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“Nothing in life is to be feared, it is only to be understood.
Now is the time to understand more, so that we may fear less.”

— Marie Curie



Abstract

The exploration of diffuse light emission and the outskirts of galaxies in the regime of the
Low Surface Brightness (LSB) is of utmost importance to understand the formation mecha-
nism of galaxy evolution, and it is essential to constrain the current theoretical models and
numerical simulations in the cosmological context. Observational data, both in optical and
radio emission, complemented with hydrodynamical cosmological numerical simulations and
explored with semi-empirical models, provide us a crucial information about the morphological
properties of collisional debris around massive galaxies, as well as the mass distribution, molec-
ular gas content and star formation of Low Surface Brightness (LSB) galaxies such as Ultra
Diffuse Galaxies (UDGs).

This thesis presents several analysis addressed to the study of these schemes. From both
theoretical and observational perspectives. In first instance, through a semi-empirical approach,
we have explored the extension of the powerful statistical galaxy-halo connection method to-
wards the galaxy scaling relations and their internal mass distributions, aimed to be applied to
a local galaxy population and a particular subpopulations of galaxies at different environments,
such as LSB galaxies and UDGs.

Secondly, motivated in the most recent works about optimized deep imaging surveys ob-
served with the Mega/Cam camera at CFHT Telescope, which have revealed prominent LSB
fine structures classified like tidal tails, stellar streams and shells, we have computed statistics of
an hydrodynamical numerical simulation in order to interpret observations and make inferences
about the past mass assembly of galaxies. We made a census of these substructures and we have
computed their survival time. We also studied their dependence with several properties like the
projection effects and the surface brightness limits. We found that shells and streams remains
visible around 4 Gyr and they are mainly associated to minor and intermediate-mass mergers,
and a continuous diffuse gas accretion, while tidal tails have a durability time of around 1 Gyr
and are correlated with major merger events. On the other hand, we have performed CO spec-
troscopy surveys of UDGs observed at IRAM-30m to quantify the molecular gas content. The
selected galaxies were conformed by sources from several environments and different properties,
including objects like the very red galaxies, Dragonfly 44 and DGSAT I. We have obtained un-
precedented upper limits of their CO mass (few 106 − 107 M⊙). We also made CO observations
at IRAM-30m to detect molecular gas content in a sample of nine selected galaxies that exhibit
prominent shell galaxies like the case of NGC 474 and Arp 230. Our goal is to test the phase
wrapping formation model proposed in numerical simulations. We detected a molecular mass
of ∼ 108 M⊙ in several shells of three galaxies (Arp 10, NGC 3656 and NGC 3934) from our
sample and we report the mass upper limits for the other cases.
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5.3.2 Nançay observations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

5.4 Preliminary results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
5.4.1 Upper limits on the content of atomic and molecular gas . . . . . . . . . 116

5.5 Conclusions and perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

6 Conclusions 121

Bibliography 123

Appendices 151

A Publications 153

A.1 Refereed publications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
A.2 Non-refereed publications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153



Chapter 1

GENERAL INTRODUCTION

1.1 Overview

Galaxies are considered the fundamental units that build-up the Universe. By definition, a
galaxy is a dynamical gravitationally-bound system consisting of stars, gas, dust and dark
matter. By looking inside, a galaxy is a propitious environment where the star cycle occurs,
i.e., the birth of a star from a cloud of cold gas, its evolution and collapse inside of the interstel-
lar medium (ISM). A typical example is our own galaxy, the Milky Way, the closest galaxy that
we can observe by eye in a clear night sky. We observe our galaxy as a band of light crossing
the dark sky, which suggests that its main component is a disk-like structure (see Figure 1.1).
The brighter regions displayed in the horizontal structure correspond to dense concentrations
of bright stars, meanwhile dark regions correspond to clouds of interstellar gas and dust, which
absorb the light of stars hidden behind the clouds. The Milky Way contains a stellar mass of
4×1010 stars and a total mass of 1012 M⊙ taking into account the dark matter until the virial
radius of ∼180 kpc, and has a diameter of ∼ 30 kpc.

Nonetheless, our galaxy is only one of thousand of billions of galaxies spreading in the
whole Universe and located in different environments, such as galaxy groups, galaxy clusters
or isolated regions. Studies compute around 2×1012 galaxies for a redshift up to z=8 in the
observable Universe (Conselice et al., 2016). Galaxies display a wide range of morphologies,
structural components, color, luminosities and different ages and shapes. They are observed at
several cosmological distances and time scales, becoming primordial tracers of their own large
scale structure and the evolution of the Universe.
The observation of this broad set of characteristics has led to the arising of deep questions
about their formation mechanism, evolution and distribution in the universe. Some of the key
questions are for example: What is the origin of the first generation of galaxies? How have
they evolved during more than 13 billion years until our present days? How do they acquire
their shape and their different properties? How do they assemble their mass? What are the
main physical processes for their formation?

1



2 Cosmological paradigm

Figure 1.1: Equirectangular projection of all-sky view of the Milky Way Galaxy and neighboring
galaxies, i.e., the Magellanic clouds from GAIA Survey. Measurements are based on nearly 1.7
billion stars. The map shows the total brightness and color of stars observed by the ESA satellite
in each portion of the sky between July 2014 and May 2016. Credit: ESA/Gaia/DPAC.

1.1.1 Cosmological paradigm

An underlying cosmological framework as well as the initial and physical conditions are needed
to describe galaxy formation and evolution. Nowadays, current scenarios of galaxy formation
(supported by numerical simulations), provide us with the physical conditions to determine
fundamental characteristics of galaxies such as size, mass, and distribution. Although we have
to keep in mind the limited knowledge about the details which are important to explore in the
internal structure and evolution of galaxies (see e.g., Naab and Ostriker, 2017).

A suitable scenario which confronts cosmological background and astronomical observations
and makes them converge, gives as a result a cosmological standard model. Currently, the most
accepted theoretical model to describe the galaxy origin and evolution is the so-called Λ-Cold
Dark Matter (Λ-CDM), where Λ is the cosmological constant associated with dark energy and
CDM is the adopted hypothetical type of dark matter (Planck Collaboration et al., 2018).
The model covers several theoretical and observational facts divided in four blocks:

• Cosmological theories: Big Bang and Inflation.

• Physical models: Beyond the standard model of particles.

• Astrophysical models: Gravitational cosmic structure growth, hierarchical clustering, gas
physics.

• Physics: Cosmic Microwave Background Radiation (CMBR) anisotropies, non-baryonic
dark matter, repulsive dark energy, flat geometry, galaxy properties.

Inflationary theory

An inflationary theory is included in the standard model in order to solve the horizon and
flatness problems. The model is extended to include quantum processes in order to generate
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the fluctuations field that produce the density perturbations and leads to the creation of the
current observed structures in the Universe (Mukhanov and Chibisov, 1981). Quantum pro-
cesses occurs during the inflationary epoch, where it is assumed that the Universe is undergoes
a fast, accelerated and exponential expansion (Guth, 1981; Linde, 1982).

Λ-CDM model also assumes a gravitational instability framework. According to this this
framework, current cosmic structures in the Universe were the outcome of a gravitational evo-
lution in a expanding Universe of a primordial field of tiny density perturbations, which were
growing with time. Such perturbations were seeded during the inflationary epoch, when the
vacuum quantum fluctuations were causally disconnected to become into perturbations to the
space-time metric. As cosmic time passes, these quantum fluctuations evolved and increased
their size, and again were causally connected becoming in real density perturbations (density
contrast) (see e.g., Avila-Reese, 2007; Mo et al., 2010). These perturbations evolved gravi-
tationally until they separate from the expansion and collapse into self-gravitating structures
known as halos.

In the context of the Λ-CDM model, it is proposed that matter is dominated by an invisible
component named “dark matter”, which does not interact with radiation but produces gravi-
tational effects. According to cosmological and astronomical tests, dark matter is 5 times more
abundant than ordinary (baryonic) matter. Both, dark plus baryonic matter are only 30%
of what currently composes the Universe. The remaining 70% belongs to the so-called dark
energy, which is a repulsive medium that provokes the accelerated expansion of the Universe.
The dynamic of dark energy is well described by the cosmological constant, Λ, although its
physical explanation is still a big challenge. The most recent computation of the cosmological
parameters are reported in the Planck mission and a combination of several surveys (Planck
Collaboration et al., 2018) giving the following values: Hubble constant (H0 = 67.37±0.54 km
s−1Mpc−1), physical baryon energy density (Ωbh

2 = 0.0223±0.00001), physical dark matter
energy density (Ωch

2 = 0.1198±0.00120), reionization optical depth (τ = 0.0540±0.0074), pri-
mordial amplitude of scalar perturbations (ln(1010)As = 3.043±0.01400) and the spectral index
of scalar perturbations (ns = 0.9652±0.0042). The resulting parameters for the content of the
Universe are: baryon density (Ωb = 0.0486±0.0010), dark matter density (Ωc = 0.265±0.0050)
and dark energy density (ΩΛ = 0.6889±0.0056), which are parametrized in terms of the dimen-
sionless parameter h, defined by h ≡ H0/(100 km s−1Mpc−1). The age of the Universe is t0 =
13.799±0.0210 Gyr.

Hierarchical clustering

The hierarchical clustering is a consequence of the inflationary epoch of the Universe. In
this scenario, dark matter halos grow following a merger tree. The less massive halos are formed
first and they merge to form more massive halos. At each union of branches in the tree, halos
are joined to form a larger halo with the resulting mass of the two merging units. A current
dark matter halo is made of the merging of several smaller halos throughout cosmic time. Mat-
ter flows along the large-scale cosmic structure funneling additional gas to a dark matter halo,
transforming a fraction of this gas into stars (Somerville and Davé, 2015; Naab and Ostriker,
2017).

But going into more detail, how a central galaxy is formed inside a dark matter halo? This
phenomenon is also described in the context of Λ-CDM model: baryonic gas is gravitationally
trapped into the potential wells of dark matter. This gas is radiatively cooled and precipitates
towards the center of the dark haloes. Since halos acquire a small angular momentum by the
tidal torques, gas which is being dissipated and falls towards the center, partially conserves its
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angular momentum and infalls down until virial equilibrium is reached.

In summary, we can now date the Big Bang to 13.8 Gyr back in time, and point out several
key phases in a chronological way, such as the inflationary universe, the recombination phase,
the reionization, and the assembly of matter in large scale structures hosting galaxies of differ-
ent types, all taking shape along cosmic time (Figure 1.2).

Figure 1.2: A summary of the almost 14 billion year history of the Universe, showing in
particular the events that contributed to the Cosmic Microwave Background. Upper part.
Artistic view of the evolution timeline of the cosmos on large scales. The processes depicted
range from inflation, the brief era of accelerated expansion that the Universe underwent when it
was a tiny fraction of a second old, to the release of the CMB, the oldest light in our Universe,
imprinted on the sky when the cosmos was just 380 000 years old, and from the ‘Dark Ages’ to
the birth of the first stars and galaxies, which reionized the Universe when it was a few hundred
million years old, all the way to the present time. Lower part. Zoomed-in view on some of the
microscopic processes taking place during cosmic history: from the tiny fluctuations generated
during inflation, to the dense soup of light and particles that filled the early Universe, from the
last scattering of light off electrons, which gave rise to the CMB and its polarization, to the
reionization of the Universe, caused by the first stars and galaxies, which induced additional
polarization on the CMB.

1.2 Taxonomy, morphology and classification

The Universe is composed by two main galaxy morphologies: spiral (disk) and ellipticals
(spheroidal). Nonetheless, this definition is not completely absolute, since disk galaxies can
contain spheroidal components in their centers and spheroidal galaxies may have embedded
discs. The spheroidal component in a disk galaxy is called bulge, while a spheroidal system
which contains a disk, generally is called disky elliptical.
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1.2.1 Hubble classification

Hubble sequence is the most used classification scheme for galaxies introduced by Edwin Hubble
in 1926. It is also known as the Hubble tuning-fork diagram due to the shape of its morpho-
logical classification arrangement, which consists of a combination of disk and spheroidal or
ellipsoidal components present in a galaxy. (see figure 1.3)

Figure 1.3: The Hubble’s sequence through the Universe’s history (present day, at 4 billion and
11 billion years ago). Hubble tuning-fork diagram describes and separates galaxies according
to their morphology into spiral (S), elliptical (E), and lenticular (S0) galaxies. On the left of
this diagram are the ellipticals, with lenticulars in the middle, and the spirals branching out on
the right side. The spirals on the bottom branch have bars cutting through their centers. The
present-day universe shows big, fully formed, and intricate galaxy shapes. As we go further
back in time, they become smaller and less mature, as these galaxies are still in the process of
forming. Credit: NASA, ESA, M. Kornmesser.

Disk galaxies

Spiral galaxies, are thin disk-shaped systems mainly supported by rotation. They exhibit spi-
ral patterns composed by gas and stars. They have a blue, young stellar population. Their
mechanism formation is through a secular evolution.

