations is
based on the visualisation software GALAXIMVIEW! .

3.2.1. 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 SO and spiral galax-
ies of the type Sa and Sb. In the GALMER database, SO galaxies
are designed without a gaseous disc since this galaxy type is usu-
ally 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 sim-
ulations are modelled with the same density profiles as the ax-
isymmetric 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. Ve-
locities 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 grav-
itational forces (Barnes & Hut 1986) and smoothed particle hy-
drodynamics (Lucy 1977; Gingold & Monaghan 1982) for the
gas with individual smoothing lengths. The gas is considered
as isothermal with a temperature Tgys = 10*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 Mi-
hos & 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

! https://vm-weblerma.obspm. fr/~ahalle/galaximview/
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Fig. 5. Scans of DP detections for different inclinations and bulge concentrations of a modelled galaxy. Following Eq. 6, we computed the line-of-
sight velocity profile as a function of inclination and the characteristic radius of the bulge b. We perform the DP selection procedure described in
Sect. 2.3. We show from left to right the results for a redshift z = 0.05, z = 0.1, and z = 0.17, respectively. In each of the three panels, we show the
Av resulting from the double-Gaussian fit with the colour coding. We mark the parameter combinations where we do not detect a DP profile with
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velocity found in the entire rotation curve.
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Fig. 6. Emission-line profiles of gaseous-disc models with different scale-lengths, with a disc inclination of 80°. On the left columns, we show the
total rotation curves (black) and gas disc contribution (blue) in solid lines and the reference ag,s = 5 kpc (middle panel) in dashed lines for the top
and bottom plots. For a description of the other panels, see the caption of Fig. 4.

constant. There is no feedback from AGN, but there is stellar
mass loss, and energy re-injected in the ISM by supernovae, cf
Chilingarian et al. (2010). Time integration is performed with a
leapfrog integrator with a time-step At = 5x 10°yr and snapshots
are output every 5 X 107yr. The simulations are carried out for
a time-span of 3 or 3.5 Gyr. The initial parameters for gSa and
gSb galaxies are given in the Appendix A, Table A.1. Isolated
galaxies are simulated with a total number of 480000 particles
and a softening length of € = 200 pc. The same softening length
is used for giant-dwarf interaction simulations while a soften-
ing length of € = 280 pc is used for giant-giant interactions (See
Sect. 4).

3.2.2. Characterisation of the structure of the galaxies

In order to conduct a systematic analysis of simulated galaxies,
we compute at each simulation step the following characteristic
values: the position and the velocity of the centre of baryonic
mass (COM), the half-mass radius ry,,, and the spin vector of
the stellar particles. We calculate the COM from the baryonic
particles (gas + stars). Therefore, we compute a 3D histogram
with a bin-width of 1 kpc and select the bin containing the high-
est mass. We then calculate the position and the velocity of the
COM of the particles inside this bin. For each COM, we calcu-
late the ry /2, describing the radius containing half of the baryonic
mass of a galaxy. The spin vector of each galaxy is estimated
by calculating the angular-momentum vector of the stellar par-
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ticles which are outside the rj;, but within a radius < 15kpc.
In bulge-dominated galaxies with a large central velocity dis-
persion, the spin vector, computed with all particles, would not
weigh sufficiently the rotation of the outer disc. Hence, a spin
vector, calculated only with the outer particles, provides a bet-
ter approximation of the disc orientation. As it will be discussed
in Sect. 4, during a violent merger with complex geometry and
kinematics, this vector does not have any meaningful direction
and is only considered as a point of reference. In the following,
spectroscopic observations are computed from an observer per-
spective, orientated with a polar angle 6 and an azimuthal angle
¢ defined with respect to the spin vector and to a reference vector
in the plane orthogonal to it for ¢. When the spin vector truly de-
fines a disc plane, 6 = 0° (resp # = 90°) corresponds to a face-on
(resp. edge-on) observation. The inclination angle i is thus i = 6
for 6 € [0,90°] and 180° — @ for 6 € [90°, 180°].

3.3. Double-peak signatures from bars

The initial conditions of the simulated galaxies are computed
with the exact same models as discussed in Sect. 3.1. However,
one important aspect is a velocity dispersion which is not in-
cluded in the line-of-sight velocity distribution with the previ-
ous models. Comparisons between a simulated gSa galaxy and
an axisymmetric model lead to the same DP detection depen-
dencies. For low inclinations (nearly face-on), we find larger
emission-line profiles than in the axisymmetric model, which
is due to the contribution of the velocity dispersion. The addi-
tional velocity dispersion broadens the emission-line profile and
we can therefore detect a DP signature at lower inclinations. As
visualised in Fig.5, we detect a DP signature for inclinations
larger than 70° using the axisymmetric model with a parametri-
sation of the fiducial gSa galaxy. For the initial conditions of a
simulated gSa galaxy, we detect a DP signature for inclinations
larger than 50°, due to the contribution of the velocity dispersion.

The simulated galaxies undergo a rapid evolution in the first
0.5-1 Gyr. Gas condensates into thin and dense structures and
clumps, spiral arms, and a stellar bar are formed. These features
however vanish after at least 1 Gyr. We observe a homogenisa-
tion of the disc with no arm structure while most of the gas has
fallen into the centre. This high central gas concentration is then
dominated by velocity dispersion and no DP emission-line struc-
ture can be observed any more. This likely unrealistic evolution
stage is favoured by the low supernovae feedback and absence of
AGN feedback in the simulations. From observations we know
that about two thirds of disc galaxies are barred (e.g. Eskridge
et al. 2000; Menéndez-Delmestre et al. 2007). However, this
does not imply that bars have a long life time. In fact, bars can
be weakened or destroyed (Bournaud et al. 2005a), but with a
high gas fraction they can be re-formed (Bournaud & Combes
2002). Relying on cosmological simulations, the bar fraction is
expected to be constant at about 66% for massive spiral galaxies
(M. > 10'%®M,) over a redshift range of z = 0 — 1 (Zhao et al.
2020).

Gas clumps, spiral arm structures, and turbulence in the sim-
ulations lead to some minor fluctuations of the DP detection. A
stellar bar, however, is significantly changing the DP detection:
we find strong Av values of more than 300 km s~! when observ-
ing parallel to the bar at an inclination of 8 = 60°. Observations
of a gSa galaxy with a characteristic bar structure is shown in
Fig. 7, after an evolution of 250 Myr from the initial axisymmet-
ric condition. We define the observation angles in the top and
show the 2D-projection of the observed gas in the middle pan-
els: on the left, the disc is seen parallel to the bar and on the
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Fig. 7. Observation of an isolated barred galaxy. On the top panel, we
show the gas distribution in the 3D space and define the definition of the
observation angles ¢ and #. On the middle panel, two 2D projections are
shown for an inclination of 6 = 40°. On the left (resp. right ) we show an
azimuth of ¢ = 0° (resp. ¢ = 90°) which corresponds to an observation
parallel (resp. perpendicular) to the bar. With red circles, we mark a
3" spectral fibre observation situated at a redshift of z = 0.05. On the
bottom panels, we show the gas emission line line-of-sight distribution
inside the fibre. We fitted a double and single Gaussian function to the
emission lines.

right, perpendicular to the bar. On the bottom panels, we show
the spectroscopic observation of the gas for the two cases. We
find a strong DP feature in the observation taken parallel to the
bar but no DP signature in the one observed perpendicular to the
bar. This is due to the fact that when observing perpendicular
to the bar, the majority of the gas is moving also perpendicu-
lar to the line-of sight. Hence, we do not probe a large velocity
gradient. In comparison to that, when observing parallel to the
bar, we measure gas moving alongside the line of sight due to its
streaming motion along the bar.

In order to compute from which observation angles one can
find a DP signature, we systematically place the observer on a
sphere around the galaxy with the COM as its centre. We choose
a uniform sampling of the sphere so that each observation covers



1. THE MECHANISMS BEHIND DOUBLE-PEAK EMISSION-LINE GALAXIES 79

Maschmann et al.: The origin of double-peak emission-line galaxies

Fig. 8. Av values measured at different observation angles with a double-
Gaussian fit at a redshift z = 0.05. Each individual measurement covers
a solid angle of 0.013 sr and the colour code indicates the measured
Av value. We choose the Hammer-projection to represent the observa-
tion points on the surface. The longitudes represent the azimuth angle ¢
which is measuring the observation angle relative to the central bar of
the galaxy. ¢ = 0° and ¢ = £180° correspond to an observation parallel
to the bar and an azimuth angle ¢ = +90° to an observation perpendic-
ular to the bar. The latitudes represent the inclination of the observer.
At an inclination of 6 = 90° the galaxy is observed edge-on whereas at
6 = 0° and 6 = 180° one sees the galaxy face-on.

a solid angle of 0.013 sr. In Fig. 8, we show a scan of all obser-
vation angles observed at z = 0.05 for the gSa galaxy exhibiting
a bar which is visualised in Fig. 7. We indicate the Av computed
from the double-Gaussian fit with a colour code and mark the
angular positions that do not exhibit a DP signature with white
hatches. We show the full map (here and in other figures) but
note that in the absence of any attenuation, the map contains
redundant information: the value at 6§ and ¢ is the same as the
value at 180° — 0 and ¢ + 180° (modulo 360°). If DP signatures
originated from uniform rotation, a DP would be observed at all
azimuth angles with a strong inclination of 60° < 6 < 120° as we
found in Sect. 3.1. However, this is not the case: we see a strong
DP signature when observing parallel to the bar (¢ ~ 0° and
¢ ~ +£180°) and single-peak signatures when observed perpen-
dicular to it. Furthermore, we do not see the highest Av values
when observing fully edge-on (6 = 90°) but at a lower inclina-
tion of 6 ~ 75°. This is due to the fact that when observing fully
edge-on along the bar direction, the spectroscopic measurement
probes as well gas, at the ends of the bar or elsewhere in the
disc, moving perpendicular to the observer and contributing to
the line-of-sight velocity distribution at v = 0 km s~!. This makes
the two Gaussian functions of the double-Gaussian fit shift closer
together and the Av become smaller. In contrast to that, when
observing at a smaller inclination, the observation fibre of 3 kpc
in diameter (seen at a redshift of z = 0.05) will mostly probe
gas with a motion along the bar direction. This gas moves at the
highest velocity parallel to the line of sight and only a small con-
tribution of gas moving perpendicular is measured. This leads to
a strong DP feature.

This effect can be seen on further galaxy examples. In Fig.9,
we have included all snapshots of gSa and gSb simulations
which have a bar. We have determined the Av value for a con-
stant inclination of 6 = 60° and for azimuth values between
¢ = 0° (parallel to the bar) and ¢ = 90° (perpendicular to the
bar). The spectroscopic observations are evaluated within a spec-
troscopic fibre of a diameter of 3 kpc, corresponding to a SDSS
fibre at redshift z = 0.05. For observations with an angle ¢ up
to ~ 40°, we find Av values exceeding three times the SDSS
bin-width (3 X dvgss), the definition threshold for a DP signature
(see Sect. 2.3). We find higher Av values for snapshots of the gSa
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Fig. 9. Av values from a double-Gaussian fit at different azimuth angles
¢. We define ¢ as the azimuth angle with respect to the bar as visualised
in Fig. 7. We computed spectroscopic observations at a fixed inclination
of 8 = 60° and at a redshift of z = 0.05
. We show all snapshots of gSa and gSb simulations, which
indicate a bar. With a red line we show the value of three times
the bin-width of the SDSS. A Av larger than this value is one
criteria for a DP detection (see Sect. 2.3).

galaxy in comparison to the gSb galaxy, because of the more
massive stellar bulge of the gSa galaxy, resulting in a deeper
gravitational potential and thus in faster rotation in the centre.
For all observations, the Av value drops below the threshold of
3 X dvgqss When observing perpendicular to the bar. This means
that gas motion created by bars can indeed be at the origin of a
strong DP feature. Furthermore, as a bar seen parallel to the line
of sight is difficult to identify as such in galaxy images, the frac-
tion of DP galaxies in observational studies may show a deficit
of bars while bars are in fact the origin of a part of the double
peaks.

We can compute the DP fraction fpp as the fraction of direc-
tions from which a DP signature is observed. When observing
at a redshift z = 0.05, the mean DP fraction is fpp = 0.24. This
fraction drops to a mean value of fpp = 0.2 at redshift z = 0.1.
As the fibre covers a larger part of the galaxy, more gas at lower
velocities is included in the line-of-sight measurements, diluting
the DP signature. However, at z = 0.17 we detect a mean DP
fraction fpp = 0.24. This DP feature is partly originating from
the bar and partly from a rotating disc. The latter effect becomes
significant only at higher redshift as a larger part of the rotating
disc is included in the line-of-sight velocity measurement.

4. Mergers and post-mergers

In the previous section, we showed that a DP signature can be
the result of a rotating disc or a bar. However, in the course of
a galaxy merger, two gas components can fall into the gravita-
tional potential well of the interacting system with different line-
of-sight velocities. This, in turn, can be observed as DP emis-
sion lines in a central spectroscopic observation. Late stages of
post-coalescence major mergers are known to mostly form el-
liptical galaxies (e.g. Steinmetz & Navarro 2002). However, the
expelled gas during a merger can be re-accreted and form a disc
(e.g. Barnes 2002; Robertson et al. 2006; Lotz et al. 2008; Puech
et al. 2009). Merger events can cause a contraction of a gas disc
which then forms a central rotating star-formation site (Dekel
& Burkert 2014). Such a nuclear disc can have a DP emission-
line signature. Since a single minor merger is not expected to
cause radical morphological transformations, we examine, be-
sides major mergers, also the possibility of how a minor merger
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can funnel gas into the central region and create a DP emission-
line signature.

In order to explore a DP signature which is related to galaxy
mergers, we here explore major mergers with a mass-ratio of 1:1
(giant + giant) and minor mergers with a mass ratio of 1:10 (gi-
ant + dwarf). As discussed in M20, DP signatures are mostly as-
sociated with spiral galaxies of type Sa and Sb and SO galaxies.
At high redshift, it is difficult to distinguish an elliptical galaxy
of e.g. Hubble type E6 from a SO or Sa galaxy. This motivates
merger scenarii leading to earlier Hubble types. We thus select
from the GALMER database the major-merger simulations gSa +
gSa and gSb + gSb. For minor-merger simulations, we explore
gSa + dSb and gSa + dSd. We evaluate possible DP signatures of
the selected merger simulations from all directions, in the same
way as in Sect. 3.3, for all three representative SDSS spectro-
scopic fibre diameters at redshift z = 0.05, z = 0.1, and z = 0.17
(see Sect. 2.2).

We consider major-merger simulations between two galax-
ies of the same type, leading to an equal contribution of gas in
the resulting system. Even though we selected dwarf galaxies for
the minor-merger simulations with the highest gas fraction com-
pared to the giant gSa galaxy, the resulting gas mass ratio is still
of 1:10 to 1:5 (see Table A.1). In order to identify two Gaussian
components in an emission line as a DP signature, an amplitude
ratio of at least three is necessary (See Sect. 2.3). However, dwarf
galaxies have a significant lower metallicity than giant galaxies
(Tremonti et al. 2004), which in fact leads to a stronger emission-
line signal (e.g. Wolfire et al. 2010; Bolatto et al. 2013; Kewley
et al. 2019). Since we aim to clarify quantitatively how a minor
merger can generate a DP signature through internal kinematic
processes, we multiply the signal from the giant galaxy by a fac-
tor of 0.5. The choice of this factor is purely empirical, since it
results in a DP detection with two Gaussian components inside
the line of sight. However, if one aims to obtain a more complete
picture of the contributions of different gas populations in galaxy
mergers, an accurate calibration of a radiative transfer would be
necessary.

4.1. Merger simulation parameters

The GaLMER database provides major and minor galaxy merger
simulations. Major mergers are simulated with a total particle
number of Ny, = 240000 (120000 + 120 000) particles, while
minor mergers have Ny, = 528000 (480000 + 48000), i.e. 4
times more particles for a giant galaxy than in a major merger,
in order to resolve the dwarf galaxy (Chilingarian et al. 2010).
Thus, the softening length for major mergers is € = 280 pc, and
€ = 200pc for minor mergers. The initial conditions for each
galaxy are set in the same way as for isolated galaxies described
in Sect.3.2.1 with initial parameters for the different galaxy types
summarised in Table A.1. The two galaxies are initially set at
a distance of 100kpc with an orbit characterised by the orbital
angular momentum L. Giant-giant mergers simulations are car-
ried out either with a direct-direct configuration in which the
spins of both galaxies have a positive projection on the orbital
spin (unit vector aligned with the orbital angular momentum),
or with a retrograde-retrograde configuration, where the orbital
spin is flipped. For the giant-dwarf mergers, simulations are car-
ried out either with a direct-retrograde configuration as shown in
Fig. 10, or with a retrograde-direct configuration. In the giant-
giant mergers, the disc plane of one galaxy is always initially in
the orbital plane while the other one has an inclination i, with
respect to the plane (see Fig. 10). The giant-dwarf configuration
is more generic: both discs are inclined with respect to the or-
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Fig. 10. Visualisation of merger orbits. Top: Initial configuration of
a direct-direct merger between two giant galaxies. In the retrograde-
retrograde configuration, the orbital spin is flipped. The inclination i,
is set to 0, 45, 75, or 90°. Galaxy 1 has a spin of coordinates (0,0, 1),
and galaxy 2, (0, sin i, cos i;). Bottom: Initial configuration of a direct-
retrograde merger between a giant and a dwarf. In the retrograde-direct
configuration, the orbital spin is flipped. The giant galaxy has an incli-
nation #; = 33° and the dwarf galaxy, i = 130°. Galaxy 1 has a spin
of coordinates (0, sini;, cosi;), and galaxy 2, (0, sini, cosi,). In both
panels, dashed lines indicate that patterns are below the orbital plane or
behind the discs.

bital plane (see Fig. 10) A detailed description of the orbital pa-
rameters for the GALMER database is given in Chilingarian et al.
(2010). In the Tables A.2, we summarise the orbital parameters
used in this work.

We are interested in DP emission-line signatures during
mergers and after coalescence. We, therefore, sort out all fly-by
simulations, in which the two galaxies only move away from
each other after one single encounter, and retrograde minor
mergers (with a retrograde configuration for the giant galaxy),
whose final coalescence does not happen during the simulated
period. Galaxy mergers with a retrograde orbit last longer in
comparison to direct ones (Villalobos et al. 2012; Solanes et al.
2018). As mentioned in Sect. 3.2.1, the simulation design of the
GALMER database does not include AGN feedback. This leads
to high concentration in the very centre at the end, where al-
most no rotation is visible in the central gas. Depending on the
merger process, the central in-fall of gas can happen with no gas
being expelled. In such a situation, we do not see any DP sig-
nature and thus such scenarii are not interesting for this work
and are sorted out. This happens more frequently in gSa + gSa
mergers which is most probably related to the deeper gravita-
tional potential from the final stellar bulge in comparison to gSb
+ gSb mergers. These selection criteria lead us to a final simu-
lation sample of 16 major-merger simulations (5 gSa + gSa and
11 gSb + gSb) and 11 minor-merger simulations (6 gSa + dSd
and 5 gSa + dSb).

4.2. Characterisation of the merger process and DP fraction
measurement

To describe the orbit of a galaxy merger, we compute the COM
and 1/, of each individual galaxy as described in Sect.3.2.2.
This allows us to compute the distance between the two galax-
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Fig. 11. Visualisation of a major merger process. We show characteristic parameters of the galaxy merger simulation of gSb + gSb with an orbit
id 02dir and a merger inclination of 0° (See Sect. 4.1 and Table A.2). On the top panel, we show with a black line the distance between the COM
of the two galaxies which corresponds to the distance between the two galaxies. The red line represents the half mass radius ry, of the first galaxy.
In order to illustrate the merger process, we show snapshots of only the gas at different merger stages. Black arrows indicate the exact stage of
the merger process. On the second panel, we show the velocity difference between the two COM. On the third panel, we show the DP fraction
which corresponds to the fraction of observation angles from which one detects a DP. On the bottom panels, we show zoomed-in observations of
the central kiloparsecs of the first galaxy, we display, on the top panels, the 2D projection of the gas surface density £ observed from a face-on
view and the measured velocity dispersion o on the panels beneath. To illustrate the gas dynamics, we show arrows representing the 2D projected
in-plane velocity of the particles.
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ies at each simulation step, shown as the black line on the top
panel of Fig. 11. The ry/, value of the first galaxy is shown with
ared 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 parame-
ters, 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 coa-
lescence time as the time after which the distance between the
two galaxies no longer exceeds the half-mass radius ry,, 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 sam-
pling 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 or-
bital 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 frac-
tion at each simulation step, which we show in the third panel
from the top in Fig. 11 and B.1. For the gSb galaxies in major-
merger simulations, we do not observe any DP emission-line sig-
nature 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 6 = 55°, which covers about 60 % of a sphere. While the
galaxies in major-merger simulations start with the initial pa-
rameters 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 minor-
merger simulations.