Spheroidal galaxies

Elliptical galaxies are spheroidal, ellipsoidal systems which are mainly supported by the random
motions of their stars. They have a red, old stellar population. Their mechanism formation is
through violent interactions between disk galaxies and mergers. They are known as early-type
galaxies because the first astronomers, who made the classification, thought that the evolution
of galaxies were from the simpler systems (ellipticals) to the more complex (spirals). Early
and late was a time sequence. Today, we know that it is in fact the opposite: galaxies begin
their life under a spiral shape (late-type) and then through interactions and mergers, become
ellipticals (early-type).
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1.3 Galaxy Mergers

In the hierarchical framework of galaxy formation, the role that mergers play in the assembly of
galaxies and dark matter is of utmost important. A galaxy merger happens when two (or even
more) galaxies collide forming a new system characterized with very different properties which
are coming from its progenitors (referring to the halos). Several effects are produced as a result
of these gravitational interactions between galaxies, which depend on factors such as their mass
ratio (size), components (gas and stars) and interaction angles. Inside of the Λ-CDM model,
dark matter halos grow hierarchically, i.e., larger halos are formed by the coalescence of smaller
progenitors. The formation history of a dark matter halo can be described by a “merger-tree”
that traces all its progenitors (see e.g. Figure 1.4). The growth of a massive halo is given
by a consecutive accumulation of a large number of very small halos, considered as smooth
accretion. The merging of two dark matter halos of similar mass leads to a violent relaxation
that rapidly transforms the orbital energy of the progenitors into the internal binding energy of
the quasi-equilibrium remnant. If such halos host central galaxies, galaxies also merge as part
of the violent relaxation process and producing a new central galaxy in the final halo+galaxy
system. When the interacting galaxies have a high cold gas content, the merger produce a
strong star formation or even triggers an AGN activity, but if the two merging halos have very
different mass, the dynamical processes are less violent. The smaller companion orbits the main
galaxy during a long period of time leaving traces or collisional debris of such interaction.

Figure 1.4: Left panel: Schematic “merger-tree” representation of a binary disc merger simu-
lation. Two gas-rich (blue) stellar (yellow) discs with little hot gas (red) merge at z∼1 and
form an elliptical galaxy. Right panel: Merger tree from a cosmological zoom simulation of the
formation of a halo and its galaxy within the concordance cosmology. Black circles indicate the
dark matter halo mass at every redshift with the symbol size proportional to the square root
of the normalized halo mass at z=0. The yellow stars indicate stellar mass, the blue and red
filled circles show the cold and hot gas mass within the virial radius (Naab et al., 2014). It is
evident that continuous infall of matter in small and large units is an important characteristic
of the assembly of massive galaxies. The galaxy shown has no major merger since z∼3. Others
galaxies of similar mass can have up to three major mergers. The mass growth, however, is
always accompanied by minor mergers.
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By means of dynamical friction, the small companion or satellite transfers energy from its
orbit to the main halo, while tidal effects remove mass from its external regions until it is
dissolved. N-body numerical simulations have shown that the merger of two galaxies of equal
mass (either spiral or elliptical) forms an elliptical galaxy (see e.g. Toomre, 1977). Current
hierarchical models of galaxy formation assume that most elliptical galaxies are merger rem-
nants. Nonetheless, if gas cools into this merger remnant with significant amount of angular
momentum, a new disk may form, producing a disk-bulge system like that in an early-type
spiral galaxy.

1.3.1 Types of galaxy mergers

Galaxy mergers can be phenomenologically classified into three main groups according to the
properties and the nature of the encounters involved in the galaxy interaction. These categories
are the number of members in the interaction, the progenitors mass ratio and the gas content.

Number of members in the interaction

• Binary merger. A binary merger is produced when only two galaxies participate in the
interaction process (see e.g. 1.5).

• Multiple merger. This kind of interaction takes place when more than two members are
involved in the merger process (see e.g. 1.6).

The progenitors mass ratio

This category concerns the comparison between the masses of the main and the companion
progenitors of the interacting system. Usually, in the literature this classification is given in
terms of the mass ratio, defined as q ≡ M1/M2 (see definitions in high-resolution numerical
simulations, Boylan-Kolchin et al., 2005; Bournaud et al., 2005, 2007; Cox et al., 2006).

• Major merger. A major merger occurs when two galaxies have similar masses, and has
a mass ratio equal or larger than 1:4. In a major merger event, violent relaxation plays
an important role during the relaxation of the merger remnant, where the remnant ends
with a little resemblance to its progenitors. The resulting system shows multiple vestiges,
such as tidal tails and/or shells.

• Minor merger. A Minor merger takes place when the secondary progenitor is significantly
less massive than the main progenitor. Its mass ratio is smaller than 1:4 but larger or
equal to 1:10. Mergers with values below the mass ratio 1:10 are considered to produce
imperceptible effects on the main galaxy. During the phase mixing of a minor merger
event, a damping process dominates and the merger is less destructive, so that, the
remnant of a minor merger often resembles its most massive progenitor. The resulting
system displays signatures such as stellar streams and plums which trace the orbit of the
small companion around the main galaxy.

Gas content

This classification refers to the role that gas dynamics plays in a merger process. Gas
responds to pressure forces and gravity in a different way than stars and dark matter particles,
since gas can lose energy through radiative cooling. Additionally, gas clouds generate collisions,
whilst streams of stars can freely interpenetrate.
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• Wet merger. Mergers between gas-rich progenitors are known as “wet” mergers. Wet
mergers produce an increase in the star formation rate, giving place to the production
of globular clusters. When a blue late-type galaxy is transformed into a red early-type
galaxy a quasar activity can be triggered (Lin et al., 2008).

• Dry merger. Mergers between gas-poor progenitors are called “dry” mergers. The star
formation rate does not show important changes.

• Damp merger. A damp merger is the outcome of the interaction between a wet and a dry
mergers. In this case there is a moderate amount of gas that can produce a significant
star formation rate, but not the generation of globular clusters .

• Mixed merger. It is the product of the interaction between gas-rich and gas poor galaxies,
e.g, between a blue late-type and a red early-type galaxy.

Figure 1.5: NGC 4038 and 4039, also known as the Antennae galaxies. The long tails of
luminous matter formed by the encounter resemble an insect’s antennae. A ground-based view
of NGC 4038/4039 (left) displays their distinctive antennae. The Hubble Space Telescope image
(right) shows more than 1,000 brilliant star clusters at the heart of the collision.
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Figure 1.6: In 1877, French astronomer Édouard Stephan turned a telescope to a spot in the
constellation Pegasus and discovered this collection of five large galaxies. Stephan’s Quintet,
as the group is now known, includes four distant galaxies that are connected to each other
through gravity and one galaxy that is much closer to us but just happens to lie in the same
direction in the sky. Credits: NASA, ESA, and the Hubble SM4 ERO Team.



10 Low surface brightness galaxies

1.4 Low surface brightness galaxies

The conception about the surface brightness universe has changed since 1970. One of the pio-
neering work was presented in Disney (1976), where it was exposed the problem on the bias by
selection effects due to the sky background that limits our knowledge of galaxies. Concernings
were based on the idea of a “hidden galaxy” population to be found, and the announcement to
search for a new observing techniques in order to identify and quantify such a hidden galaxies.
Sandage (1976) reported an analysis of extended regions of faint nebulosity, nowadays called
“cirri”, which is a diffuse emission at very low surface brightness (LSB) levels produced by the
scattering of stellar light due to interstellar dust grains. This emission was shown to extend
over the entire sky, and was detected in wide-field photographic plates using fast-optics tele-
scopes. The problematic raised about the surface brightness bias exposed in these studies, led
to the prediction of the existence of low surface brightness galaxies whose observations were
not available due to the instrumental limitations of that time.

A low surface brightness (LSB) galaxy usually has a surface brightness limit > µB∼ 23.8
mag arcsec−2. This common characteristic can be present in several types of galaxies with
different properties and contents. For example, dwarf galaxies, ultra-faint dwarf spheroidal
(dSphs), gas-rich irregulars with low star formation. Also galaxies with larger sizes including
the recently discovered extended Ultra-Diffuse Galaxies (UDGs) and massive giant disk galax-
ies like Malin 1, which was the first identified LSB galaxy discovered by David Malin in 1986.
This galaxy is a giant barred spiral galaxy located at 369 Mpc away in the Virgo cluster.
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1.4.1 Gas content in LSB galaxies

Some of the theoretical challenges that might be implemented in the galaxy formation models
in more detail, is how galaxies accrete gas. Gas accretion is a fundamental process to describe
galaxy formation. In the numerical studies it is unclear whether the gas accreted onto the
galaxies is from cold filaments (Kereš et al., 2005; Dekel et al., 2009) or whether the filaments
dissolve in the halos and the accretion is smoother (Nelson et al., 2013). The gas surrounding
galaxies outside their disks or the interstellar medium (ISM) and inside their virial radius is
known as the “circumgalactic medium” (CGM). This CGM is a source for the star-foming fuel
of a galaxy, the place in which galactic feedback and recycling process occurs, as well as the
key regulator of the galactic gas supply (see Figure 1.7, Tumlinson et al., 2017).

Figure 1.7: A cartoon view of the circumgalactic medium. The galaxy’s red central bulge and
blue gaseous disk are fed by filamentary accretion from the IGM (blue). Outflows emerge from
the disk in pink and orange, while gas that was previously ejected is recycling. The diffuse gas
halo in varying tones of purple includes gas that is likely contributed by all these sources and
mixed together over time. (Tumlinson et al., 2017)
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1.4.2 Shell galaxies

After the publications of the largest catalog of shell galaxies by Malin and Carter (1983), which
presents 137 galaxies displaying shell structures at large distances from the central galaxy, sev-
eral studies have been focused on this topic and describe different scenarios for the mechanism
of shell formation. In a first hypothesis, Fabian et al. (1980) suggested that the shells are
regions of star formation in a shocked galactic wind in elliptical galaxies, which are preceded by
a subsequent star formation under specific conditions. Williams and Christiansen (1985) pro-
posed that visible stellar shells at larger distances from the center of isolated elliptical galaxies
were generated by a blast wave expelled during an active nucleus phase in the early stages of
the galaxy, sweeping the interstellar medium out of the galaxy into an expanding gaseous shell
which radiatively cools behind its leading shock front. On the other hand, the simulations of
Quinn (1984) showed that shell formation in normal ellipticals were produced by a disruption
of a small companion (disk) induced by a big elliptical galaxy of 10 to 100 times more massive
than the companion. Quinn (1984) and Dupraz and Combes (1986) tested the Schweizer’s
model (Schweizer, 1980), where is assumed that shells are the result of mergers or accretions
involving disk systems. The simple N-body models developed by Quinn (1984) turned out to
be consistent with structures formed as a result of collision between an elliptical and a disk
galaxy. Concretely, it was shown that shells arises from a phase wrapping of the dynamical cold
disk in the fixed potential well of the elliptical galaxy. The dynamics of the shells traced by
test particles, as well as the large range in radius that they cover, allowed them to develop an
impression of the detailed shape of potential wells in elliptical galaxies.

1.4.3 Ultra-Diffuse Galaxies

Ultra-Diffuse Galaxies (UDGs) are objects which have very extended morphology, sizes of
Reff ∼ 1.5 - 5 kpc and faint central surface brightness of µ0,V ≥ 24 mag arcsec−2. The estimation
of their stellar mass is some few 107 M⊙ and their luminosities of ∼ 108 L⊙. Typically, they
have a high dark matter content (Amorisco and Loeb, 2016). Most UDGs are discovered in
high-density environments such as galaxy clusters and groups, which populate mainly the red
sequence. Some are found in low density environments. Those detected in the field, are mainly
gas-rich, bluer. The diffuse morphology and faint surface brightness make them difficult to
distinguish from the sky background.

1.5 Objectives

The present work is focused on several goals carried out under the regime of the low surface
brightness Universe. The method used is based in observational and theoretical tools in order
to achieve a wide and comprehensive analysis on the formation mechanism of the low surface
brightness galaxies traced mainly by the properties of their external regions.

Particularly, from a theoretical perspective, a hydrodynamical numerical simulation is an-
alyzed in order to test the merger history of an early-type galaxy traced by their faint stellar
substructures. Additionally, by using semi-empirical models, a series of experiments and cal-
ibrations were performed in a semi-empirical galaxy-halo connection mapped into the scaling
relations previously developed in the Master’s thesis of Mancillas 2015, with the idea of apply-
ing this approach to LSB galaxies and UDG galaxies in a future work.

On the other hand, from the observational point of view, we make use of radio observations
of the 12CO molecule to search for molecular gas content in shell galaxies and Ultra-Diffuse
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Galaxies in order to investigate the gas dynamics and thus make inferences on their origin and
formation mechanism. Below it is described the most relevant specific objectives of this project.

• Statistically infer the spin parameter of the baryonic matter from which the observed disk
galaxies were formed and examine how much it is deviated from the halo spin parameter
according to their mass and environment. Apply the method also to a sample of observed
galaxies from CALIFA and MaNGA surveys.

• Predict the distributions of the effective radius, Re, and (stellar and gaseous) surface
densities of galaxies based on their mass.

• Mapping the global stellar-to-halo mass relations, M∗-Mh, for both late- and early-type
galaxies over local relations such as stellar-to-dynamical mass, M∗-Mdyn, and baryonic-
to-dynamical mass, Mbar-Mdyn, within 0.5, 1, 1.5 and 2 Re as a function of the mass. Use
these results as restrictions on the models and simulations of galaxy evolution. Com-
pare these results with observations from MaNGA and CALIFA surveys, and explore
consistencies and possible difficulties.

• Explore and resolve the potential inconsistency that has been reported in semi-analytical
models and simulations between the galaxy stellar mass function and the zero point of
Tully-Fisher relations. Explore related issues such as assembly bias.

• Analyze a hydrodynamical cosmological simulation to build a comprehensive interpreta-
tion of the properties of fine structures and estimate their visibility time-scale in order
to reconstruct the past merger history of galaxies. Additionally, examine the dependence
on several properties such as the surface brightness limit and projection effects.