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

4.3. Double-peak signatures in major mergers

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

4.3.1. Central discs in post major mergers

Major mergers are known to show strong morphological pertur-
bations 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
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1.1 — 1.9 Gyr. This timescale can vary due to different orbital pa-
rameters 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 frac-
tion is detected.

On the bottom panels of Fig. 11 and B.1, we display 10 snap-
shots 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 en-
counter. 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 sig-
natures, 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 veloc-
ity difference of 300 kms~!, creating a DP signature as two gas
populations with high Av 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 dom-
inates in the observed region. In fact, the strong velocity dis-
persion is not sufficient to produce a broad emission-line profile
which can be identified as a DP. About a few 100 Myr after the fi-
nal 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 rota-
tion 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 detect-
ing 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 effi-
ciency. It is therefore difficult to say whether such a rapid col-
lapse 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 detec-
tion 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 major-
merger simulations. We see, that for gSb + gSb mergers, a DP
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Fig. 12. Evolution of the DP fraction of major-merger simulations after the final coalescence observed at z = 0.05. We identify the snapshot in
each simulation where the distance between the two galaxies remains below the half mass radius of the first galaxy for the rest of the simulation.
We use this snapshot as reference point and show the time starting 250 Myr before this snapshot on the x-axis. On the y-axis, we show the DP
fraction fpp. On the top (resp. bottom) panel, we show gSb + gSb (resp. gSa + gSa) simulations. We mark the time before the final coalescence in
grey. We mark simulations with an inclination of 0°, 45° and 90° of the second disc (see Fig. 10) with blue, orange and pink lines, respectively.

Mergers with direct (resp. retrograde) orbit are presented by solid (resp. dashed) lines.

can be detected between 500 and 1000 Myr after the final coa-
lescence and in some cases we see a DP continuously since the
final coalescence. We identify in all these cases a gaseous disc
which is progressively formed from gas of the tidal tails falling
into the central kiloparsecs of the galaxy. In the post-coalescence
phase of the gSa + gSa simulations, we observe an increase in
DP fraction but starting 1000 Myr after the final coalescence.
This delay is mostly due to the fact that in comparison to gSb
+ gSb mergers, gSa + gSa mergers stabilise the gas due to a
deeper gravitational potential and therefore, the gas takes longer
to migrate towards the central region. As can be seen in the ap-
pendix in Fig. B.1, the central discs found in post-merger gSa
+ gSa galaxies are significantly smaller at a radius below 3 kpc
in comparison to the discs observed in gSb + gSb simulations.
However, this simulation stands out among other gSa + gSa sim-
ulations as it shows the smallest disc which we observed in any
post-coalescence mergers. This strong concentration leads to a
high DP fraction of about 0.8 at the end of the simulation.

The post-coalescence behaviour of the DP fraction is only
shown for observations at z = 0.05 in Fig. 12. For the observa-
tions at z = 0.1 and z = 0.17, we find a similar evolution of the
DP fractions but higher fractions than one can see for the ex-
ample shown in Fig. 11. In Fig. B.1, however, we see in the late
development of the central disc a larger DP fraction for the ob-
servation at z = 0.05 which only covered the central 3 kpc than
for the other redshifts. This is due to the fact, that observations at
higher redshift includes gas located outside the central disc and
with more random motion, diluting the DP signal. Considering
the different merger orbits we discussed here, we do not find any
dependence on the orbital geometry of the resulting DP feature.

4.3.2. Angular dependent double-peak emission lines in the
post coalescence

To visualise the observation angles from where we mostly ob-
serve a DP signature in the post-coalescence phase, we calcu-
lated an observation angular depending DP probability ppp. We

selected all simulation snapshots 1000 Myr after the final coa-
lescence, which show a DP fraction of at least 0.1. We then cal-
culated a DP probability for each viewing angle as the ratio be-
tween the number of DP detections and the number of included
snapshots. We did this separately for gSb + gSb and gSa + gSa
simulations and further divided them into the three observed red-
shifts z = 0.05,0.1, and 0.17. This provides maps, presented in
Fig. 13, indicating the most favourable observation direction for
DP signatures or rule out specific observation angles.

We do not find any DP detections when observing face-
on which is expected, as we observe rotating discs in all post-
coalescence phases. However, for gSa + gSa simulations we find
in some cases a DP signature up to an angle of 20°. For the obser-
vations at low redshift (z = 0.05), we see for gSb + gSb galaxies
that edge-on observations are less favourable to detect a DP than
observations at an inclination of about 6 ~ 60°. This is due to
the same reason as we discussed for DP observations in galax-
ies with bar signatures in Sect. 3.3: when seen perfectly edge-on,
more gas moves perpendicular to the observer. Since we observe
only a small part of the velocity gradient in the central 3 kpc at a
redshift of z = 0.05, this gas moving at a null projected velocity
dominates the emission-line profile, and the DP signature pro-
duced by the rotation is not detectable anymore. However, at a
smaller inclination, significantly less gas moving perpendicular
to the observer contributes to the observed spectrum and the ro-
tation footprint dominates. This effect gets weaker at a redshift
z = 0.1 and disappears at z = 0.17 because the spectroscopic
fibre probes a larger part of the rotation curve, and a broader
emission line profile is observed.

For gSa + gSa merger simulations, we find an even stronger
direction dependency. In fact, we see for all three different red-
shifts a strong DP fraction at inclinations of 30° < 6 < 60°. This
is due to the fact that the central disc is more concentrated in
comparison to what we see in gSb + gSb simulations. In such
a case, a DP signature gets more diluted when viewed edge-on
due to gas moving perpendicular to the line of sight. At redshift
7 =0.05 and z = 0.1, it is furthermore very unlikely to observe
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Fig. 13. Direction maps of DP detection probability ppp in post-coalescence major-merger simulations. We present maps of ppp for the three
different evaluated redshifts (z = 0.05,0.1 and 0.17) and for the two discussed merger simulations gSb + gSb and gSa + gSa separately. We
calculate the probability of each scanned direction from all simulation steps 1000 Myr after the final coalescence that have a DP fraction > 0.1.

a DP signature from an edge-on perspective. Only for a redshift
of z = 0.17, we start to detect DP signatures from the edge-on
view. Since these observations cover a larger surface, gas that
is just about to fall back to the central regions is included in
the line-of-sight velocity distribution and broadens the emission
line.

4.3.3. The morphology of post-coalescence major mergers

One of the central results of M20 is that DP emission-line sig-
natures are more likely found in SO galaxies and in bulge-
dominated disc galaxies. Furthermore, no higher merger rate
was found in comparison with single-peak emission-line galax-
ies at the same redshift and with the same stellar mass distri-
bution. In order to discuss how relevant major mergers are for
the discussion on the origin of DP signatures, two aspects are
of particular interest when looking at the morphology: (1) do
the post-coalescence mergers still show disc components and (2)
can tidal features and merger remnants still be identified with
photometric observations? In order to test this hypothesis, we
computed mock rgb-images created with the ¢’, 1, and i’-band
filters of the galaxies 1000 Myr and 1500 Myr after the final coa-
lescence. The broadband colours are computed from stellar pop-
ulation PEGASE-HR models (Le Borgne et al. 2004) which is
implemented in the GALMER database access? (Chilingarian et al.
2010). In order to estimate the intensity in each band, light rays
are traced along the line of sight and attenuation through dust
was included. The dust was modelled as explained in Chilingar-
ian et al. (2010). In Fig. 14 (resp. 15), we show the rgb-images
for the face-on and edge-on perspective for the gSb + gSb (resp.
gSa + gSa) merger simulations. In only some snapshots, we are
able to identify small tidal features or a miss-aligned dust-lane
that can indicate a recent merger. For the majority of snapshots,
we observe a smooth morphology. In the two cases of gSb + gSb
galaxies with a collision angle of 0°, we even observe a promi-
nent disc. However, as discussed in Chilingarian et al. (2010),
these kinds of orbits are unlikely to happen. For all other simu-
lations, we observe an elliptical galaxy which in some cases still
has a disc or has a high ellipticity and is of Hubble type E6 or can
be identified as SO, as discussed in Eliche-Moral et al. (2018).

2 http://galmer.obspm. fr/
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4.4. Double-peak signatures in minor mergers

Since minor mergers are discussed to be responsible for a large
fraction of observed DP emission-line galaxies in the literature
(e.g. M20), we here discuss how such a kinematic signature can
originate from a minor merger event. We explore the merger
orbits in the same manner as we discussed major mergers (see
Sect. 4.3) and discuss their morphology.

4.4.1. Two gas populations detected in one spectra

In order to explore how a minor merger can produce a central
DP signature, we compute the directional depending DP fraction
of all minor-merger simulations selected in Sect. 4.1. In Fig. 16,
we visualise the merger process of a direct (for the giant galaxy)
merger encounter between a gSa + dSd and with the orbit-id 3. In
comparison to the orbits observed for major-merger simulations
(see Sect.4.3), we observe longer merger timescales for minor
mergers until the final coalescence. In fact, retrograde (for the
giant galaxy) orbits take, for minor-merger simulations, longer
than the simulated time span to reach coalescence. Since we are
interested in post-coalescence behaviour of galaxies, we selected
6 gSa + dSd and 5 gSa + dSb simulation with direct orbits.
During the merger process, we can clearly identify the two
nuclei of the giant and the dwarf galaxies. During close encoun-
ters of the two nuclei, we can observe a DP signature. How-
ever, only at the final coalescence, where the nuclei of the dwarf
galaxy migrates closer than the half mass radius of the giant
galaxy, we clearly see a DP signature with observations of the
very centre. In this simulation step, the two nuclei are inside the
spectroscopic fibre measurements of the z = 0.05 observation.
In Fig. 16, we present the 2D projection of two close encounters
and the direction maps indicating from which direction one can
observe the highest Av with a double-Gaussian fit to the line-
of-sight velocity distribution. In the first encounter at 1400 My,
the two nuclei are separated by a distance of less than 5 kpc. We
observe a DP signature in more than 50 % of the directions at
a redshift of z = 0.17. This is due to the fact that the 3" spec-
troscopic fibre covers the central region of 10kpc and therefore
covers the two nuclei. This is not the case for observations at a
redshift of z = 0.05 and z = 0.1 and the DP fraction for these
observations is significantly smaller. In fact for smaller redshift
one can only detect a DP when observing from an angle where
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Fig. 14. Mock rgb snapshots created with ¢’, , and i’ bands of gSb + gSb merger simulations. The images were produced using the radiative
transfer software PEGASE-HR (Le Borgne et al. 2004). We precise the orbital parameters in the title and show below each simulation from
the face-on (40 x 40 kpc, 200 x 200 pixels) and edge-on (20 x 40 kpc, 100 x 200 pixels) perspective at 1000 Myr and 1500 Myr after the final

coalescence.

orb=1, orb-typ=dir, i=90° orb=2, orb-typ=dir, i=90° orb=1, orb-typ=ret, i=90° orb=5, orb-typ=ret, i=45"
tpc= 1000 Myr
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Fig. 15. Same as Fig. 14, but for gSa + gSa simulations.

both nuclei are covered by the fibre. This is shown in the bottom-
left panels of Fig. 16, where we only detect a signal of the dwarf
galaxy for a small set of observation angles. On the bottom-right
panels of Fig. 16, we show the measured Av for the snapshot
where the two nuclei are separated at about 1.5 kpc before fi-
nally merging to one nucleus. A spectroscopic observation at a
redshift z = 0.05 covered both nuclei and a large Av value of
up to 400kms™! can be observed. For this specific case we also
observe a DP for observations nearly face-on with an inclination
of 6 ~ 10°.

Taking all minor merger observations into account, we can
see a clear pattern: at close encounters, we find higher DP frac-
tions. However, for the redshift of z = 0.05, the value is largest
in the closest configuration directly before the two nuclei finally
merge. After the final coalescence, no DP can be detected and
no rotating disc as seen in major mergers is formed. In Fig. 17,
we show the DP fraction of all minor-merger simulations at the
final coalescence observed at different redshifts. As described in
Sect. 4.2, the final coalescence is defined by the moment where

the COMs of the two galaxies approach each other less than the
half mass radius of the giant galaxy without subsequently mov-
ing away from each other. For the redshift z = 0.17, we observe
DP signatures between 50 to 350 Myr after the final coalescence.
This is in all cases the moment when the two nuclei are closer
than the spectroscopic fibre size. Since for the redshift at z = 0.1
and z = 0.17 the fibre size is larger we see in these observa-
tions a DP signature earlier in the final coalescence. However,
the moment of the last detected signature does not depend on the
redshift. This is due to the fact that the two nuclei finally merge.
By observing the directions of detection of DP at the final detec-
tion, we do not see a preferred observation direction and a DP
can be seen from a face-on view in some cases.

4.4.2. The morphology of minor mergers at the final
coalescence

At the moment of final coalescence in major mergers, one can
find high DP fractions similar to minor mergers. However, there
is a big difference: major mergers show very strong perturbations
at this moment which is easy to identify even at a higher redshift.
Minor mergers, on the other hand, are not known to have such a
strong impact on the morphology. In Fig. 18, we present the mor-
phology of all the minor-merger simulations after the final coa-
lescence when the largest DP fraction at z = 0.05 is measured. In
only one case, the two nuclei can be clearly identified from the
face-on, although this would only be visible with high-resolution
images. In all post-coalescence minor mergers, we see a nearly
undisturbed disc structure and it would be difficult to distinguish
such a galaxy from an isolated galaxy.

5. Discussion

5.1. Double-peak signatures from rotating discs: isolated
galaxy vs. post merger

A spectroscopic observation of an entire rotating gaseous disc
is known to describe a double-horn profile, when observed in-
clined (e.g. Westmeier et al. 2014). However, this is well known
for the HI line, measured for an entire galaxy. Ionised gas kine-
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Fig. 16. Visualisation of a minor merger between a gSa + dSd, simulated with the orbit-id 3 and a direct collision. We show the top panels and two
2D projected gas maps in the same manner as described in Fig. 11. We show two specific snapshots: one close encounter and the moment of final
coalescence. The two 2D-projected snapshots are indicated with numbers to better assign them to the orbit, shown on the top. On the two bottom
panels, we show direction maps and indicate, with colour maps, the Av measured with the double-Gaussian fit to each observed spectrum.

matics in the centre of a galaxy, on the other hand, traces only
an inner small part of the rotation curve. Massive bulges in disc
galaxies are known to create a strong velocity gradient in the
central region (Sofue & Rubin 2001). Using axisymmetric mod-
els of discs with pure rotation, we find that the DP signature
primarily depends on the angle of observation: the higher the
inclination, the larger the separation of a double-Gaussian fit.
Furthermore, we find the strongest DP signatures for high bulge
concentrations when only observing the central 3 kpc. This an-
alytical view points out one aspect quite clearly: DP emission
lines have a strong connection to the bulges of galaxies. Accord-
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ingly, massive or highly concentrated bulges in galaxies can cre-
ate a sufficient deep gravitational potential to cause high velocity
gradients at the centre.

In Sect. 4.3, we find that a centralised disc can be formed in
a late stage of a post major galaxy merger. Major mergers gener-
ally destroy the disc morphology of the two progenitors and re-
sult in an elliptical galaxy as demonstrated in Farouki & Shapiro
(1982); Negroponte & White (1983). These findings were fur-
ther confirmed for dry major mergers (Peschken et al. 2020).
For gas rich major mergers however, a disc can be formed in
the post merger phase from a gaseous disc that subsequently re-
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Fig. 17. Double peak fraction observed at different redshifts after the
final coalescence of minor-merger simulation. On the x-axis, we show
the post-coalescence time t,, starting at the moment of final coales-
cence. The moment of final coalescence is marked by a black line and
the values of DP-fraction are indicated on the y-axis. The line colour
represents the orbit-id specified in Table A.2.

settles (Governato et al. 2009; Hopkins et al. 2009). In violent
major mergers which undergo a phase of ultra-luminous infra-
red emission, a centralised molecular gas disc was detected in
Downes & Solomon (1998). Puech et al. (2009) reported a gas
rich disc which might be the result of a collapse of a larger disc
or a major merger.

After the final coalescence of a major merger, in-falling gas
from tidal tails can form a rotating gaseous disc over long pe-
riods of time (Barnes 2002). In the major-merger simulations
which we consider in this work, we do see this behaviour: at
about 1000 Myr after the final coalescence, gas which was slung
far outside the merging system due to tidal tails formed a central
disc, which we observe as a double-peak emission line. We do
see stronger DP signature for the resulting galaxy of a gSa + gSa
galaxy merger in comparison to a gSb + gSb. This is most likely
due to the progenitors of the latter having less massive bulges
and the resulting rotation curve shows smaller velocities in the
centre.

Regarding the morphology of the late stages of major merg-
ers, we observe indeed mostly early type morphologies. Only
in mergers with the two discs in the orbital plane do we ob-
serve a prominent disc structure in the resulting galaxy. How-
ever, besides such mergers, we do not find any dependencies on
the orbital geometry of the merger, which was further discussed
in Mihos & Hernquist (1996). At the observed stage of post-
coalescence, we do not observe strong tidal features in the cen-
tral kiloparsecs, which is in line with the findings from Lotz et al.

(2010). In this work, we only consider visual merger identifica-
tion similar to e.g. Dominguez Sinchez et al. (2018) or Willett
et al. (2013). This is only sensitive to prominent tidal features
and perturbations which are detectable in early merger stages.
The detection of post-coalescence galaxy mergers are difficult to
detect and are often accompanied by large bulges (e.g. Barnes
& Hernquist 1991; Barnes 1992) or dual nuclei (e.g. Komossa
et al. 2003). However, the presence of large bulges do not give
any insight concerning the merger time-scale, and in order to
identify dual nuclei, high-resolution observations are needed.
By combining multiple imaging predictors to a linear discrim-
inant analysis method, it is possible to correctly identify post-
coalescence galaxy mergers as shown with simulated galaxies
by Nevin et al. (2019). When including stellar kinematics, ob-
served with integrated-field spectroscopy, the post-coalescence
mergers can be even better identified (Nevin et al. 2021). In a
similar work on galaxy mergers from cosmological simulations,
Bottrell et al. (2022) have shown that accurate identification can
also be achieved with neuronal networks, even though they find
that the kinematic input has a less significant contribution com-
pared to the imaging input.

For the post coalescence major mergers in this work, we find
morphologies indicate a strong ellipticity so that the galaxies can
be identified as lenticular galaxies. This was discussed for the
same merger simulations in Eliche-Moral et al. (2018). These
galaxies can correspond to the excess of DP SO galaxies, found
in M20. However, these configurations of post-major mergers
form around 1 Gyr after the final coalescence. The increased
star-formation rate associated with a merger has already faded
away at this merger stage (Mihos & Hernquist 1996; Di Matteo
et al. 2007). Hence, this is in conflict with the increased star-
formation rates found for DP galaxies (Maschmann & Melchior
2019; Maschmann et al. 2020, 2022).

5.2. Strong double-peak features in disc galaxies: Bars or
minor mergers?

In contrast to major mergers, minor mergers are less violent and
the merger morphology is detectable only up to 100 Myr after
the final coalescence using photometry (e.g. Lotz et al. 2010). In
addition to that, within this timescale an enhance star-formation
rate can be induced by the merger (Di Matteo et al. 2007).
Considering the excess of SO and Sa galaxies and the central
star formation enhancement found in star-forming DP galaxies
(M20), a minor merger can explain the observed characteristics
of DP emission-line galaxies. During a close encounter in a mi-
nor merger, one can observe a DP signature which is similar to
the case discussed in Mazzilli Ciraulo et al. (2021). However,
this is not necessarily the final stage of the merger but a super-
position of two galaxies aligned with the line of sight. This phe-
nomenon will be addressed in greater detail in Halle et al. (in
prep.). In this work, however, we set the focus on how to create
a DP signature which cannot be identified though visual inspec-
tion. Depending on the merger orbit, the dwarf galaxy can enter
from any direction into the central region and we therefore do not
detect any directional dependence. In some cases, we even ob-
serve a strong DP signature from a face-on perspective. Within
350 Myr, the two nuclei finally merge and no DP signature can
be detected anymore. In the merger stage of final coalescence,
when we observe the highest DP fraction, we only see weak tidal
features in the central kiloparsecs. The two nuclei would be only
visible with high resolution imaging or in very nearby galaxies.
furthermore, minor mergers are considered to happen more fre-
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Fig. 18. Mock rgb-images of gSa + dSd and gSa + dSb merger simulations computed in the same manner as in Fig. 14

quently than major mergers in the late universe (Conselice et al.
2005; Noeske et al. 2007).