• Make a census of several types of LSB fine structures by visual inspection of individual
snapshots at several time-scales.

• Characterize the shape of the faint stellar structures in the outskirts of the main central
galaxy to make a census of the number of these structures and classify them into tidal
tails, streams and shells.

• Make interpretations on the shape and frequency of fine structures observed in deep
images in terms of mass assembly from the estimation of the survival time of collisional
debris.

• Search for molecular gas by means of the 12CO molecule in a sample of nine selected shell
galaxies with the available radio telescopes such as the IRAM-30m telescope, in order to
examine its distribution and association with shells structures.

• Test the mechanism of shell formation through phase wrapping (or space wrapping if it
is the case) during a radial minor mergers proposed in the numerical simulation models.

• Determine the shell velocity from its molecular gas, as optical redshifts from the stellar
component are difficult to get. Indeed, getting stellar velocity is costly and requires the
use of spectrographs with IFU capabilities on large telescopes. The HI maps suffer from
low spatial resolution, so molecular gas might be one of the best ways to determine shell
kinematics.
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• Derive the amount of molecular gas in shells and in the center for those cases where it was
possible the detection of 12CO molecule. Quantify the amount of molecular gas found in
each pointing, relying on the empirically established proportionality between the CO(1-0)
luminosity and H2 mass, for a large number of Milky-Way like galaxies.

• Examine the expected association between the stellar and gaseous (HI or CO) shells, and
discuss the various scenarios, taking into account the predictions from N-body numerical
simulations.

• Search for molecular and atomic gas in several samples of selected UDG galaxies with the
available radio telescopes such as the IRAM-30m telescope and Nançay Radio-Telescope,
in order to analyze the gas distribution in this type of galaxies.

• Estimate the upper mass limit on the content of atomic and molecular gas for DGSAT-I
and Dragonfly 44, which have a measured redshift.

1.6 Methodology

To achieve the particular goals of this thesis described in the previous section, we have used a
method based in both theoretical and observational perspectives.

In first instance, to obtain a global semi-empirical galaxy-halo connection, we generate a
volume-complete synthetic catalogues for spatially-resolved disc-bulge-halo galactic systems,
which consists mainly of two parts: a) the application of a semi-empirical approach on a given
simulated cosmological N-bodies box, and b) the use of halo properties and their respective
stellar and gaseous mass fractions as initial conditions for the static models that produce the
resolved galaxies.

The synthetic catalogue is generated using the Bolshoi-Planck (BolshoiP), Small Multi Dark-
Planck (SMDPL) and MultiDark-Planck (MDPL) simulations described in Klypin et al. (2016)
and analyzed in Rodŕıguez-Puebla et al. (2016). By means of statistical methods, each mock
galaxy in our catalogue has individual information of its stellar mass and color. Once these two
values are known, we assign the gas fraction inferred in (Calette et al., 2018). In summary, in
our synthetic catalogue of the Local Universe, each mock galaxy is identified by these proper-
ties: color (g-r), stellar mass (M∗), atomic and molecular gas mass (Mgas), as well as the halo
properties that host it, such as the halo mass (Mh), concentration (C) and halo spin parameter
(λh). Once our synthetic catalogue is generated, for each individual mock galaxy is applied a
“static” model previously developed in Master’s thesis of Mancillas 2015 (see also Mancillas
et al., 2017). The dynamic models developed in this project are mainly based on the approach
introduced in Mo et al. (1998) and its extension in Dutton et al. (2007).

Secondly, to perform the analysis on the identification and classification of low surface
brightness (LSB) features observed in a host halo, we have used the hydrodynamical numerical
simulations previously presented in Martig et al. (2009) and Martig et al. (2012) in order
to follow galaxy evolution in the Λ-CDM cosmological context. The technique used in these
simulations consists of two steps: first a Λ-CDM cosmological simulation is run, with only dark
matter, while the merger and accretion history for a given halo is extracted. In the second
step, the mass assembly history is re-simulated at higher resolution, replacing each halo by a
realistic galaxy, containing gas, stars and dark matter.

Consequently, a mock image catalogue of surface brightness maps composed by 105 images
(35 snapshots in three different 3 projections) was built. For each image, we prepare two g-band
maps, one with a cut at 33 mag arcsec−2 (value corresponding to the surface brightness limit
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in Valls-Gabaud and MESSIER Collaboration, 2017) and one at 29 mag arcsec−2 (value corre-
sponding to the surface brightness limit in the MATLAS survey, Duc, 2017). The first snapshot
start at 3.5 Gyr and the last one finish at 13.7 Gyr (plus an extra simulation which evolved
until 15.7 Gyr), with a time interval of 0.3 Gyr. After, we proceed to give a phenomenological
description of collisional debris through a via visual identification in a similar way than in some
previous observational surveys (see e.g. Atkinson et al., 2013; Duc et al., 2015; Duc, 2017). We
were a team of five professional astronomers who made a visual inspection in each mock image.
We identified and classified the observed fine structures (tidal tails, stellar streams and shells)
and made a census of them for both surface brightness cuts.

On the other side, as a part of this PhD project, a search for molecular gas was made,
addressed to investigate the properties and dynamics of gas present in shell galaxies and ultra-
diffuse galaxies. For this task, we performed observations of the 12CO(1-0) and 12CO(2-1)
line emission for several samples of selected shell galaxies and UDGs, carried out at IRAM
30-m telescope at Pico Veleta, Spain. We choose shell galaxies observable from the northern
hemisphere, which were previously observed in HI-21cm and in CO in the millimeter domain.
Observations were made during July and September 2017 (Arp 230, NGC 474 and NGC 3934).
Additionally, we included the data reduction and analysis for another set of shells galaxies
previously observed during September, October and November 2000 (Arp 10, NGC 3032, NGC
3656, NGC 5018, NGC 7600 and Arp 295N).

In the case of the ultra-diffuse galaxies we choose targets with measured redshift. DGSAT-I
and Dragonfly 44, observations were made during two seasons (December 2016 and March 2017)
at IRAM-30m, and also were observed in HI line at 1420.4 MHz at Nançay radio telescope.
Besides, we also carried out more UDG observations, including five blue selected UDGs (DDO
99, UGC 2162, UDG-B, UDG-B3 and UDG-B5) and four HI-selected blue UDGs (AGC 114882,
AGC 219533, AGC 238636, AGC 229110), which will be analyzed in detail in a future work.

The data reduction was done with the CLASS program of the GILDAS software package
(http://www.iram.fr/IRAMFR/GILDAS). To quantify the amount of molecular gas found in
each pointing, we rely on the empirically established proportionality between the CO(1-0)
luminosity and H2 mass, for a large number of Milky-Way like galaxies (e.g. Bolatto et al.,
2013). The derived M(H2) was determined assuming the standard CO-to-H2 conversion factor
of XCO = 2×1020 cm2(K km/s)−1, applicable to Milky Way-like galaxies.

1.7 Contents

In addition to the present chapter on a general introduction, this manuscript contains four
chapters more corresponding to four independent blocks plus a global conclusion, which is or-
ganized as follows: Chapter 2 describes the semi-empirical galaxy-halo connection projected
towards the scaling relations. In Chapter 3, I present the analysis on the hydrodynamical nu-
merical simulation to test the merger history of an early-type galaxy traced by their low surface
brightness stellar substructures. Observations on molecular gas content for shell galaxies and
ultra-diffuse galaxies, the selected galaxy samples and derived results are presented in Chapter
4 and Chapter 5, respectively. Chapter 6 summarizes the conclusions.
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Chapter 2

Scaling relations and mass

distributions in a semi-empirical model

of galaxy evolution

This Chapter presents a semi-empirical galaxy-halo connection mapped towards the galaxy
scaling relations and their internal mass distributions. We generate a mock catalog of local
galaxy population using cosmological numerical simulations and the HI and H2 mass fractions.
For each mock galaxy, we apply a “static” model previously developed in Master’s thesis of
Mancillas 2015 (see also, Mancillas et al., 2017) and enhanced to include input parameters di-
rectly from N-body cosmological simulation boxes described in Rodŕıguez-Puebla et al. (2016),
and thus obtain a volume complete galaxy population up to the limit in M∗ of ∼108.5 M⊙. I
also present early applications of our semi-empirical models to the observational internal mass
distributions for the galaxies of CALIFA survey and for the Virgo cluster galaxies in the SHIVir
survey.
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The semi-empirical galaxy-halo connection mapped towards the galaxy scaling relations and

their internal mass distributions

2.1 The semi-empirical galaxy-halo connection mapped

towards the galaxy scaling relations and their inter-

nal mass distributions

By means of a semi-empirical approach, we explore the projection of the global statistical
galaxy-halo connection towards the structural-dynamic properties of galaxies, separated in
both early- and late-type galaxies.

We generate a volume-complete synthetic catalog for a spatially-resolved disco-bulge-halo
galactic systems into boxes of the Bolshoi-Planck, Small MultiDark-Planck and MultiDark-
Planck ΛCDM numerical simulations presented in Klypin et al. (2016) and analyzed in Rodŕıguez-
Puebla et al. (2016), which reproduce the luminosity, stellar mass and two-point correlation
functions (Rodŕıguez-Puebla et al., 2015), as well as the color distributions and HI and H2 mass
fractions, recently computed in Calette et al. (2018). In our synthetic catalog, each mock galaxy
is identified by the following properties: color (g-r), stellar mass (M∗), atomic and molecular
mass (Mgas), as well as the halo properties, such as halo mass (Mh), concentration (C) and
halo spin parameter (λh). Then, the galaxy distribution is divided in red and blue populations
using a cut in the stellar mass-color ratio. This paper is focused mainly on late-type galaxies
for which a spatially resolved galactic system is modeled and previously developed in the Mas-
ter’s thesis of Mancillas 2015 (see also Mancillas et al., 2017). Nonetheless, we also propose a
simple model for galaxies dominated by spheroids. The dynamical “static” models developed
are mainly based on the approach introduced in Mo et al. (1998) and its extension by Dutton
et al. (2007).

We use an heuristic approach and include a merger fraction in order to calibrate the under-
lying parameters which reproduce the observational correlations of the size-mass (Re−M∗) and
the bulge-to-total mass ratio vs mass (B/T-M∗) at high masses, where the merger effects are
highly significant. As a result, our method is used as a sophisticated tool to estimate the initial
spin parameter of the baryons from which disc galaxies form, λbar. Up to log(Mh/M⊙)∼ 11.5,
λbar and its dispersion are the same than those of dark matter halos, but at larger masses λbar

decreases with Mh (and hence M∗). The predicted stellar and baryonic Tully-Fisher relations
agree with observations.

We explore the effects of the global Mbar-Mh relation and its dispersion on the internal mass
distributions of our mock galaxies. We found that the disk-to-total velocity ratio at 2.2 scale
radii is always a submaximal type. The “luminous” mass fraction evaluated at one effective
radius (1 Re) has its maximum (about 0.5 on average) for galaxies with Vmax ≈200 km/s, Σe

≈500 M⊙/pc
2, and M∗ ≈5 × 1010 M⊙. For lower values than B/T60.5, disk galaxies are more

and more dominated by dark matter at 1 Re, but for larger values, a clear print of the Mbar-Mh

relation shape is shown.
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2.2 Early applications of semi-empirical models to ob-

servational internal mass distributions

Semi-empirical models have been used to compare with observational internal mass distribu-
tions. In paper II, is presented the study of ionized gas and stellar kinematics for 667 spatially
resolved galaxies of the CALIFA Survey (Sánchez et al., 2012), aimed to study kinematic scal-
ing relations, such as the Tully & Fisher (Tully and Fisher, 1977) and the Faber & Jackson
(Faber and Jackson, 1976) relations, as well as combination of them through the SK parameter
defined as S2

K = K V 2
rot + σ2 (with K = 0.5). In this work is analyzed the distribution of

the dynamical-to-stellar mass relation within 1 Re, based in the S2
K parameter, and it is com-

pared with predictions from numerical simulations and semi-empirical modelling approaches.
Specifically, for the latter theoretical predictions, it was generated a population of galaxies with
bulge-to-disc mass ratios lower than ∼ 0.7, modeled by loading the bulge-disc systems into Λ-
CDM halos, taking into account the adiabatic contraction of the inner halo by the baryons
(see Figure 2.2, Aquino-Ort́ız et al., 2018). The predicted stellar-to-dynamical masses within
1 Re, inherit partially the shape of the stellar-to-halo (M⋆-Mh) mass relation which bends to
lower M⋆/Mh ratios both at lower and higher masses. Observational inferences based on the
S0.5 parameter in agreement with semi-empirical predictions, show the possibility to attain a
connection between the inner galaxy dynamics of the local galaxy population and the properties
of the cosmological dark matter haloes.