As mentioned in Sect. 5.1, a bar feature in isolated galaxies
can also create a DP emission line. In Sect. 3.3, we explore bars
in simulated Sa and Sb galaxies and find a DP when viewing
from a perspective parallel to the bar. Barred galaxies are con-
sidered to be effective in transporting cold gas inwards, leading
to central growth and rejuvenation of SF in the central region
(Chown et al. 2019). On the one hand, minor mergers can trig-
ger a central star-formation enhancement (e.g. Dekel & Burkert
2014), on the other hand, however, bars are considered to trigger
central star bursts more effectively than galaxy-galaxy interac-
tions (Ellison et al. 2011). Therefore, also barred galaxies would
be a considerable mechanism to produce a strong DP emission-
line signature accompanied by a central star-formation enhance-
ment.

Observing a bar parallel to its major axis can lead to a false
classification of a disc galaxy with a symmetric bulge. In fact,
M20 finds only 3 % barred galaxy for DP emission-line galaxies.
However, the used identification of this galaxy type is favour-
ing less inclined and face-on galaxies as they are detected with
a machine-learning algorithm described in Dominguez Sénchez
et al. (2018). Thus, a large part of more inclined barred galaxies
might be not detected, the bar being hidden due to the view-
ing angle. In principle, bars can occur in spiral and SO galax-
ies. These types make up half of the M20-DP galaxy sample
(16 % spiral and 36 % SO galaxies). By combining a bar frac-
tion from observations and the estimated DP fraction due to a
bar, we can estimate whether bars can be responsible alone for
the significant increase in DP SO galaxies observed by M20. We
adopt a bar fraction of spiral galaxies of P(bar|spiral) = 0.66
(Eskridge et al. 2000) and for SO galaxies of P(bar|SO) = 0.46
(Laurikainen et al. 2009). In order to estimate the frequency of
S0 and spiral galaxies, we use the same morphological selection
of these galaxy types as performed in M20, based on Dominguez
Sanchez et al. (2018), for SDSS galaxies. We further restrain the
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selection to a similar stellar mass and redshift distribution by ap-
plying a stellar-mass cut of M, > 10'%> M, and a redshift cut of
z < 0.2. This selection results in fractions of P(spiral) = 0.131
and P(S0) = 0.255. The fact that we find more SO galaxies is due
to the selection of galaxies with high stellar masses which is sim-
ilar to the selection in M20. Since we assume a lower probability
of SO galaxies exhibiting a bar (P(bar|S0)), it is rather unlikely
that the factor ~ 2 we see in the ratio between SO and spiral
galaxies in the M20-DP sample can be explained purely by bars.
However, this estimation is based on two simplified assumptions:
first, that bars in SO galaxies produce the same DP fraction as
in spiral galaxies and second, that the bar fraction is constant
for all stellar masses > 10'%3 M, which is not the case (Zhou
et al. 2020; Zhao et al. 2020; Roshan et al. 2021). In this paper
we address the fundamental question of which mechanisms can
cause DP signatures. However, it is difficult to estimate which of
these effects is more likely based on idealised simulations and
we therefore plan to estimate this question in a future work.

5.83. Resolving double-peak emission lines and the
importance of future surveys

Here, we discussed multiple mechanisms which can lead to a
DP signature observed in a central spectroscopic observation of
a galaxy. However, considering only a central spectrum and a
snapshot in the optical light, one cannot conclusively determine
the origin of the DP emission line. In order to distinguish be-
tween the different mechanisms, discussed here, additional in-
formation about a spatial distribution of the kinematic signatures
is needed.

As shown in Mazzilli Ciraulo et al. (2021), relying on in-
tegrated field spectroscopy with the Mapping Nearby Galaxies
at APO (MaNGA, Bundy et al. 2015) survey, one can spatially
disentangle two different gas components. In this very case, the
central DP signature found in the central 3” SDSS spectrum,
originates from two superposed discs. Long-slit spectroscopic
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observations provide a spatial resolution and Comerford et al.
(e.g.2009b, 2011); Miiller-Sanchez 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 simu-
lations. Cosmological simulations, in particular, offer a special
opportunity as they provide a much greater diversity of differ-
ent 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 con-
nected to physical processes (Somerville & Davé 2015; Vogels-
berger et al. 2020). A complete analysis of SDSS-like spectro-
scopic observations in cosmological simulations may also pro-
vide insight into which underlying process is more likely (e.g.
bar signatures or minor merger).

By aiming for a better understanding of the kinematic foot-
print 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 bet-
ter 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 con-
nected to such phenomena. Two upcoming surveys are of spe-
cial 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 spec-
troscopic 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 merg-
ers 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.

6. 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 out-
flows. 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 SO or disc galaxies with large bulges and no in-
creased merger rate was observed. Taking into account that star-
forming DP galaxies exhibit a central star-formation enhance-
ment, 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 kine-
matic processes creating a DP signatures, we investigated dif-
ferent possibilities in this work. We, therefore, computed syn-
thetic 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 axisymmet-
ric models, we explored from which observation angle and for
which rotation curves one can see a DP. To get a more realis-
tic view, we searched in simulations of isolated galaxies from
where we can observe a DP signature and found besides a ro-
tation 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 pro-
cess. We found DP signatures during close encounters of two
galaxies as two gas components are present inside the spectro-
scopic 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 coales-
cence. For the discussed stages of major and minor merger sim-
ulations, the morphology does not give a direct indication of a
recent merger.

Using axisymmetric models, we have gained a clear under-
standing of how the connection between the stellar bulge and
the rotation curve can lead to a DP. Massive or highly concen-
trated bulges can create a strong central velocity gradient such
that a DP can be observed at low inclinations of § = 40° (6 = 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 SO and mainly elliptical mor-
phologies. Moreover, at the merger stage, we discuss here, they
have already consumed the majority of their gas for star forma-
tion 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 inter-
pret an observed DP emission line. And at the same time it is
in line with the observations of which minor mergers were dis-
cussed 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 under-
standing of DP emission lines is a crucial tool for upcoming
spectroscopic surveys at high redshift, as they can help to iden-
tify galaxy mergers.
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Appendix A: Initial galaxy parameters

In this section we provide detailed parameters of galaxy simula-
tions of the GALMER project, described in Sect. 3.2.1 and 4.1. Ta-
ble A.1 summarises the initial parameters of all individual galaxy
types used in this work and Table A.2 summarises orbital param-
eters of the merger simulations.

Table A.l. Initial parameters of simulated galaxies in the GALMER
database.

gSa gSb dSb dSd
Migys[2.3 x 107Mo] 4 4 04 075
M, 4ic[23x10°M;] 40 20 2 2.5
Mopuge[23x10°M] 10 5 05 0
Mpy[2.3 x 10° M) 50 75 75 15

agas [kpc] 5 6 1.6 22
hgas [kpc] 02 02 0.06 0.06
Ay disc [kPC] 4 5 1.6 1.9
h*,disc [kpC] 0.5 0.5 0.16 0.16
b*,bulge [kPC] 2 1 0.3 -

bpm [kpcl] 10 12 3.8 4.7

Notes. The values are taken from Chilingarian et al. (2010).

Table A.2. Orbital parameters for major and minor mergers used in the
GALMER database.

orbid r1jy Vini L spin
kpc 10°kms™'  102kms ! kpc
Major merger

0ldir 100 2. 56.6 up
Olret 100 2. 56.6 down
02dir 100 3. 59.3 up
02ret 100 3. 59.3 down
03dir 100 3.7 62.0 up
03ret 100 3.7 62.0 down
04dir 100 5.8 71.5 up
Odret 100 5.8 71.5 down
05dir 100 2. 80.0 up
05ret 100 2. 80.0 down
Minor merger
Oldir 100 1.48 29.66 up
Olret 100 1.48 29.66 down
02dir 100 1.52 29.69 up
02ret 100 1.52 29.69 down
03dir 100 1.55 29.72 up
03ret 100 1.55 29.72 down
04dir 100 1.48 36.33 up
04ret 100 1.48 36.33 down
05dir 100 1.52 36.38 up
05ret 100 1.52 36.38 down

Notes. The values are taken from Chilingarian et al. (2010).

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 Fig. B.1. This is supplemen-
tary to Fig. 11 which is used to discuss a major merger simula-
tion.
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Fig. B.1. Visualisation of a gSa + gSa galaxy merger. The presentation is the same as described in Fig. 11. However, in the bottom panels, presenting

the 2D projection of different snapshots, we display the central 4 kpc to better visualise the central disc. The merger process is characterised by an
retrograde orbit with the orbit-id 5 and an inclination of 45°.
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CHAPTER 4

Molecular gas in double-peak emission-line galaxies

As it was pointed out in the Chapters1 and 3, there are many different mechanisms that can
produce double-peak (DP) emission-lines. However, one can systematically rule out specific sce-
narios and find statistical arguments in favour of one most probable scenario. From Maschmann
et al. (2020), we know that galaxies classified as SO galaxies or bulge-dominated spiral galaxies
are more likely to exhibit DP emission lines. In addition, DP galaxies, classified 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 fibre 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 for-
mation. 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 significantly larger than SDSS spectroscopic measurement of 3", it was possible to find
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 classification 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
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analysis, the DP characteristics and finally 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 significant 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.
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ABSTRACT

The respective contributions of gas accretion, galaxy interactions, and mergers to the mass assembly of galaxies, as well as the
evolution of their molecular gas and star-formation activity are still not fully understood. In a recent work, a large sample of double-
peak (DP) emission-line galaxies have been identified from the SDSS. While the two peaks could represent two kinematic components,
they may be linked to the large bulges that their host galaxies tend to have. Star-forming DP galaxies display a central star-formation
enhancement and have been discussed as compatible with a sequence of recent minor mergers. In order to probe merger-induced
star-formation mechanisms, we conducted observations of the molecular-gas content of 35 star-forming DP galaxies in the upper part
of the main sequence (MS) of star formation (SF) with the IRAM 30m telescope. Including similar galaxies 0.3 dex above the MS and
with existing molecular-gas observations from the literature, we finally obtained a sample of 52 such galaxies. We succeeded in fitting
the same kinematic parameters to the optical ionised- and molecular-gas emission lines for ten (19 %) galaxies. We find a central
star-formation enhancement resulting most likely from a galaxy merger or galaxy interaction, which is indicated by an excess of gas
extinction found in the centre. This SF is traced by radio continuum emissions at 150 MHz, 1.4 GHz, and 3 GHz, all three of which
are linearly correlated in log with the CO luminosity with the same slope. The 52 DP galaxies are found to have a significantly larger
amount of molecular gas and longer depletion times, and hence a lower star-formation efficiency, than the expected values at their
distance of the MS. The large bulges in these galaxies might be stabilising the gas, hence reducing the SF efficiency. This is consistent
with a scenario of minor mergers increasing the mass of bulges and driving gas to the centre. We also excluded the inwards-directed
gas migration and central star-formation enhancement as the origin of a bar morphology. Hence, these 52 DP galaxies could be the
result of recent minor mergers that funnelled molecular gas towards their centre, triggering SF, but with moderate efficiency.

Key words. galaxies: kinematics and dynamics, galaxies: interactions, galaxies: evolution, galaxies: star formation, Methods: obser-

vational, techniques: spectroscopic, methods: data analysis

1. 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) feed-
back 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 ef-
fect 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 en-
hancement of the atomic gas fraction in recently merged galax-
ies (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 quench-
ing 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 forma-
tion (SF) in the host galaxy (Barrows et al. 2017; Concas et al.
2017; Woo et al. 2017). In cases of powerful AGNs, the radia-
tion can shut down the SF entirely (Di Matteo et al. 2005; Cro-
ton et al. 2006; Cattaneo et al. 2009). Relying on simulations,
Sanchez et al. (2021) discussed the fact that two successive mi-
nor merger events can quench Milky Way-like galaxies through
AGN feedback. Based on the projected distances between galax-
ies 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 de-
creasing galaxy separation. By extending the pair search with
quasi stellar objects and AGNSs, 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 surround-
ings (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
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gas depletion allows the galaxy to descend underneath the MS.
Smooth gas accretion from filaments (Bouché et al. 2010; Davé
et al. 2011, 2012; Feldmann 2013; Lilly et al. 2013; Dekel et al.
2013; Peng & Maiolino 2014; Dekel & Burkert 2014) can ex-
plain that most galaxies on the MS exhibit a disc morphology
(Forster Schreiber et al. 2006; Genzel et al. 2006, 2008; Stark
et al. 2008; Daddi et al. 2010; Wuyts et al. 2011) and that star-
forming galaxies at z = 1 — 2 experience long, sustained star-
formation cycles (Daddi et al. 2005, 2007; Caputi et al. 2006).

The occurrence of double-peak (DP) emission lines in spec-
tra of galaxies can have different causes, amongst which are
galaxy mergers. As predicted by Begelman et al. (1980), galaxy
mergers lead at one point to the final coalescence of the su-
permassive black holes of their progenitors. Earlier stages of
this scenario have been reported many times in the form of a
dual AGN (e.g. Genzel et al. 2001; Koss et al. 2016, 2018;
Goulding et al. 2019). Such galaxy mergers can be identified
through kinematic signatures with spectroscopic observations.
Post-coalescence mergers can create two separated gas popula-
tions, which can be observed as DP emission lines. This has been
studied in works focusing on AGN (e.g. Comerford et al. 2009;
Liuetal. 2011; Koss et al. 2012; Liu et al. 2013; Comerford et al.
2013; Fu et al. 2015). DP signatures were found to be related to
merging processes in Comerford et al. (2018) and Maschmann &
Melchior (2019). In a recent study, Mazzilli Ciraulo et al. (2021)
succeeded in resolving two independent kinematic components
using integrated field spectroscopy of a DP emission-line galaxy
and identified two galaxies in the process of merging, superim-
posed in a projection along the line of sight.

In order to discuss the nature of DP emission-line galaxies,
Maschmann et al. (2020) (hereafter M20) developed an auto-
mated selection procedure and found 5663 DP galaxies, includ-
ing non-AGN galaxies. A systematic search for DP emission-
line galaxies was also conducted by Ge et al. (2012) and also
included non-AGN galaxies such as star-forming or compos-
ite galaxies. M20 relied on reduced spectra provided by the
value-added Reference Catalogue of Spectral Energy Distribu-
tions (RCSED) (Chilingarian et al. 2017) and compared them
to single-peaked galaxies with the same emission-line signal-
to-noise (S/N) properties and redshift and stellar mass distri-
butions. They found that most of the DP galaxies are massive
star-forming galaxies characterised by a central enhancement of
their SFR. In addition, they exhibit a large bulge with a Ser-
sic index larger than for the single-peaked galaxy comparison
sample. While this configuration could result from repetitive mi-
nor mergers, as discussed by Bournaud et al. (2007), it could
also correspond to a rotating inner structure. However, as dis-
cussed in detail in Mazzilli Ciraulo et al. (2021), integrated field
spectroscopy is needed to identify two individual gas compo-
nents and conclusively identify galaxy mergers. In this work, we
studied statistical properties of a sub-sample of 52 galaxies with
SDSS spectra.

We explored the most extreme part of this DP sample, focus-
ing on DP galaxies located more than 0.3 dex above the MS. We
performed new molecular-gas observations at the IRAM 30m
telescope and completed the sample with existing molecular-gas
observations from the literature. We studied the relation between
the molecular-gas content and the star-formation activity. In or-
der to test possible biases due to dust, we also used the radio
continuum emission, extensively studied as a tracer of SF (Con-
don 1992; Bell 2003; Schmitt et al. 2006; Murphy et al. 2011).
We also relied on the kinematics to explore the possible connec-
tion between the ionised and molecular gas. We used these com-
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bined analyses to probe the relation between galaxy merging and
star-formation mechanisms.

This paper is organised as follows. In Sect. 2, the sample is
defined with a description of the CO observations performed at
the IRAM 30m telescope and the data selection from the liter-
ature. In Sect.3, we describe the emission-line fitting and the
characteristics of the galaxy sample. We analyse the sample in
Sect. 4 with different star-formation tracers and calculate the
molecular-gas content. We also present the Kennicutt-Schmidt
relation and explore the connection between the CO luminosity
and radio continuum emission. Lastly, we discuss our results in
Sect.5 and present the conclusion in Sect.6. A cosmology of
Q,, =0.3,Qx =0.7 and & = 0.7 is assumed in this work.

2. Data

We focused on a sample of 52 DP galaxies lying more than 0.3
dex above the MS and gather a few comparison galaxy samples.
In Sect. 2.1, the 52-galaxy sample is presented. We discuss the
M20 selection of 35 galaxies in Sect. 2.1.1, their observation in
CO at the IRAM 30m telescope in Sect. 2.1.2, and the selec-
tion of 17 additional galaxies with CO observations available
from the literature in Sect. 2.1.3. In Sect. 2.2, different compari-
son galaxy samples obtained from existing CO and SFR mea-
surements are described. Lastly, in Sect. 2.3, all the galaxies
of the different samples are displayed with respect to their dis-
tance from the MS as a function of their stellar mass. In Sect.
2.4, the different samples are cross-identified with existing radio-
continuum surveys.

s M20

1.5f % This work (literature) °

® This work (new observations)
L]

log(6MS)

10.5 11.0

log(M« / M)
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Fig. 1. Offset from MS for all CO samples as a function of stellar mass
(M.,) using the parametrisation of the MS found by Speagle et al. (2014).
The shaded area marks the 0.3 dex and the dashed lines the +1 dex scat-
ter. We used the SFR computed by Brinchmann et al. (2004) and the
stellar mass from Kauffmann et al. (2003). We show the M20 sample
with grey dots and mark the DP sample (definition in Sect. 2.1) with red
circles and stars. Circles represent galaxies with new CO observations
and stars represent galaxies for which we obtained the CO measure-
ments from the literature. The contour lines show the density of the
M20 sample. In the bottom left, we show the mean uncertainties.

2.1. Sample of 52 DP galaxies 0.3 dex above the MS

The main sample of this work consists of M20 DP galaxies lying
more than 0.3 dex above the MS, observed during two observing
runs with the IRAM 30m telescope in April and December 2020.
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2.1.1. Selection of M20 DP galaxies 0.3 dex above the MS

We computed the SFR of the MS SFRy;s = SFR(MS; z, M.,), as
parametrised by Speagle et al. (2014), at the redshifts z and stel-
lar masses M., for the DP galaxies of M20 and computed their
offset from the MS as SMS = SFR/SFRys using the SFR com-
puted 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 SMS ~ 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 lo-
cated at least OMS = 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 ac-
cretion (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 cor-
respond to the red dots of Fig. 1, in which the whole parent M20
sample is shown via grey dots.

2.1.2. 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 Decem-
ber 2020 with the IRAM 30m telescope at Pico Veleta in Spain.
Galaxies with a redshift of z < 0.144 could be observed simul-
taneously 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 ~ 3mm for the CO(1-
0) line and ~ 1.5mm 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 re-
ceiver, tuned in single-band mode with a total bandwidth of
3.715 GHz per polarisation. This allowed us to observe an av-
erage velocity range of 11 140kms™! for the CO(1-0) line and
5570kms™! 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 mea-
surements every two hours. The temperature scale we use here
is main-beam temperature, and the beam size is /D = 22" at
2.8 mm and 12" at 1.4 mm wavelength with an average beam ef-
ficiency of nmp, = T /Tmp = 0.76 and 0.56, respectively. The
observation data were reduced using the CLASS/GILDAS soft-
ware. We transformed the observed main-beam temperature into
units of spectral flux density by using the IRAM-30m-antenna
factor of 5Jy/K, in order to compare our observations with other
CO samples.

2.1.3. Inclusion of galaxies with CO data from the literature

In order to enlarge our sample, we further selected DP galax-
ies 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!, 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 stack-
ing nor multiple selection stages. Our present algorithm con-
sists of a simultaneous fit of multiple emission lines and selec-
tion criteria but we finally rely on a visual inspection, to ex-
clude some noisy spectra but also to enlarge the selection to
galaxies with strongly perturbed gas kinematics making emis-
sion lines deviate from pure double-Gaussian profiles. The iden-
tification 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 HB, [OIII]14960, [OII]A5008, [OI]16302, [NII]16550,
Hea, [NII]16585, [SI]JA6718, and [SI[J16733 simultaneously.
We also use a global velocity of u (resp. ¢ and u; for the double-
Gaussian fit) and a Gaussian standard deviation o (resp. o
and o) for all emission lines but keep the individual emission-
line amplitudes as free parameters. We also include the spec-
tral instrumental broadening o,y in the fitted o for each ob-
served emission line individually in order to obtain the ob-

served Gaussian velocity dispersion oops = o-iznst + 02, We
pre-select galaxies that are selected by the F-test criterion, with
an emission-line separation Av = |u; — p,| of at least 200 km 7!
and an amplitude ratio of the [OIII]A5008 or He line to be be-
tween 1/3 and 3, as described in detail in M20.