On the other side, following our semi-empirical approach, we generated the stellar-to-total
mass relation (STMR) measured within 2 Re and we compared with the observational internal
mass distributions from the Virgo cluster galaxies in the “Spectroscopy and H-band Imaging
of the Virgo cluster” (SHIVir) survey (Roediger and Courteau, 2015) (see Figure 2.2, Ouellette
et al., 2017). As a result of this comparison, it was found that our STMR match well the
SHIVir LTG sample below Mtot < 1010 M⊙, with slopes being nearly identical.
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Figure 2.1: Accuracy of the Mdyn-M⋆ relations based on the S0.5 parameter. In the top and
medium panels we assume that galaxies are rotation or velocity dispersion dominated to esti-
mate the dynamical mass within the effective radius. The red, green, and black stars represent
the CALIFA sample, whereas the grey symbols are from the literature compilation. The S0.5

dynamical mass estimations perform better than the ones based either only on rotation or
dispersion. In the bottom panel we used the S0.5 parameter to estimate the dynamical mass
and compare them with theoretical predictions based on detailed dynamical models. All the
estimated Mdyn-M⋆ relations are comparable and consistent with observations within the uncer-
tainties. As a reference we also show the semi-empirical predictions of Mancillas et al. (2017)
(blue shaded region, see text) which use η = 1 and are also consistent with our estimations.
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Figure 2.2: The stellar-to-total mass relation (STMR) from Mancillas et al. (2017) for simulated
late-type galaxies (LTGs), with the stellar mass M∗ and total mass Mtot both measured within
2 Re, is in pink. The SHIVir STMR is shown in blue for LTGs (Irr galaxies are excluded given
their highly truncated and/or uncertain RCs), and in red for ETGs. The dashed line is again
the 1:1 line.
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2.3 Conclusion and perspectives

The cosmological scenario Λ-CDM provides the most suitable context for interpret the nature,
origin and evolution of galaxies, particularly those of the Local Universe. In this paper, we
have explored the consistency of this scenario for the main observational correlations of a local
galaxy population, taking into account the semi-empirical inferences of the baryonic fraction,
fbar = Mbar/Mh or the stellar-to-halo mass (M∗-Mh) relation. The relations stellar-to-halo
mass (M∗/Mh–Mh), gas-to-halo mass (Mgas/Mh–Mh) and consequently baryonic-to-halo mass
(Mbar/Mh–Mh), including their intrinsic scatter, were computed separately for both local late-
and early-type galaxies in Rodŕıguez-Puebla et al. (2015) and Calette et al. (2018). A “static”
(non-evolutionary) model was implemented as a tool in each galaxy of a synthetic catalog of
a local galaxy population in the Master’s Thesis of Mancillas 2015 (see also Mancillas et al.,
2017). Following the semi-empirical approach, we found a good agreement between our models
and the observational scaling relations, such as the size-mass (Re-M∗) relation, and the bulge-
to-total mass vs M∗ (B/T-M∗) and gas mass vs M∗ (Mgas-M∗) ratios. As a remarkable result,
our method may be understood as a sophisticated semi-empirical way to determine the initial
spin parameter from which the observed disk galaxies were formed, λbar, as a function of M∗

and Mh, and be applied to masses up to M∗ ≈ 3− 5× 1010 M⊙.
In addition to the application of semi-empirical approaches to scaling relations of early- and

late-type galaxy population, we will include particular subpopulations of galaxies at different
environments, such as Low Surface Brightness Galaxies (LSBGs) and Ultra Diffuse Galaxies
(UDGs) in a second paper.
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and David Valls-Gabaud1,3
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ABSTRACT

Through a semi-empirical approach, we extend the powerful statistical galaxy-halo
connection method towards the galaxy scaling relations and their internal mass dis-
tributions. We have performed a demographic description of the global galaxy-halo
connection. Our results make restrictions to the models and N-body simulations of
galaxy evolution and allow us to constrain the key astrophysical processes as a func-
tion of the mass (and environment). By using these restrictions for both early- and
late-type galaxies, we have mapped different correlations for galactic disk-bulge-halo
systems, as well as for the luminous-to-dynamical mass ratios (including dark mat-
ter) evaluated at different effective radius. We have made comparisons between pre-
dictions of the semi-empirical approach with the structural-dynamic correlations of
observed galaxies, and the internal dynamic as well. We generate a mock catalog of
a volume-complete local galaxy population into boxes of the Bolshoi-Planck, Small
MultiDark-Planck and MultiDark-Planck ΛCDM numerical simulations, which repro-
duce the luminosity, stellar mass and two-point correlation functions, as well as the
color distributions and HI and H2 mass fractions. For each mock galaxy seeded in its
respective halo, we apply a static model, where a disk-bulge is loaded inside the halo
(taking into account the adiabatic contraction) in order to generate a disk-bulge-halo
in centrifugal equilibrium, computing its stellar and gas radial distributions.

We use an heuristic approach and include a merger fraction in order to tuning the
underlying parameters which reproduce the observational correlations of radius-mass
(radius-M∗) and bulge-to-total mass ratio (B/T–M∗) at high masses. Thus, our method
becomes a sophisticated tool to estimate the initial spin parameter of the baryons from
which disk galaxies form, λbar. Up to log(Mh/M⊙)∼ 11.5, λbar and its dispersion are the
same than those of dark matter halos, but at larger masses λbar decreases with the halo
mass, Mh (and hence with the stellar mass, M∗). The predicted stellar and baryonic
Tully & Fisher (TF) relations agree with observations. There is no problem with
the zero point, since by construction our models are in agreement with the observed
baryonic (and stellar) mass function. We also explore the effects of the global baryonic-
to-halo mass (Mbar–Mh) relation and its dispersion on the internal mass distributions
of our mock galaxies. We found that the disk-to-total velocity ratio at 2.2 scale radius
is always a submaximal type. The “luminous”mass fraction evaluated at one effective
radius (1 Re) has its maximum (about 0.5 on average) for galaxies with a maximal
circular velocity, Vmax ≈ 200 km/s, effective surface density, Σe ≈ 500 M⊙/pc

2, and
a stellar mass, M∗ ≈ 5 × 1010 M⊙. For lower values than B/T≤ 0.5, disk galaxies are
more and more dominated by dark matter at 1 Re, but for larger values, a clear print
of the Mbar–Mh relation shape is shown.
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⋆ E-mail: brisa.mancillas@obspm.fr

© 2019 The Authors

24 Paper: The galaxy-halo connection



2 Mancillas et al.

1 INTRODUCTION

Disk galaxies are the most common morphological type in
the Local Universe and observational studies suggest that
they were more abundant in the past (Bruce et al. 2012;
Buitrago et al. 2013; Mortlock et al. 2013; Avila-Reese et al.
2014). Observational evidence suggests that disc formation
is a generic process of galaxy assembly through a secular
evolution, while spheroidal components are generated from
violent interactions between disk galaxies (Toomre 1977).

According to the Lambda Cold Dark Matter (ΛCDM)
cosmological model (see e.g. Planck Collaboration et al.
2018), the formation of large-scale structure is dominated by
the gravitational dynamics of dark matter. This process oc-
curs in a hierarchical way and culminates with the assembly
of dark matter halos. Since dark matter halos are structures
in virial equilibrium, they attract and incorporate a fraction
of the baryonic gas into their central regions leading to the
formation of a galaxy. Halos are defined by a set of several
properties, such as their mass, concentration and angular
momentum, which determine in the first instance the
amount of gas and its distribution of angular momentum.
On the other hand, from an astrophysical point of view,
the properties of formed galaxies are established through
the processes of star formation and their feedback with
the interstellar medium, secular evolution, mergers, the
formation of supermassive black holes and their respective
feedback with the interstellar medium during AGN phases
(see e.g., Somerville & Davé 2015).

One of the main key questions in extragalactic astron-
omy is to understand how the galaxy properties are corre-
lated with the cosmological properties of their corresponding
dark matter halos. Thus, there has been an open discussion
in the scientific community on the determination and under-
standing of a galaxy-halo connection, which is represented
in the form of the stellar-to-halo mass relation (SHMR)
(Behroozi et al. 2010; Moster et al. 2010; Yang et al. 2012;
Behroozi et al. 2013; Moster et al. 2013), and the derived
galaxy scaling relations separated in both late- and early-
type galaxies. The scaling relations are given by the several
galactic parameters such as the stellar mass (M∗), rotation
velocity (Vrot) or velocity dispersion (σ) and the effective
radius (Re) (Avila-Reese et al. 2008).

The galaxy-halo connection can be determined through
three different methods. Two of them based in semi-analytic
models of galaxy formation and numerical hydrodynamical
simulations (Somerville & Davé 2015), and a third one based
in a semi-empirical approach (see e.g. Mo et al. 1998, 2010),
in which this work is based. The semi-empirical galaxy-halo
connection is established mainly in a demographic level by
using an abundance matching technique (AMT), which con-
sist in correlating in a statistical way the dark halo/subhalo
population from numerical simulations of large volumes with
the observed galaxy population of large surveys. The model
uses a mass distribution function and a two-point correlation
function and also assumes that the average galactic stellar
mass growth follows the average halo mass accretion (see
e.g., Wechsler & Tinker 2018).

A semi-empirical approach has allowed to constrain
relevant properties of the galaxy-halo connection such as
the halo occupation distribution (Berlind & Weinberg 2002;

Zheng et al. 2005), the stellar-to-halo/subhalo mass relation
(M∗–Mh relation) (Behroozi et al. 2010; Moster et al. 2010;
Rodŕıguez-Puebla et al. 2013) and the relation between the
physical processes of the galaxy formation as a function
of the scale and environment. In the M∗–Mh relation has
been shown that it exists a color/type segregation of
galaxies (More et al. 2011; Rodŕıguez-Puebla et al. 2015;
Mandelbaum et al. 2016). In addition, by using the method
called Multi-Abundance matching Technique Constraints
in Halos (MATCH), it has been possible to include the
gaseous component of galaxies in the galaxy-halo con-
nection and hence, constrain the baryonic-to-halo mass
relation (Mbar -Mh) (Baldry et al. 2008; Calette et al. 2018).

In the present work, we extend the semi-empirical
approach towards the scaling relations of galaxies and the
radial distributions of dynamic and luminous mass, i.e.,
we project the global galaxy-halo connection towards the
structural-dynamic properties of galaxies, separated into
their two large families. Thus, we make a complete demo-
graphic and structural-dynamic description of observed
galaxies and their corresponding dark halos.
In recent years, the new generation of galaxy surveys have
provided us with uniform and precise measures of properties
for a large number of galaxies, complete in magnitude or
volume. Photometric and Integral Field Spectroscopy (IFS)
surveys of local galaxies, have allowed us to determine in
a homogeneous way the scaling relations and the internal
dynamics of galaxies. These surveys include the sample of
260 early-type galaxies from ATLAS3D (Cappellari et al.
2011), the 660 galaxies of CALIFA survey (Sánchez et al.
2012), the ∼ 10000 galaxies from MaNGA/SDSS-IV (Bundy
et al. 2015) and the ∼ 3400 galaxies from SAMI Survey
(Allen et al. 2015). For example, in Cortese et al. (2016) and
Aquino-Ort́ız et al. (2018) are reported the Tully & Fisher
(TF) and the Faber & Jackson (FJ) relations of galaxies
from SAMI and CALIFA surveys, respectively, as well as
the relation of the SK parameter (defined by (KVrot + σ)1/2

with K=0.5) versus the total stellar mass. In addition, in
Aquino-Ort́ız et al. (2018) and Ouellette et al. (2017), it
has been examined the dynamic-to-luminous mass ratios
evaluated at one scale length as a function of the stellar
mass and the morphological type. Simultaneously, the im-
pressive progress made in cosmological N-body simulations
has allowed us to have precise predictions for the evolution,
properties, and distributions of the ΛCDM halos (see a
recent review, Knebe et al. 2013). Thus, having available
observational data plus advanced numerical simulations it
is possible to achieve an empirical description of galaxies
not only at a global level, but also a local one.
In order to extend the galaxy-halo connection we use
“static” models introduced in Mo et al. (1998), since this
modeling offers us remarkable advantages, such as its
simplicity and its proximity with observables. The approach
consists into building a disk in centrifugal equilibrium inside
of cosmological dark matter halos, taking into account the
adiabatic contraction that the baryonic disk induces in the
halo during its formation. The model has the following
initial conditions: the virial mass (and radius) of the halo,
Mh, the concentration, C, the spin parameter, λ, and the
baryonic fraction, fbar=Mbar/(Mbar+Mh). As a result, the
model predicts several galactic properties, such as the scale
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radius, RD , central surface density, Σ∗,0 of the exponential
disc, as well as the rotation curves and their decomposition.

Our static model does not follow the complex evolutive
process of galaxies, but set a connection between halo prop-
erties and galaxies at a given epoch (z=0 for this case). The
model is based in simple assumptions making it a powerful
tool to extend the semi-empirical approach. Several studies
have developed some modifications on the original models
of Mo et al. (1998) in order to introduce a bulge component
in the disk, and also the addition of the role that stars
versus gas plays on the galaxy formation (e.g., Dutton et al.
2007; Gnedin et al. 2007). In Mancillas 2015, it was applied
the modifications mentioned above in order to extend the
semi-empirical approach to the properties and the internal
correlations of galaxies composed of a disk and a bulge
components.

In this paper, we use and improve the tools imple-
mented in Mancillas 2015 (see also Mancillas et al. 2017)
in order to generate semi-empirical synthetic mock cata-
logs directly from N-body cosmological simulation boxes
(Rodŕıguez-Puebla et al. 2016). In this way, we obtain a
volume complete galaxy population up to the limit in M∗
of ∼108.5 M⊙. Such populations reproduce by construction
the luminosity, the stellar mass and the spatial two-point
correlation functions, as well as the color distribution and
the HI and H2 fractions as a function of the mass. We
operate on the angular momentum of gas (spin parameter)
and the secular/merger effects in order to reproduce the
radial distributions of stellar, gaseous and dark masses. We
will apply this approach to spatial abundances of particular
subpopulations of galaxies at different environments, such
as Low Surface Brightness Galaxies (LSBGs) and Ultra-
Diffuse Galaxies (UDGs) in a future paper.

Several works have already used the static model of
Mo et al. (1998). However, most of them have applied this
approach in a deductive sense, i.e, just to predict the galaxy
properties out of cosmological initial conditions printed in
the simulated halos. This study is addressed to use this
kind of models to achieve a semi-empirical description of
galaxies based on N-body cosmological simulation boxes,
where it can be explored the spatial distributions and
different environments of individual simulated halos in
order to obtain a synthetic galaxy population in agreement
with statistical observed distributions. Each object of this
population contains information of the halo properties and
multiple properties of disk-bulge-halo system, including
radial mass distributions and rotation/dispersion velocities.
In previous works it has been explored the projection of the
baryonic fraction parameter (fbar ) on the scaling relations
and internal distributions of modeled galaxies (Dutton et
al. 2011; Dutton 2012). However, the baryonic fractions
used at that time were obsolete, since the most recent
computations of fbar determined from a semi-empirical
approach, resulted in a more sophisticate way to obtain it.

This paper is organized as follows. In Section 2, we de-
scribe the followed strategy to the mock catalog generation.
This section describes the semi-empirical galaxy-halo con-
nection, the “static” model and the procedure to generate

each synthetic galaxy of the catalog. In Section 3 we present
the main results of this work. We show the scaling relations,
such as the radius-M∗, the B/T–M∗ and the gas ratio vs.
M∗, and we discuss the implications of their corresponding
scatter. We also present the predicted stellar and baryonic
Tully-Fisher relations and their scatter. We infer the depen-
dence of the initial spin parameter of gas out of which disk
galaxies form, as a function of the Mh and M∗. Section 4 in-
troduces the spatial internal mass distributions of the mock
galaxies. The luminous and total masses at different radius
are studied as a function of M∗, Vmax and effective stellar
surface density of galaxies, Σ∗,e. We also present several ve-
locity ratios evaluated at 2.2RD or at their maximum radius
as a function of the global properties, in order to compare
them with the available observational correlations. Addition-
ally, we present the dependence of the external slope of the
rotation curves as a function of global properties. Finally, in
Section 5, we discuss the main results and conclusions.

2 MOCK CATALOG GENERATION

The generation of volume-complete synthetic catalogs for
spatially-resolved disco-bulge-halo galactic systems consists
mainly of two parts: a) the application of a semi-empirical
approach on a given simulated cosmological N-bodies box,
and b) the use of halo properties and their respective stel-
lar and gaseous mass fractions as initial conditions for the
static models that produce the resolved galaxies. Below is
described the methodology followed for the two steps.

2.1 The semi-empirical galaxy-halo connection

We generate a synthetic catalog using the Bolshoi-Planck
(BolshoiP), Small Multi Dark-Planck (SMDPL) and
MultiDark-Planck (MDPL) simulations described in Klypin
et al. (2016) and analyzed in Rodŕıguez-Puebla et al.
(2016). In particular, we use the semi-empirical models
under which it is built the fraction of halos hosting blue/red
central galaxies and the occupation statistics of blue and
red satellites as a function of halo mass (Rodŕıguez-Puebla
et al. 2015). This model takes into account that the
stellar-to-halo mass relation (SHMR) is separated in both
local blue and red central galaxies. By using statistical
methods, the semi-empirical model is generalized in order to
constrain the individual colors of synthetic galaxies seeded
in dark matter halos, i.e., each mock galaxy in our catalog
has individual information of its stellar mass and color.
Once these two values are known, we assign the atomic and
molecular gas fractions (whence Mgas) inferred in Calette
et al. (2018), where was done a homogeneous compila-
tion of radio observations. In summary, in our synthetic
catalog of Local Universe, each mock galaxy is identified
by these properties: color (g-r), stellar mass (M∗, atomic
and molecular mass (Mgas), as well as the halo properties
that host it, such as the halo mass (Mh, concentration
(C) and halo spin parameter (λh). By construction, our
catalog reproduce the stellar mass and luminosity function,
color mass distribution, HI and H2 fractions, the two-point
correlation function and the galaxy abundances of groups
and clusters.
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2.2 The “static” model

Once our synthetic catalog is generated, we divide the galaxy
distribution into red and blue populations using a cut in the
stellar mass-color ratio. Afterwards, we associate red galax-
ies like those galaxies dominated by spheroid or early-type
morphology, while the blue ones are associated to galaxies
dominated by disk or late-type morphology. In the present
project, we focus mainly on late-type galaxies for which
a spatially resolved galactic system is modeled and previ-
ously developed in Mancillas (2015) (see also Mancillas et
al. 2017). Nonetheless, we also propose a simple model for
galaxies dominated by spheroids. We describe in greater de-
tail the procedure followed below:

The dynamic models developed in this project are
mainly based on the approach introduced in Mo et al.
(1998) and its extension in Dutton et al. (2007). We call
this model “static” in order to differentiate it from those
where the evolution of the galaxy is followed (e.g., Firmani
& Avila-Reese 2000; Avila-Reese & Firmani 2000; van den
Bosch 2000; Dutton & van den Bosch 2009).

2.2.1 Disk galaxy modeling

The model assumes that an exponential disk is loaded in-
stantaneously into the gravitational potential of a ΛCDM
halo, and the dynamics is solved in order the disk settles
into centrifugal equilibrium. It is assumed that the disk has
conserved the angular momentum of the dark matter halo,
which is parameterized through the spin parameter λh, and
that the mass distribution of the dark matter halo has taken
into account the adiabatic formation of the disk. Initially,
we have assumed that the halo mass distribution follows a
Navarro, Frenk & White (NFW) profile, defined from the to-
tal halo mass, Mh, and its concentration, C. The parameters
λh, Mh and C are obtained from direct measurements of the
BolshoiP, SMDPL and MDPL simulations. In addition, we
have extended the basic model of Mo et al. (1998) including
a pseudo-bulge and bulge component.

The total stellar bulge mass is determined by the accu-
mulated mass through mergers. We use the semi-empirical
results from Rodŕıguez-Puebla et al. (2017), where is re-
ported the average fraction of cumulative mass merger based
on the total stellar mass of galaxies. In the case of (classic)
bulges, we assume that they have a superficial mass distri-
bution that follows a Sérsic profile with index n = 4.

The stellar mass of the pseudo-bulge is computed by
determining the radius from which the exponential disk is
unstable. All the stellar mass evaluated at this radius is as-
sumed to be part of the pseudo-bulge. Consequently, the new
disk has a smaller total mass in proportion to the stars as-
signed to the pseudo-bulge. Additionally, we assume that the
disk instabilities provoke a redistribution of the angular mo-
mentum, so that this case we follow in detail the model de-
scribed in Dutton et al. (2007), where the bulge mass assign-
ment is performed by setting a critical instability parameter
according to the numerical simulations of Christodoulou et
al. (1995) (all details in Appendix A2). Using the new disk,
we follow an iterative process in order to find dynamic in-
stabilities in the disk. At each step we assign stellar mass to
the pseudo-bulge and we redistribute the disk angular mo-

mentum. The process ends up when the disk-bulge system is
dynamically stable. In the case of pseudo-bulges, we assume
that they have a superficial mass distribution that follows a
Sérsic profile with index n = 2.

As a result, a bulge + pseudo-bulge + disk + halo
system in equilibrium is obtained. The rotation curves are
calculated for each of these components and we determine
the maximum of the total rotation curve. The stellar and
gas baryonic profiles are also decomposed under empirical
criteria dependent on the disk structure. Additionally,
several derived quantities are directly compared with ob-
servations such as: effective radius, dynamic and luminous
mass at different radius, central densities at 1 kpc, the
rotation curve slope at different radius, etc.

2.2.2 Spheroid galaxy modeling

In the case of galaxies dominated by a spheroidal component
(ellipticals), we introduce a variant of the method described
above. Instead of following the adiabatic contraction and
the mentioned iterations, observational conditions and
certain dynamic assumptions are imposed in order to model
the spheroid-halo system. We assume that elliptical galaxies
follow the Sérsic profile with index n = 4 and the observed
effective radius and stellar mass ratio of local early galaxies
(Mosleh et al. 2013). Finally, we assume that these galaxies
are supported by a stellar velocity dispersion (without ro-
tation) so that we compute their velocity dispersion profiles.

2.3 The procedure

In this Section, we describe the steps to generate a mock
catalog of a local galaxy population. We set up the param-
eters described in the previous section, which are the initial
conditions to generate the mock catalog. The halo mass, Mh,
halo spin parameter, λh and concentration, C, are sampled
from the SMDPL simulation Rodŕıguez-Puebla et al. (2016),
while M∗ and Mgas are reported in Calette et al. (2018).

2.3.1 Halo parameters

For each halo mass bin of 0.1 dex, we assign the input pa-
rameters randomly sampled from their corresponding distri-
butions, as shown below:

• The halo spin parameter is described by a Schechter-like
distribution:

P(log λ) = A f (λ), (1)

where

f (λ) =

(

λ

λ0

)−α
exp


−

(

λ

λ0

)β
, (2)

A =

[∫ ∞

−∞
f (λ)dλ

]−1

, (3)

where the best-fitting parameters measured in BolshoiP,
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SMDPL and MDPL simulations for z = 0 are log λ0 = −2.919

α = 4.124 and β = 0.610.

• The NFW concentration parameter, C, is taken from a
lognormal distribution,

log10 C = a(z) log10(Mh/[h
−1M⊙]) + b(z), (4)

where a(z = 0) = −0.116 and b(z = 0) = 2.409 are the
coefficients for a redshift zero. For the dispersion we adopt
σlogC = 0.25 dex.

2.3.2 Galaxy parameters

• The stellar mass is obtained from the M∗–Mh relation
for blue/late-type galaxies, where the fitting is provided in
Behroozi et al. (2013):

log10(M∗) = log10(M1) + log10(ǫ ) + fx − f0, (5)

where

fx = − log10(10−αx + 1) +
δ[log10(1 + exp(x))]γ

1 + exp(10−x )
, (6)

and x = log10(Mh )−log10(M1). The best fitting parameters
for a Behroozi function reported in Calette et al. (2018) are:
log10 M1 = 11.77, ǫ = 0.03, α = 1.96, δ = 3.05 and γ = 0.83.

• Gas mass is obtained from the gas-to-stellar mass ratio
vs. stellar mass.

The determination of the gas fractions for large samples
of galaxies is not an easy task since it requires dedicated
campaigns of observations in radio, for both the atomic HI
and molecular H2 gas contents. For the latter, a tracer of
H2 should be used for massive studies, for example the CO
emission lines. Besides, in order to infer the gas fractions or
the gas-to-stellar mass ratios, observations in the optic that
provide the data to infer M∗ are necessary.

A recent compilation and homogenization of data from
the literature of local galaxy samples that contain informa-
tion on M∗, morphology and MHI and/or MH2

is presented in
Calette et al. (2018). The total cold gas mass is calculated
as Mg = (MHI + MH2

) + M(He+Z) = 1.4(MHI + MH2
), where

the factor 1.4 accounts for helium and metals. In Calette
et al. (2018), blue/late-type and red/early-type galaxies
were treated separately since the gas fractions in both
populations are quite different. The author determined the
MHI-M∗ and MH2

–M∗ correlations, and from them inferred
the Mg–M∗ correlation, separated for blue/late-type and
red/early-type galaxies.

For each set of initial conditions taken from the distribu-
tions mentioned above, we apply the static model of disk
galaxies in centrifugal equilibrium inside ΛCDM halos de-
scribed in Section A1 and in Appendix A, and generate the
global properties and internal mass distributions of the given
galaxy. The dynamical criterion for bulge formation, as well
as the Toomre criterion for disk star formation are described

in appendices §§A2 and §§A3. In both cases, the criteria are
given by one parameter, βcrit and Q, respectively. The val-
ues we assume for these parameters are βcrit = 0.62 and
Q = 2.5.

For each halo mass bin, we perform 1000 random
extractions from the distribution set for Mh, λ, C, M∗ and
Mg presented above. We have checked that 1000 extractions
are enough to sample well each one of these distributions.
Since we cover the halo mass range from 1010 to 1014 M⊙
in bins of 0.1 dex, we have 40 mass bins. For each bin, we
perform 1000 realizations of the five parameters for a total
of 40000 models.