We select 17 DP galaxies from the literature. These in-
clude 11 galaxies observed with the Combined Array for Re-
search in Millimeter-wave Astronomy (CARMA) by Bauermeis-
ter 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, 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?. With the high spatial res-
olution 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 lo-
cation 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.

! We note that the continuum of the [01]16302 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 simulta-
neously with the same kinematic parameters, this has no effect on the
emission-line fit.

2 http://archive.eso.org/scienceportal
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Table 1. Characteristics of DP galaxy sample.

ID SDSS Designation VA lOg(M*/MO) SFR FISOMHZ F1.4GHZ F3 GHz D25

M, yr! mly mly mly arcsec °
DP-1¢ J153457.21+233013.3  0.0181 10.9 4.7 - 316.1 242.8  90.8 -
DP-2 J143117.98+075640.7  0.0269 11.0 7.7 - 5.8 3.1 65.8 66
DP-3 J142129.76+050423.6  0.0271 10.5 39 - 54 2.8 822 61
DP-4 J130702.99+130429.3  0.0274 10.5 3.5 - 5.0 2.3 61.6 58
DP-5 J141721.07+265126.8  0.0367 11.1 13.4 - 21.0 10.6 60.9 -
DP-6 J141916.59+261755.0  0.0368 11.1 7.4 - 9.7 8.1 59.7 50
DP-7 J160457.92+140815.3  0.0372 10.5 5.8 - 2.6 1.8 435 51
DP-8 J143713.73+143954.5 0.0379 10.9 10.1 - 9.1 54 25.2 -
DP-9 J141238.95+273740.7  0.0386 10.7 9.3 - 2.7 1.6 446 64
DP-10  J090007.20+600458.1  0.0390 11.0 43.5 8.5 4.8 2.9 38,5 52
DP-11  J132357.46+120233.3 0.0390 11.0 7.3 - 4.1 - 414 56
DP-12  J135309.67+143920.9 0.0405 11.2 7.4 - 18.0 3.9 47.0 -
DP-13*  J020359.16+141837.3  0.0427 10.9 12.3 - - 33 474 62
DP-14  J105716.674+283230.0 0.0457 10.9 10.4 8.4 1.6 1.8 437 56
DP-15  J113507.514295327.7 0.0462 11.0 7.2 15.2 33 2.8 49.6 -
DP-16  J145415.594+254121.3 0.0479 10.8 24.8 - 33 1.9 253 48
DP-17  J091954.54+325559.8  0.0490 10.4 9.1 36.4 22.3 7.8 65.8 -
DP-18  J094142.69+283555.6  0.0538 11.1 7.5 10.7 2.8 2.0 452 58
DP-19¢  J233455.24+141731.1  0.0621 11.0 21.5 - - 1.7 27.5 -
DP-20  J120854.47+472833.3 0.0677 10.7 17.0 7.2 24 - 19.6 36
DP-21  J134316.22+524742.5 0.0690 11.1 36.7 6.0 5.1 2.8 27.1 46
DP-22  J110428.214+560131.4 0.0702 11.0 10.5 15.8 4.7 2.6 33.1 42
DP-23  J110746.314+552633.3 0.0715 10.9 25.2 6.9 2.9 1.2 25.2 -
DP-24¢  J121346.08+024841.5 0.0731 10.6 17.5 - 24.6 17.0 4.5 -
DP-25¢  J102142.79+130656.1  0.0763 11.1 19.8 - 16.4 7.1 19.4 -
DP-26  J120437.97+525717.2 0.0815 10.9 22.4 10.4 5.2 1.4 31.0 -
DP-27¢  J221938.11+134213.9 0.0835 11.1 11.7 - - - 334 -
DP-28  J114325.16+505154.7 0.0844 11.0 28.0 10.1 4.0 2.1 226 39
DP-29  J131943.32+515255.8  0.0902 11.1 18.5 18.8 4.1 2.2 232 6l
DP-30  J114050.50+561335.3 0.1065 10.8 43.7 6.9 1.1 - 19.3 -
DP-31¢  J135609.99+290535.1  0.1087 11.2 55.8 13.1 10.7 5.2 20.1 -
DP-32  J150439.86+501100.4 0.1124 10.8 15.2 7.8 1.5 - 150 45
DP-33  J150911.71+482041.2 0.1194 10.8 12.7 5.6 1.9 - 182 40
DP-34  J124406.54+503940.3 0.1211 10.8 23.7 8.4 2.0 - 13.2 -
DP-35  J130704.53+485845.5 0.1230 11.2 80.6 8.7 1.7 1.2 13.8 39
DP-36  J130847.69+504259.8 0.1244 11.0 35.6 8.7 3.5 - 146 29
DP-37  J143616.57+554822.0  0.1400 11.1 63.8 11.5 2.1 1.2 12.2 -
DP-38  J135705.89+523532.3  0.1437 11.1 36.5 5.4 2.8 1.0 19.0 -
DP-39  J113703.724+504420.7 0.1601 10.8 47.1 4.8 1.0 - 153 61
DP-40  J141803.61+534104.0 0.1638 11.1 65.9 10.9 2.2 1.0 141 39
DP-41¢  J100518.63+052544.2  0.1657 10.8 47.1 - - - 9.8 -
DP-42¢  J105527.19+064015.0 0.1731 11.0 44.1 - - - 11.9 -
DP-43¢  J091426.24+102409.6 0.1762 11.5 61.5 - 1.1 - 9.8 -
DP-44¢  J114649.184243647.7 0.1767 11.1 106.1 - - - 6.7 -
DP-45¢  J134322.28+181114.1 0.1781 11.3 67.7 - - - 10.0 -
DP-46  J144017.35+563503.7 0.1801 114 19.3 5.3 1.6 - 193 21
DP-47¢  J223528.64+135812.7 0.1830 11.4 88.2 - - 0.0 15.7 -
DP-48  J110333.10+475932.7 0.1906 11.0 21.1 6.5 1.4 - 9.9 42
DP-49¢  J002353.97+155947.9  0.1918 11.3 54.6 - - - 13.6 -
DP-50  J143211.77+495535.8 0.1938 10.7 11.4 3.1 1.5 - 9.8 -
DP-51¢  J092831.94+252313.9 0.2830 11.2 254 - - - 14.8 -
DP-52¢  J132047.14+160643.7 0.3124 11.5 64.9 - - - 10.2 -

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 ¢, 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). D55 is the optical
diameter at the 25 mag isophote taken from the NASA/IPAC Extra galactic Database (NED)“. 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.
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2.2. 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.

2.2.1. Sample from the COLD GASS survey

We use 213 CO(1-0) detected galaxies from the final COLD
GASS sample (Saintonge et al. 2011, 2017), observed with
the IRAM 30m telescope with M, greater than M, > 10'°M,
and 0.025 < z < 0.050. These constraints exclude the
COLD GASS low extension, which is composed of galaxies
of 10° M, < M, < 10'°M,. We discarded these galaxies since
they have an M, of about ~ 1 — 2dex smaller than the dis-
cussed 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 galax-
ies to be identified with a DP and include the two that are situ-
ated more than 0.3 dex above the MS in our present DP sample
(Sect.2.1.3).

2.2.2. M sample

To characterise galaxies that are scattered around the MS at
higher redshift (z = 0.5-3.2), we composed a CO-detected sam-
ple, 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(3-2) at two redshift
groups, z = 1 — 1.5 and z = 2 — 2.5, 87 MS galaxies from the
PHIBSS?2 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 ref-
erences therein). As shown in Fig.2, this sample is scattered
around the MS with some outliers of up to SMS = 1 dex. Con-
trary to the sample used in Tacconi et al. (2018), we discuss the
COLD GASS sample, the EGNOG and ULIRG samples sepa-
rately, 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 de-
viation 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 frac-
tion.

2.2.3. 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
7 =0.06 — 0.5. These galaxies are mainly characterised by star-
formation 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 (dis-
cussed 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 dif-
ference is the absence of radio continuum observations for the
most part of this sample.

2.2.4. ULIRG sample

To compare our galaxies with the brightest infrared (IR) galax-
ies, we assembled a sample of ultra luminous infrared galax-
ies (ULIRG) with existing CO detections performed with the
IRAM 30m and the FCRAO 14m telescope. These galaxies ex-
hibit a starburst or are identified as strong quasars. We selected
18 ULIRGs detected in CO(1-0), (2-1) or (3-2) at z = 0.2 —
0.6 with far-IR luminosities of log(Lgr/Le) > 12.45 (Combes
et al. 2011), 15 ULIRGs detected in CO(2-1), (3-2), or (4-
3) at z = 0.6 — 1.0 with log(Lpr/Le) > 12 (Combes et al.
2013), 27 ULIRGs detected in CO(1-0) at z = 0.04 — 0.11 with
Ler = 0.24 — 1.60 102 Ly, (Chung et al. 2009), and 37 CO(1-
0) detected ULIRGs at z < 0.3 with Lpg = 0.29 —3.80 10" L,
(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
ULIRGsS, enabling us to compare our DP sample with strong IR
and radio sources.

2.2.5. Low-SF sample

To study the difference between star-forming galaxies and galax-
ies 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 on-
going SF (~ IMgyr~™") at 0.01 < z < 0.12 (French et al. 2015),
four of which are exhibiting DP emission lines in the SDSS spec-
tra. 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 well-
suited counterpart to MS and above-MS galaxies.
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Table 2. DP rates in samples from the literature.

Table 3. Number of available radio measurements for CO samples.

Sample Size  SDSS spectrum confirmed DP Sample CO I50MHz 1.4GHz 3GHz
EGNOG 31 27 11(35 %) DP sample 52 26(50%) 41(719%) 32(62%)
COLD GASS 213 213 13(6 %) SP-EGNOG 13 1 (8 %) 5 (38 %) 3(23%)
ULIRG 97 18 4(4 %) M sample 161 3(1.9%) 0(0 %) 0(0 %)
Low SF 47 47 7(15 %) COLD GASS 204 16(8%) 40(20%) 28 (14%)

ULIRG 93 41 (44%) 52(56%) 7277 %)
Notes. To determine the DP rate, we show, for each sample the size, the Low SF 38 21(55%) 11(29%) 8(21%)

number of galaxies with an SDSS spectra and the number of galaxies
with confirmed DP emission lines. We do not show the MEGAFLOW
or the M sample as they do not have SDSS spectra.