3 A SEMI-EMPIRICAL PICTURE OF LOCAL

DISK GALAXY CORRELATIONS

Since the static model is not an evolutionary approach, we
are not in position to follow the merger history of the halo-
galaxy systems and, consequently, to estimate the merger-
driven bulge growth and star formation, as well as the
merger-driven angular momentum transport processes. In-
stead, in the case of massive galaxies, the bulge mass is as-
signed through the average accreted mass fraction of mergers
recently determined in Rodŕıguez-Puebla et al. (2017). Ac-
cording with this fraction, galaxies seeded in more massive
halos accreted up to ∼ 40 % of their mass from mergers,
while in halos of ∼ 1012M⊙ the fraction is of 2 - 3 % at z=0.
Then, the bulge components in our models, which are as-
sumed to be composed only of stars, have both accreted and
formed in-situ stellar mass contributions. On the other hand,
we also attempt to emulate the effects of mergers, yet within
our scheme, by artificially lowering the instability parame-
ter βcrit and the spin parameter λ. In order to constrain
the change of these parameters with Mh, we may proceed in
a heuristic way, looking for reproducing the observed scal-
ing correlations at high masses that mostly depend on these
parameters, as we will show below. The size–mass relation
depends strongly on the spin parameter λ, since the scale
radius correlate directly with the angular momentum and
the virial radius (Rvir ) of the halo. Similarly, the B/T–M∗
correlation, depends mostly on the βcrit parameter, since
this factor determines the dynamical instability on the disk
that assigns the mass bulge. For low masses, we leave the
models to be generated in our mock catalog with the ini-
tial conditions, while for larger masses, the parameters are
varied as a function of Mh, in such a way that these observa-
tional correlations are reproduced at high masses (at lower
masses our model already reproduced them). We introduce
dependences of the parameters λ and and βcrit with the
halo mass from log(Mh/M⊙) ≈ 3− 5× 1011 M⊙ by using first
a subset of models with the mean parameter values in λ, C
and fbar. From these experiments, we establish the function-
alities that describe how the parameters λ and βcrit should
depend on Mh in order to improve the model predictions
in the size–mass and B/T–M∗ correlations at high masses.
Then, we calibrate with better accuracy the parameters of
these functionalities in order that the complete generated
mock catalog reproduce the high-mass ends of the obser-
vational correlations. At this point, it should be said that
our approach turned on to be less deductive (ab initio) and
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more heuristic or semi-empirical. The approach is aimed to
generate ΛCDM-based models that are consistent with sev-
eral observational scaling correlations of disk galaxies. This
allows us then:

• To predict other global correlations of disk galaxies and
compare them with observations in order to test the over-
all consistency of the model, as well as of the underlying
cosmological background.
• To probe the effects of the recently determined Mbar–Mh

and M∗–Mh relations (galaxy-halo connection) on the struc-
tural/dynamical properties of galaxies accessible to direct
observations.
• To explore and constrain how much the initial parame-

ters (e.g., the spin parameter) and the key assumptions (e.g.,
adiabatic invariant halo contraction) of the model should be
modified in order to generate a disk galaxy population in
agreement with observations.
• To use these constraints to speculate about the physical

and evolutionary processes relevant to disk galaxy evolution
at different scales, for example the role of mergers.
• To explore the inner structure and dynamics of the gen-

erated bulge-disk-halo systems as a function of global prop-
erties.

Below, we present the results obtained from our mock
catalog generated as described in Section 2.3, including a
modification in some parameters for halos more massive
than 3−5×1011 M⊙, following the strategy mentioned above.

3.1 Disk galaxy correlations

3.1.1 The size–mass relation and inference of the spin
parameter of galaxies

In Fig. 1 we plot the Re–M∗ and Re,bar–Mbar relations (left
and right upper panels, respectively), as well as the Re,D–M∗
and Rbar–Mbar relations (left and right lower panel). While
the first two radii are calculated for the whole (disk + bulge)
stellar or baryonic galaxy, the latter radii refer only to the
disk stellar or baryonic component. The black solid lines and
gray shaded areas are the mean and standard deviations in
bins of 0.1 dex in M∗ for galaxies with B/T≤ 0.5. The means
and standard deviations for the few galaxies with B/T> 0.5,
are plotted with green dots and error bars, respectively. In
Fig. 1, the blue dashed line and the dotted lines are the
mean and the 1σ scatter from observations corresponding
to Shen et al. (2003), while the pink and red dots connected
by long-dashed lines correspond to the studies by Mosleh et
al. (2013) and Bernardi et al. (2012), respectively.

For masses lower than M∗ ≈ 3 × 1010 M⊙, the model re-
sults in good agreement with observations, while for higher
masses, as the radius increases with M∗, the models are
higher and are slightly deviated from the mean value of the
observations, although they are still in agreement with them.
The agreement is good also at the level of the scatters around
the size–mass relations, even at large masses. In Fig. 2, we
compare the one sigma scatter of the Re-M∗ and Re,D-M∗ re-
lations (showed in Fig. 1) from our models (black solid lines)
with those of the corresponding observations (blue dashed
lines). As seen both scatters are similar, in special for the
Re,D-M∗ relation.

The spin parameter λ, is the parameter that most af-

fects the size–mass relations. The semi-empirical models pre-
sented in Fig. 1 are carried out with a “initial cosmological”
mean λ distribution, but with the mean of λ decreasing with
the halo mass from Mh = 3 × 1011 M⊙ as:

λ0 → λ0,bar = 0.145 − 0.0095 × log(Mh/M⊙ ). (7)

Therefore, our static model of disk galaxies in centrifu-
gal equilibrium inside ΛCDM halo, allows us to probe the
initial spin parameter of baryons out of which disk galax-
ies formed. Different observational size–mass relations and
their scatters are well reproduced if this spin parameter is
log-normally distributed following the results from N-body
cosmological simulations (see eq. 1), with a dispersion of
σλ = 0.22 dex and an average value which is equal to the one
in the simulations up to Mh = 3 × 1011 M⊙ (λ0,bar = 0.037),
as well as for larger masses with an average value decreasing
with Mh as it is given in eq. (7).

Our results show that the ratio of the mean initial spin
parameter of the baryons out of which the galaxy is assem-
bled to the spin parameter of halos ℓ ≡ λ0,bar/λ0, is equal to

one for halos smaller than Mh = 3×1011 M⊙, and it decreases
with Mh from this mass as:

ℓ = 3.955 − 0.257 × log(Mh/M⊙), Mh > 3 × 1011M⊙ . (8)

For instance, ℓ = 0.5 for halo masses of log(Mh/M⊙)

=13.44. An implication of this result is that galaxies formed
in halos less massive than Mh ≈ 3 × 1011 M⊙, on average,
conserve in detail the angular momentum acquired by the
ΛCDM halo, while in more massive halos, the baryons out
of which galaxies form transported a fraction of their angu-
lar momentum to substructures and dark matter (see e.g.,
Zavala et al. 2008). This process is more efficient in more
massive halos (eq. 8), which is consistent with the fact that
more massive halos assemble larger fractions of their masses
in major mergers than the less massive ones.

In the literature, there were some observational at-
tempts to infer the spin parameters of the baryons out
of which galaxies formed (e.g., Cervantes-Sodi et al. 2008;
Berta et al. 2008). These inferences were done for SDSS
galaxies by using very simplified approaches to estimate
λbar from only the optical information. It is interesting that
these studies agree in the fact that λbar decreases on average
with the luminosity or stellar mass of galaxies, having lit-
tle dependence on environment. In comparison with these
studies, our models based on disk galaxies in centrifugal
equilibrium inside of ΛCDM halos offer a sophisticated way
to constrain λbar and its scatter, even taking into account
the effect of the halo contraction. The mock galaxy catalog
that we use reproduces several observational correlations of
galaxies and it is also agrees with the Galactic Stellar Mass
Function (GSMF) by means of the fbar–Mh relation. There-
fore, the λbar values of the disk galaxy models are expected
to reflect well the λbar values that real galaxies should have
if they were formed in ΛCDM halos. The galaxies in our
mock catalog have on average λ0,bar ≈ λ0 = 0.037 up to

M∗ ≈ 3 × 1010 M⊙ and for larger masses it decreases down
to λ ≈ 0.02 at M∗ = 5 × 1011 M⊙ (see the upper left panel of
Fig. 6 to be presented below). The scatter is basically equal
to the scatter of the halo spin parameter used as input in
the model, σλ = 0.22 dex (compare both shaded areas in the
upper panels of Fig. 6). It is interesting to notice that the
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Figure 1. Different radius–mass relations from the semi-empirical models compared to some observational determinations (indicated

inside the panels). The black solid lines and the shaded areas are the model means and standard deviations (B/T≤ 0.5) obtained in

small M∗ bins. The green dots with error bars are the means and standard deviations for models with B/T> 0.5. Upper left panel: Stellar
effective radius vs. M∗. Upper left lower panel: Disk stellar effective radius vs. M∗. Note that the observational correlation by Dutton

et al. (2011) is actually for the exponential disk scale length; for this case, Re,D=1.68RD . Upper right panel: Baryonic stellar effective

radius vs. Mbar. Lower right panel: Disk baryonic scale radius vs. Mbar.

scatter around both the observed Re–M∗ and Re,D–M∗ rela-
tions follows a similar trend than the “cosmological” scatter
in λbar , as shown in Fig. 2. Therefore, the dispersion in the
spin parameter values of the relaxed ΛCDM halos explains
the dispersion in the size–mass relations of observed local
disk galaxies.

3.1.2 The B/T–M∗, Rgas–M∗ and Σe–M∗ correlations

We calibrated the parameters related to the bulge formation
(βcrit), at large masses in order to take into account the
effects of the mergers. We perform this calibration by making
that the predicted B/T–M∗ and Rgas–M∗ correlations were
in agreement with the observations. The upper panels of Fig.
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Figure 2. Intrinsic scatters of the Re-M∗ (upper panel) and

Re,D -M∗ (lower panel) relations showed in Figure 1. Solid black

and dashed blue lines are for the models and the observations,
respectively.

3 show the B/T– and Rgas–M∗ correlations from the models
which include a correction in the instability parameters βcrit
at large masses; the correction to λ as a function of Mh

discussed in the previous subsection remains the same. The
green solid circles with error bars correspond to the galaxies
with B/T> 0.5. The sample of Weinzirl et al. (2009) includes
only spiral galaxies; this is why their average B/T ratios
are small and the statistics at large masses is poor (most
of massive galaxies are early-type). In the case of models,
galaxies that likely would be classified as S0 are actually
taken into account. Therefore, we should compare the curve
of our models between the data from Weinzirl et al. (2009)
and Cibinel et al. (2013). The corrections introduced in βcrit
and λ for halos larger than Mh = 3× 1011 M⊙, are addressed
to improve the comparison of models with observations at
stellar masses larger than M∗ ≈ 3 − 5 × 1010M⊙.

• The B/T ratio increases on average with M∗. The in-
creasing is slight for masses up to M∗ ≈ 1010M⊙ and stronger
for larger masses; most of the low-mass galaxies are actually
bulgeless (B/T< 0.1).
• Mock galaxies with B/T> 0.5 are massive galaxies. The

fraction of them increases with M∗Ḟor M∗ > 1011M⊙ the per-
centage is 10.6. If we add to this fraction, those models that
did not converge (1.8%, they are mostly too unstable), the
fraction is then 12.4%. This can be considered as the frac-
tion of early-type galaxies predicted by our semi-empirical
approach.
• The (cold) gas-to-stellar mass ratio, Rgas=Mg/M∗, is

on average 10 for M∗ ≈ 108M⊙ (or 91% in fraction,

Mg/(Mg+M∗)) and it decreases with M∗. For a Milky Way-
sized galaxy, Rgas ≈ 0.15 (0.13 in fraction). At larger masses,
the mean Rgas decreases faster.
• The 1σ scatter around the Rgas–M∗ relation increases

slightly with M∗ decreasing. In general, the intrinsic scatter
of the model Rgas–M∗ relation is slightly larger than that one
of the observational inference, but it should be taken into
account that the latter is very uncertain because the sample
selection effects, observational errors, and non-detections. It
is better be said that at low masses the fraction of pure
gaseous galaxies is significant (for M∗< 109M⊙, this fraction
is 17.8%.

In order to attain a good agreement with observations of
the B/T ratios at large masses, we have artificially lowered
the value of βcrit in the criterion of bulge formation (see sub-
section A2 and eq. A39 therein) for log(Mh/M⊙) > 11.5. The
fact to decrease βcrit implies that the disk is more unstable
and hence larger bulges are formed. The source of instability
is not already intrinsic, but external, i.e., it is produced by
mergers. This parameter was lowered as:

βcrit = −0.0217

[
log10

Mh

M⊙

]2

+ 0.4319 · log10

[
Mh

M⊙

]
− 1.4932,

(9)

for log(Mh/M⊙) > 11.5. In our scheme, we are assuming
that the bulge is all the time formed of stars from the disk,
which means that as larger is the formed bulge, the lower is
the surface density of the disk. This might not be the case
when there are major mergers, since in this case most of the
stars in the bulge will come from the accreted galaxy rather
from the disk. This implies that the disk remains the same
or even more dense due to the merger-induced instabilities.
This is why our scheme is valid only for galaxies with
non-dominant bulges, i.e., B/T. 0.5.

Finally, the lower panel of Fig. 3 shows the effective
stellar surface density, Σe, vs. M∗ for those models with
B/T≤ 0.5 (solid line surrounded by the gray area). This ef-
fective surface density refers to the surface density evaluated
at half mass of the sum of both bulge and disk components.
The semi-empirical disk galaxies show a significant correla-
tion between Σe and M∗. Up to ∼ 2×1010M⊙, the slope of the
correlation is ∼ 0.6 and for larger masses it systematically
flattened. The flattening of the Σe–M∗ correlation at large
masses is associated to the steepening seen in the Re–M∗
correlation at these masses (Fig. 1).

Regarding the Σe–M∗ or (Re–M∗) correlations, our re-
sults show that the shape of the semi-empirical fbar–Mh rela-
tion has an imprint on this correlations. As previous authors
have already shown, for pure disks and assuming that the
stellar mass is equal to the disk mass, M∗=Md, then Σe scales
as M∗1/3 when fbar and λ are constant (e.g., Mo et al. 1998;
Avila-Reese et al. 1998, this dependence is indicated with a
thin blue solid line in the bottom panel of Fig. 1). This is
evident from the following dependences in exponential disks:

Σe =
(M∗/2)

2π(1.68RD )2
∝ fbarMh

(λRh )2
∝

f
2/3
bar

M∗1/3

λ2
, (10)

where we have used RD = g(C) fbarMhλ, and Rh ∝ Mh
1/3 for

the CDM halos. So, if fbar and λ do not depend on the mass,
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Figure 3. Upper panel: Bulge-to-total mass ratio vs. M∗ for the semi-empirical models (black solid line surrounded by a gray area)

compared to some observational determinations (indicated inside the panels). The gray area and the error bars are the standard deviations
at each M∗ bin. The semi-empirical models and the observations by Weinzirl et al. refer to disk galaxies (B/T≤ 0.5). The green solid circles

with error bars are the averages and standard deviations corresponding to the models with B/T> 0.5. Medium panel: Gas-to-stellar mass

ratio vs. M∗ for the semi-empirical models (black solid line surrounded by a gray area) compared to the empirical correlation inferred
in Calette et al. (2014; blue solid line surrounded by the blue dashed lines).The green solid circles with error bars are the averages and

standard deviations corresponding to the models with B/T> 0.5. Lower panel: Effective stellar surface density, Σe, vs. M∗ for the disk

(B/T≤ 0.5) semi-empirical models. The blue line indicates a slope of 1/3 predicted for disk galaxies when fbar and λ are constant.
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Σe ∝ M∗1/3. However, our semi-empirical galaxies were con-
structed with a baryon fraction and a spin parameter that
depend on the mass. At low masses, roughly fbar ∝ Mh

0.4,
and since Mh=M∗/ fbar, then fbar ∝ M∗0.4/1.4 = M∗0.29, then
λ does not depend on Mh. Therefore, using eq. (10) we ob-
tain that for the low-mass end Σe ∝ M∗0.53, which is close to
the slope seen in the lower panel of Fig. 3.

At the high-mass end, roughly fbar ∝ Mh
−0.56, then

fbar ∝ M∗−0.56/0.44 = M∗−1.27, and using eq. (10), Σe ∝
M∗−0.53. However, at high masses, λ decreases with Mh ac-
cording to our semi-empirical approach: very roughly λ ∝
Mh
−0.22 or ∝ M∗−0.28. Therefore, according to eq. (10),

Σe ∝ M∗0.03, which means that the flattening of the Σe–M∗
correlation is in agreement with the one observed in Fig. 3.
Note that these approximate calculations refer to an expo-
nential stellar disk (no bulge, no gas). The results presented
in Fig. 3 are for a disk that can contain gas and is not per-
fectly exponential, as well as a stellar bulge. In any case, this
approximation and our results are in a good agreement.

We conclude that the Σe–M∗ correlation of disk galax-
ies results with a slope steeper than 1/3 for low masses be-
cause the baryonic fraction that decreases as Mh (or M∗)
is smaller, while for larger masses the slope is flattened be-
cause the baryonic fraction that decreases as Mh (or M∗),
is larger. The slope of the Σe–M∗ relation can be even neg-
ative for higher masses if λ keeps constant. However, our
semi-empirical model shows that the spin parameter out of
which massive galaxies form, should decrease with the mass.
This decreasing provokes a compensation on the effect of
low values of fbar and make the slope of the Σe–M∗ rela-
tion almost flat at higher masses. A large survey of galaxies
with measured Σe values and stellar masses would provide
valuable information in the light of the predictions of our
semi-empirical approach. The surface density of galaxies is
remarkable affected by the astrophysical processes that coin
the fbar–Mh and λbar − Mh relations.

3.1.3 The Tully-Fisher relations

The predicted stellar and baryonic TF relations from our
semi-empirical mock catalog are plotted in Fig. 4 (black
dashed line surrounded by a gray area). Comparing both
figures, we observe a steepening on the TF relations at high
masses. We attribute this effect to the formation of large
bulges at high masses, which leads a whole baryonic mass
distribution to be strongly concentrated towards the cen-
ter of the galaxy. The peak of the baryonic circular velocity
component is shifted to the very inner radius as a result.
Since the total circular velocity is the sum in quadratures of
the halo and the baryonic contributions, at the radius where
the baryon component has now its maximum, the halo con-
tribution is low in such a way that the quadratic sum is also
low. The maximum velocity, Vmax, is attained at larger ra-
dius, where the disk component dominates more than the
bulge, but since the disk is now less massive and more ex-
tended, Vmax results lower than the one when the bulge was
smaller. The net result is that the Vmax–Mbar and Vmax–M∗
relations becomes flatten at large masses. In the case of the
Vmax–M∗ relation, it is important to notice that M∗ also in-
creases slightly as larger is the mass, this is because massive
galaxies are more efficient in transforming gas into stars.

It is quite encouraging that the predicted TF relations
are in good agreement with the observations. This fact con-
firms that the ΛCDM cosmology offers a natural explanation
on the origin of these relations (see extensive discussions in
Avila-Reese et al. 1998, 2008, and more references therein).
Note that there is not a problem in the zero-point of both
the stellar and baryonic TF relations, as it was suggested
in the literature1 (e.g., Dutton et al. 2007). Thus, by con-
struction the initial conditions used in our models, are in
agreement with the galaxy stellar and baryonic mass func-
tions. Recall that the fbar–Mh relation used as input here,
was constrained by using the observed baryonic mass func-
tion. In Fig. 5, we plot the fbar–Mh relation and its scatter
from our semi-empirical models and compare them with the
semi-empirical fbar–Mh relation taken from Calette et al.
(2018); the latter relation has been actually used as input
to generate our mock catalog. Therefore, this plot is just to
show that we have sampled well the input fbar–Mh relation.
In Fig. 5, it is also plotted the fs-Mh relation ( fs ≡ M∗/Mh)
and its scatter from our models, and it is compared with
the semi-empirical inference of this relation for blue galaxies
given in Calette et al. (2018); this relation is the one that
maps the ΛCDM halo mass function to the GSMF of blue
galaxies. The overall agreement between our prediction and
the semi-empirical inference implies that our semi-empirical
model would map well the observed GSMF.2

The bending is less pronounced for the baryonic TF re-
lation than for the stellar one, in good agreement with obser-
vations. Regarding the bending at high masses, it is difficult
to say whether observations exhibit also such a systematic
bending since very massive disk galaxies are rare, and the fit
to observations is just an extrapolation at the largest masses.
It would be interesting to have more observations of massive
disk galaxies in order to test this prediction.

3.1.4 The intrinsic scatter around the TF relations

The standard deviations in mass bins of our semi-empirical
models in the TF relations (associated to the 1σ intrinsic
scatter of these relations), are in general larger than the in-
trinsic scatter estimated from the observations.3 The lower
panels of Fig. 4 shows the logarithmic standard deviations of

1 The problem was originally enunciated for the semi-analytic

models: if the input parameters are tuned to fit the observed

GSMF, then the modeled galaxies might have too large Vmax for
their masses (or luminosities) in comparison with observations.
2 However, according to Fig. 5, at low halo masses, our galaxies
have systematically slightly higher fs values than those in Calette

et al. (2018); and the scatter around the fs -Mh relation signifi-

cantly increases. This is because in halos smaller than 1011 M⊙, a
fraction of the disk galaxy models are quite stable to the Toomre

criterion for gas transformation into stars and form small amounts
of stars or not form stars at all. The fraction of purely gaseous

galaxies increases as Mh decrease. Some fraction of these pure-gas

model galaxies should actually have small stellar masses, which
would contribute to lower the average values of fs at these masses.
3 In Avila-Reese et al. (2008), the compiled and homogenized
galaxy sample was not pruned to minimize the scatter as other

samples do it (the main goal of these samples was to use them for

calibrating the TF relation as distance indicator). Avila-Reese et
al. (2008) have also subtracted the observational errors in order

to estimate the intrinsic scatter of the TF relations.
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Figure 4. Stellar and baryonic TF relations from our (semi-empirical) mock catalog compared with observations (indicated inside the
panels). The dashed line and the gray area are the means and standard deviations calculated in small M∗ bins. Only galaxies with

B/T≤ 0.5 are considered.

Figure 5. Galaxy baryonic and stellar mass fractions as a func-

tion of Mh from the (semi-empirical) mock catalog. The means
and standard deviations are plotted with solid lines and shaded

areas, respectively. The blue lines are the means from the semi-

empirical inferences by Calette et al. (2018) for blue/late-type
galaxies. Our catalog was generated actually by using as input

the fbar–Mh from these authors.Only galaxies with B/T≤ 0.5 are
considered.

the Vmax–M∗ and Vmax–Mbar relations as a function of mass.
The semi-empirical models show a minimal scatter at stel-
lar and baryonic masses in between approximately 5 × 109

and 1.5 × 1010 M⊙. At lower and larger masses, the scatter
increases, specially for the stellar TF relation. Even in the
mentioned mass range, the model scatter is larger than the
estimated from the observations. The dashed horizontal lines
in both panels of Fig. 4 show the intrinsic scatters inferred
from the observations in Avila-Reese et al. (2008). The scat-
ter around the TF relation is a long standing problem of the
models in the context of the CDM cosmologies stated orig-
inally in Eisenstein & Loeb (1996) and Avila-Reese et al.
(1998).

In the next subsection, we will explore the role that
the initial parameters play on the scatter of the scaling TF
and size–mass relations. We will see that in the case of the
TF relations, the scatter is mainly produced by the disper-
sion in the halo concentration parameter C. At this point,
we should mention that the mock catalog was generated by
sampling the distributions of the parameters C, λbar and fbar

in the assumption that they are independent among them. If
these parameters are correlated among them, then the scat-
ter in the TF relations could reduce (or it could increase).
We leave for a future work the exploration in detail of these
possibilities.
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Figure 6. Correlations of the model input parameters λbar, fbar, and C with M∗ (left panels) and Mh (right panels) from our (semi-
empirical) mock catalog. The dashed lines are the means and the gray shaded areas represent the standard deviations. The correlations

of these parameters with Mh are actually a sampling of the assumed input relations and their scatters. Only galaxies with B/T≤ 0.5 are
considered.

3.2 The source of scatter in the disk scaling

relations

The predicted size–mass relations have a large scatter, while
the TF relations are much tighter, i.e., they have smaller
scatters. We explore further which parameters from the ini-
tial conditions are related to the scatters around these disk
galaxy (B/T≤ 0.5) scaling relations. First, we present how
the initial condition parameters, λbar , fbar, and C, correlate
with M∗ (left panels of Fig. 6). The correlations are actually

a result of the input dependences of λbar , fbar, and C on Mh,
shown for completeness in the right panels of Fig. 6. How-
ever, since our semi-empirical model results agree very well
with several of the observed scaling correlations, we can say
also that our models constrain in an empirical fashion the
values and how the λbar , fbar, and C parameters correlate
with M∗ or Mh. This was discussed already for the case of
the spin parameter in §§3.1.1.

In Fig. 7, we plot the residuals of the Re–M∗ and Vmax–
M∗ scaling relations vs. the residuals of the dependences of
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Figure 7. Residuals of the stellar TF and Re–M∗ relations vs. the residuals of the λbar−, C−, and fbar–M∗ correlations. The correlations

among these residuals show how much the origin of the scatters around the scaling relations depend on the “initial” parameters. Only
galaxies with B/T≤ 0.5 are considered.

λbar, C, and fbar on M∗ (see Fig. 6). This plot shows us how
much the “input” parameters affect the intrinsic scatter of
the scaling relations of disk galaxies (B/T≤ 0.5). The disper-
sion around the Re–M∗ relation is large and it is produced
actually by the three parameters (the residuals of these re-
lations correlate with the residuals of the three parameters).
The main source of scatter, at a given M∗, is λbar: the larger
the λbar, the larger is the galaxy size; the slope of the corre-
lation ∆lgRe vs. ∆lgλbar is higher than 1. The second source
of scatter is fbar; the higher the fbar, the smaller is the galaxy
size, with a correlation slope around 1. The residuals of the
Re–M∗ relation correlate only weakly with the residuals of
the C − M∗ relation (the scatter is large in the right upper
panel of Figure 7), in the sense that, for a given M∗, more
concentrated halos tend to produce galaxies with smaller Re,
i.e., more concentrated in their stellar mass distributions.

The dispersion around the Vmax–M∗ relation, which is
small, is produced mainly by the C parameter. For a given
M∗, the higher the halo concentration C, the larger is the
galaxy Vmax. The correlation among the residuals is tight

with a slope around 1. The ∆lgVmax residuals anticorrelate
weakly with the ∆lgλbar and ∆lg fbar residuals (slopes are
negative for both parameters). Thus, the scatter around the
TF relation is small because its source is practically only the
scatter of the C parameter.

We have also studied the correlations among the residu-
als of the baryonic size–mass and TF relations and the resid-
uals of the λbar–Mbar, C–Mbar, and fbar–Mbar relations. They
are actually similar to those of the stellar case discussed
above, though more scattered in the case of the size-mass
relation and less scattered in the case of the TF relation.