2.2.6. 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(3-2) and (4-3) detec-
tion limits for six galaxies at z = 0.6—1.1 with confirmed inflows
and outflows in the circumgalactic medium, to test the quasi-
equilibrium model and the compaction scenario describing the
evolution of galaxies along the MS, implying a tight relation be-
tween 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.

2.2.7. 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. Table2 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 pos-
sible to derive a DP fraction for them. Furthermore, only 19 % of
the ULIRG sample is covered by the SDSS, which makes it dif-
ficult 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 se-
lected for the present DP sample, restricting us to 17 galaxies.
Hence, the remaining 26 DP galaxies are excluded from the sub-
sequent analysis of the DP sample.

2.3. Distributions of M, and distance to the MS for all
samples

Figure 2 displays the location of the galaxies from all the sam-
ples with respect to the MS, as defined in Sect. 2.1. The esti-
mated uncertainty of SFRys 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 0.1dex for M, for all these samples. For the SFR measure-
ment, the average uncertainties are 0.3 dex for the DP sample,
0.15dex for the SF-EGNOG sample, 0.45 dex for the low-SF
sample, and 0.4dex for the COLD GASS sample. The high
mean uncertainties for the latter two samples are mainly influ-
enced by quenched galaxies, as they show large SFR uncertain-
ties (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 0.2dex for
the SFR and M, respectively (Tacconi et al. 2018; Freundlich
et al. 2019, 2021). For the ULIRG sample, we used a litera-
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Notes. We present the number of available radio-continuum measure-
ments 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
Lgr following Kennicutt (1998). The uncertainties for the SFR
and M, are 0.2 and 0.15 dex, respectively, as discussed in Gen-
zel 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 contribu-
tion 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 sam-
ple 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 Lgg, it is pos-
sible 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 sit-
uated in the same environment: in the upper MS or above with
high stellar masses of ~ 10'! M., and below the ULIRG sample.

2.4. Radio continuum for all samples

To discuss the star-forming activity based on synchrotron
emission, we cross-matched the different samples with radio-
continuum observation catalogues at 150 MHz, 1.4 GHz, or
3 GHz. These measurements would also be sensitive to the con-
tribution of a possible hidden AGN. We thus selected galax-
ies 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 3GHz (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
DR?7 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
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Fig. 2. Offset from MS as in Fig. 1. We show the DP sample with red dots, the SP-EGNOG sample with blue dots, the COLD GASS sample with
grey dots, the low-SF sample with black dots, the ULIRG sample with green dots, the M sample with turquoise dots, and the MEGAFLOW sample
with magenta dots. The literature samples are introduced in Sects. 2.2.1-,2.2.6 and a detailed description of the MS is given in Sect. 2.3. We show
contour lines for the ULIRG sample in green and for the COLD GASS sample combined with the M sample in grey. In the top right, we show the
mean uncertainties of all samples and discuss the individual uncertainties for each sample in the text.

radio luminosity as

L, \_ 36xx10"(F,\( D\’ "
WHz '] (1 +z)* \Jy/\Mpc)’

where F, is the integrated radio-continuum flux at the observed

frequency, Dy the luminosity distance, and « the spectral index

(Condon et al. 2019). We calculated the spectral index using two
radio measurements, v; and v;, at two different frequencies:

_ log(F,,/F,,)
~ log(vi/va)

2

We preferred to use the radio measurements at 150 MHz and
1.4 GHz if available, otherwise we used a combination with the
3 GHz measurement. For galaxies where we only have a single
measurement, we use @ = —0.7 (Condon et al. 2019) as an ap-
proximation.

3. Data analysis

In Sect. 3.1, we describe the fit applied to the CO emission lines.
A combined fit, performed on optical and molecular-gas spectra,

enabled us to identify ten DP galaxies with identical kinematic
parameters, suggesting a compact molecular-gas configuration.
For the remaining galaxies, a single-, a double-, and a triple-
Gaussian function are fitted, and the best-fit is selected in order
to accurately measure the emission-line integral. In Sect. 3.2, the
CO luminosity and the aperture-corrected gas mass are com-
puted. In Sect. 3.3, the characteristics of the DP sample are
compared with the literature samples: namely, the BPT diagram,
the morphology, and environment and the galaxy inclination. In
Sect. 3.4, the SFR measured for the entire galaxy and only the
SDSS 3” fibre are compared.

3.1. CO line fitting

The SDSS 3” fibre only probes the central few kpc of a galaxy
in comparison to the IRAM 30m CO(1-0) beam of 23” which
covers roughly the entire galaxy at a redshift z > 0.05. So, these
two measurements probe not only different types of gas, but also
different regions of the galaxy. However, in a scenario where a
merger event, a galaxy interaction, or the accretion of a large
amount of gas have funnelled the gas into the central region fu-
elling the SF, we would expect the molecular gas to follow sim-
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Fig. 3. Example of combined emission-line fit for DP-8. We show the Legacy survey snapshot in the top left panel, with a red circle for the SDSS
3" fibre and dashed green (resp. black) circles for the FWHM of the CO(1-0) (resp. CO(2-1)) beam of the IRAM 30m telescope. The top row
displays, next to the snapshot, the HB, [OIII]14960, [OIII]15008, and [OI]16302 emission lines. The bottom row displays the [NII]16550, He,
[NII]26585, [SI1]26718, and [SI1]A6733 emission lines, and two CO emission lines: CO(1-0) and CO(2-1). We show the double-Gaussian fit with
the blueshifted (resp. redshifted) component in blue (resp. red) and the total fitted function in green. For each line, we show the residuals below.
We display the RMS level in yellow for the CO lines, estimated beside the lines. The x-axis measures the deviations from the velocity calculated
using the redshift. For the Her line and the [NII]16550, 6585 doublet, we display the lines with respect to the expected He line velocity, and, for

the [SII]16718, 6733, with respect to the [SII]16718 line velocity.

ilar kinematics to the ionised gas, with the latter tracing these
star-forming regions. Such a scenario would motivate a com-
bined fit approach, where we would expect similar kinematics
in the molecular- and ionised-gas measurements.

3.1.1. Combined fit of ionised- and molecular-gas spectra

We tested to see if the same kinematic parameters can be fit-
ted for the ionised-gas and molecular-gas emission lines. There-
fore, the same Gaussian kinematic parameters 1, and o7, ob-
tained from the optical ionised-gas emission lines (as described
in Sect.2.1.3) are fixed for the CO lines’ fit. Thus, only the
emission-line amplitudes are fitted. Then, we checked if the ra-
tios, between the blueshifted and redshifted Gaussian fit compo-
nents, A, /Ag, for the CO and the He emissions are compatible
within 3 0. In order to test the significance of the fitted compo-
nents, we also computed the RMS outside the CO emission lines
and checked if the residuals of the performed fit exceed three
times the RMS value. If this is the case, a significant deviation
from the residuals would indicate a molecular-gas component
that cannot be represented by the velocity distribution found in
the ionised gas. In addition, we demanded that each of the two fit
components have a signal-to-noise ratio of at least 3. Secondly,
if these criteria were met, we adopted this fit and flagged the CO
line to indicate a successful combined fit.

When available, we first check the CO(2-1) spectra since this
observation probes a smaller region than the CO(1-0) observa-
tion. Therefore, if we do not manage to perform a combined fit
in the CO(2-1) line, we do not fit the CO(1-0) with this approach.
In four galaxies, we only succeeded in fitting a combined fit in
the CO(2-1) line and not in the CO(1-0) line. We finally find
ten (19 %) galaxies with a successful combined fit and show, in
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Fig. 3, an example of combined fit results with all included lines
for DP-8.

3.1.2. Individual CO emission-line fits

In order to estimate the CO emission lines of those galaxies
where the combined fit approach failed, we fitted these spec-
tra individually. To accurately model clumpy line shapes, we fit-
ted each emission line with a single-, a double-, and a triple-
Gaussian function and selected the best fit through an F-test,
as performed for the ionised-gas emission-line fit in Sect.2.1.3.
This allows us to also model complex line shapes such as a
double horn or asymmetric emission lines. To further provide
a uniform estimation for the entire DP sample, we performed
a single-Gaussian fit for each emission line. This allows us to
compare, for example, the full width at half maximum (FWHM)
value of each galaxy. In Fig. A.1, we show all results with only
the Ha line and the [NII]16550, 6585 doublet and the CO lines.
We mark a successful combined fit with a flag in each molecular
emission line. The CO fit results are presented in Tables B.1 and
B.2.

3.2. CO luminosity and H, mass

To derive the total H, mass, we first compute the intrinsic
CO luminosity with the velocity integrated transition line flux
Fcog—s-1) and calculate

Leogoi-n _ 3.25 x 107 (Fcogoi-1) (ymt )—2
Kkms~! pc? (1+z) \Jykms! J\GHz

DL
i)
3)
where Vi is the rest CO line frequency and Dy the luminos-
ity distance (Solomon et al. 1997). We can thus derive the total
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molecular-gas mass including a correction of 36 % for interstel-
lar helium using

My, = aco L/Co(Jﬁjfl)/rle s 4)

where the mass-to-light ratio aco denotes the CO(1-0)
luminosity-to-molecular-gas-mass  conversion factor, and
I = LCO(]*)()) /LCO d-I-1 is the CO line ratio.

3.2.1. 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
ag = 436 £ 0.9M,/(Kkms™' pc?) (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), and Freundlich et al.
(2021):

rco = aG J0.67 X exp(0.36 X 10867-108%) x 10-127x(567-log),
6)

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

logZ = 8.74 — 0.087 x (log(M,) — b)?, (6)

with b= 10.4 + 4.46 x log(1 +z) — 1.78 x (log(1 + z))> (see
Genzel et al. (2015) and references therein). The gas-phase
metallicity can be estimated using optical emission-line ra-
tios, 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 Equation6 in 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 com-
pute the gas-phase metallicity for galaxies with no available
spectral measurements. We find a mean conversion factor
for the DP sample of aco = 3.85 + 0.08 My/(Kkms™! pc?),
which is similar to the conversion factor we find for the
EGNOG sample (of 3.86 + 0.09My/(Kkms™!pc?)), the
low-SF sample (3.86 + 0.12My/(Kkms~! pc?)), or the COLD
GASS sample (3.84 + 0.10My/(Kkms™! pcz)). For the
ULIRG sample, we find a slightly higher conversion factor of
aco = 4.00+0.39 My /(K km s~ pc?). In case we do not have the
stellar mass of a galaxy, we use the mean stellar mass of the sam-
ple 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 aco = 0.80 My /(K km s™! pc?) 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;;. In Genzel et al. (2015), Tacconi et al.
(2018), and Freundlich <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>