3.3 Correlations among the residuals of the TF

relations vs residuals of radius-mass relations

In Fig. 8, the correlation among the residuals of the Re–M∗
and Vmax–M∗ relations (left panel), and among the residuals
of the Re,bar–Mbar and Vmax–Mbar relations (right panel) are
shown. The dashed lines and shaded blue areas correspond
to the means and standard deviations. For exponential disks
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Figure 8. Residuals of the stellar and baryonic TF relations vs. the residuals of the respective stellar and baryonic effective radius–mass

relations. The residuals are in dex. The blue lines correspond to a slope of −0.5, valid for exponential disk galaxies without dark halo
and bulge. The absence of correlation is indicative of dark matter dominion at radii where Vmax is attained. The green lines are the

orthogonal linear fits to the observations presented in Avila-Reese et al. (2008). Their slopes are indicated inside the panels.

without dark matter, the logarithmic residuals of the radius–
mass and Vmax–mass relations anti-correlate with a slope of
−0.5 (Courteau & Rix 1999, blue line in the panels). This is
because for a given mass, the smaller the disk scale radius
(the more compact the disk), the higher is Vmax (the more
peaked is the circular velocity rotation). The presence of a
dark matter halo, softens this dependence and in the case of
dark halo dominion, the dependence may completely disap-
pear: Vmax is determined by the halo internal mass distribu-
tion and it does not depend on the disk component. Our re-
sults show that there is a weak and scattered anti-correlation
among the residuals both for the baryonic and stellar scaling
relations, implying that the semi-empirical disk galaxies are
mostly dark matter dominated already at radii around the

one where Vmax is attained. However, a weak anti-correlation
is seen, meaning that there is a little trend: those galaxies
that at a given mass deviate to larger Vmax values tend to
have smaller effective radii.

The weak anti-correlations among the residuals of the
scaling relations of model galaxies are similar to those in-
ferred from observational samples (e.g., Dutton et al. 2007;
Courteau et al. 2007; Avila-Reese et al. 2008). If any, the
latter authors have found that the correlation in the bary-
onic case is slightly stronger and steeper than in the stellar
case. These authors interpreted this difference as a compen-
sation effect in the TF and size–mass relations when passing
from the baryonic to the stellar quantities (see Firmani &
Avila-Reese 2000). Our results are surprisingly similar to
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these empirical inferences; the green lines in Fig. 8 are the
orthogonal linear fits to their data presented in Avila-Reese
et al. (2008).

4 THE INNER MASS DISTRIBUTIONS OF

THE SEMI-EMPIRICAL DISK GALAXIES

We have found in the previous section a weak and shal-
low anti-correlation among the residuals of the baryonic and
stellar scaling relations, which suggests nearly dark matter
dominion at radii where the maximum circular velocity is
achieved (see Fig. 8). Our goal in this section is to study
in more detail the inner mass distributions and dynamics of
the galaxy disk-bulge-halo systems build up inside ΛCDM
halos. The fbar–Mh relation used as the“astrophysical” input
in our model, and the closely related stellar fraction, fs–Mh

relation (Fig. 5, recall that fs ≡ M∗/Mh) summarize the key
aspects of galaxy formation and evolution of galaxies within
the ΛCDM halos. We will explore now how these relations do
project into the inner mass distributions of the disk galaxy
systems, within optical radii of the galaxies instead of the
hypothetical virial radius.

4.1 The inner baryon and dark matter mass

fractions

In Fig. 9, we present the direct measures of the baryon
(bulge+disk) mass fraction (i.e., the amount of baryon mat-
ter with respect to the total one) in the semi-empirical galax-
ies as a function of Vmax, Σe and M∗. The solid lines and
shaded areas are the means and standard deviations of this
fraction, Mbar/Mtot, measured up to one stellar effective ra-
dius, Re, for our disk (B/T≤ 0.5) nongaseous galaxies. The
green dots and error bars correspond to the galaxies with
B/T> 0.5. The dashed lines are the means of the measured
mass fractions at 0.5, 1.5 and 2.0Re, from top to bottom,
respectively. Note that the corresponding dark matter mass
fractions are 1 − Mbar/Mtot. From Fig. 9, we learn that:

• The baryon mass fraction at 1Re has a maximum on av-
erage for galaxies with Vmax ≈ 200 km/s, Σe ≈ 500 M⊙/pc2,
and M∗ ≈ 5 × 1010 M⊙. These maximal baryon fractions are
slightly above 0.5, i.e. the above mentioned galaxies have
a slight domination of baryon matter over dark matter at
1Re. At values lower and higher than these, the mass ratios
decrease. The decreasing is more pronounced for the depen-
dence on M∗. Such a behavior of the inner baryon mass frac-
tion is partially a consequence of the global fbar–Mh relation
of disk galaxies used as input in our stationary model. This
implies that the fbar–Mh relation (or the closely related fs–
Mh relation) has a clear imprint in the inner galaxy and halo
mass distributions.
• As expected, the baryon (dark matter) mass fraction

increases (decreases) as the radius is smaller, but for small,
low-density galaxies, the differences between 0.5 and 2.0Re

are on average very small (the galaxies are already dark mat-
ter dominated since ∼ 0.5Re), while for larger, higher-density
galaxies, the differences are more notorious, being many gi-
ant galaxies baryon-matter dominated at 0.5Re but dark-
matter dominated already at 2Re. It is interesting that for
Milky-Way sized galaxies, contain on average 50% of baryons

and 50% of dark matter at 1Re, while for 2Re, the propor-
tion change on average to 40% of baryons and 60% of dark
matter.
• The baryon mass fraction at 1Re depends more tightly

on Σe than on M∗ and Vmax. This can be seen from the small
scatter in the medium panel with respect to the left and right
ones. The inner baryon mass fraction in the ΛCDM-based
semi-empirical galaxies is determined by both the galaxy
surface density (concentration) and the mass, but it domi-
nates the first one.
• For the subsample of bulge-dominated semi-empirical

galaxies (green dots with error bars), which are mostly high-
Vmax, massive galaxies, the baryon mass fractions at 1Re are
high, being most of them actually baryon matter-dominated
at this radius.

Our results clearly show how are expected to be the
“luminous” and dark matter distributions in disk galaxies
formed in ΛCDM halos. An interesting prediction is that
very massive, high-surface density galaxies become dark
matter dominated already at 1Re. The trend of increasing
the baryon matter domination as galaxies are more massive
and of higher surface density is broken, and the reason is
that the halo baryon fraction, fbar, decreases significantly
with Mh for massive halos. Note that massive galaxies could
be even more dark matter dominated than we show in Fig. 9
if the halo spin parameter λ would have remained the same
for the baryons (detailed angular momentum conservation).
After have explored a decreasing of the initial spin parame-
ter out of which galaxies form as Mh is larger, the galaxies
are more concentrated and hence, increase their contribu-
tion to the total mass in the inner regions. But not enough
as to dominate over dark matter at radii ∼ 1Re.

4.2 Galaxy-to-total maximum velocity ratios

The ratio of disk (or disk + bulge) to total circular velocity
is a quantity related to the “luminous”-to-dark matter ratio.
The velocities can be defined (and measured) at a given
radius or estimated at their respective maxima (the total
one, Vmax, comes directly from observations while the disk
or disk+bulge ones are inferred from the observed luminosity
mass distributions or from vertical disk dynamics studies).

In Fig. 10, we plot three circular velocity ratios vs. some
global properties: Vmax, the effective stellar (bulge + disk)
surface density Σe, and M∗. The model results for the disk
galaxies (B/T≤ 0.5) are shown as the averages and stan-
dard deviations calculated in small bins of these properties
(dashed lines and shaded areas, respectively). We also show
the corresponding means and standard deviations for the
“early-type” subsample, i.e. those models with B/T> 0.5

(green dots with error bars, respectively). Recall that a sig-
nificant fraction of the low-mass model galaxies are gaseous,
so they can not be plotted in the panels where stellar quanti-
ties appear (central and right columns). However, in the first
column, they can be included and are plotted with red dots
and error bars. The upper panels are for the ratio of disk cir-
cular velocity to total circular velocity at 2.2RD , where RD

is the baryonic disk scale length (exponential by definition).
The medium panels are for the ratio of the maximum cir-
cular velocity of the disk component, VD,max, to Vmax while
the lower panels are for the ratio of the baryonic (bulge +
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Figure 9. Baryon-to-total mass ratio at a given radius, Mbar/Mtot, of the semi-empirical galaxies as a function of Vmax, Σe, and M∗. The

solid lines and shaded areas are for measures of this ratio at 1 Re (the means and standard deviations, respectively). The dashed lines,
from top to bottom, are the means of the Mbar/Mtot ratio measured at 0.5, 1.5, and 2.0 Re , respectively. The green dots with error bars

are the means and standard deviations of this ratio at 1 Re for the sample of B/T> 0.5 galaxies.

disk) maximum circular velocity, Vbar to Vmax note that the
disk or disk+bulge maximum circular velocity may occur at
radii different to the one where the total circular velocity
has its maximum.

The VD,2.2/V2.2 and VD,max/Vmax ratios of the semi-
empirical model galaxies are almost always lower than 0.6,
far from the disk-dominated case which has values of 0.75–
0.85 (Sackett 1997) (not taking into account a bulge). At
low Vmax, Σe, and M∗ the ratios slightly decrease as lower
are these quantities. At Vmax ≈ 150 km/s, Σe ≈ 200 M⊙/pc2,
and M∗ ≈ 2×1010 M⊙, these ratios have a shallow maximum,
and for larger values the ratios decrease. Determinations of
the VD,2.2/V2.2 ratio (which is close to the VD,max/Vmax ratio
for small-bulge galaxies) with vertical-disk dynamics studies
using spectroscopical data were carried out by Bershady et
al. (2011). For the small sample these authors present, they
infer a correlation of the VD,2.2/V2.2 with Vmax, which we re-
produce with a solid line (the dotted lines show the scatter
of their correlation). The low-velocity semi-empirical model
galaxies have larger velocity ratios than those of the small
observational sample by Bershady et al. (2011). If we include
the significant fraction of gaseous model galaxies (red dots
and error bars), then the agreement would be better. It is
likely that our algorithm for gas transformation into stars
based on a simple Toomre instability criterion underpredicts
the amount of stars formed at our lowest halo masses Ber-
shady et al. (2011) velocity ratios seem to be too low; pre-

vious studies with similar techniques showed higher ratios,
around 0.6 (e.g., Bottema 1993). The sample of this author
was small, only 12 galaxies, and he did not find a dependence
of VD,2.2/V2.2 on luminosity or Vmax. At maximum velocities
around 200 km/s, the velocity ratios of the Bershady et al.
(2011) and (Bottema 1993) observations are of the order of
our predictions. However, for the observational sample from
the former authors, it seems that the VD,2.2/V2.2 ratio contin-
ues increasing with Vmax, while in our mock sample, the ra-
tio at these values decreases with Vmax. Unfortunately, there
are not dynamical observational determinations for galaxies
with Vmax values larger than ∼ 250 km/s.

Zavala et al. (2003) provided estimates of the
VD,max/Vmax ratio for 79 disk galaxies, whose properties
were compiled from the literature (it is the same sample
used in Avila-Reese et al. 2008). Their data are plotted in
Fig. 10 (color dots). The data do not show a significant
correlation with Vmax nor with M∗, but a trend of increas-
ing VD,max/Vmax with Σe is seen. At low values of Vmax,
Σe, and M∗ the semi-empirical galaxies are in rough agree-
ment with the observational inferences, but at large values of
these quantities, the semi-empirical galaxies decrease their
VD,max/Vmax ratios with respect to the observational infer-
ences. Recall that the disk velocity contribution in the mas-
sive models becomes smaller in favor of a bulge component
that increases the total maximum circular velocity, Vmax.
So, it could be that when the bulge is significant, too much
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Figure 10. Different “luminous”-to-total velocity ratios as a function of Vmax, Σe and M∗ for the semi-empirical mock disk galaxy catalog

(B/T≤ 0.5); the dashed lines and shaded areas are the means and standard deviations, respectively. Green dots with error bars correspond

to the sample of galaxies with B/T> 0.5. The red dots with error bars correspond to the sample of purely gas disk galaxies; they can not
be plotted in the medium and right panels because they do not have stars. Upper panels: Disk-to-total velocity ratio measured at 2.2 scale

radii of the baryonic disk. Medium panels: Maximum disk-to-maximum total velocity ratio. Lower panels: Maximum disk+bulge-to-total

velocity ratio.

of the inner disk has been reduced. On the other hand, it
should be said that the observational inferences could be
contaminated partially by a bulge component at the time of
estimating VD,max.

In the lower panels of Fig. 10, the disk+bulge veloc-
ity component is used. As expected, this component is now
higher than in the only disk case, specially for the larger and

higher surface density model galaxies. From our results, we
see that in general the inclusion of the bulge increases signif-
icantly the maximum circular velocities ratios; this is even
more notorious for the B/T> 0.5 galaxies (green dots with
error bars). The circular velocity decompositions into bulge,
disk and halo from observations are actually not trivial. On
the other hand, the total velocity maxima can be at very
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different radii than those where the disk or disk+bulge max-
ima are attained. Therefore, these ratios are not reflecting
already the luminous-to-dark matter contents at a given ra-
dius, specially for the bulge-dominated or dark-matter dom-
inated galaxies.

Unfortunately, observational samples with structural
and dynamical information are scarce and do not allow for
a full disk-bulge-halo decomposition in such a way that we
can get the maximum circular velocities for each component
and compare with our predictions.

For all the maximum velocity ratios presented in Fig. 10,
there is a general trend: these ratios as a function of Vmax, Σe

and M∗ follow a bell-shaped dependence; after a maximum,
they decrease as smaller/less dense and larger/more dense
are the galaxies. The latter behavior could seem unexpected,
but, as we will see below, its related to the dependence of fbar

on Mh used as an input in our static model of disk galaxies.

4.3 The outer slope of the circular velocity curves

A debated question in the literature is the one related to
the rotation velocity shape of disk galaxies (e.g., Persic &
Salucci 1997; Catinella et al. 2006). Are the rotation curves
described by an universal profile? Do the parameters of this
profile depend more on luminosity (or M∗) or in surface
brightness or any other galaxy property? The answers to
these questions are tightly related to how are distributed
the luminous and dark matter mass components.

Here, we focus only on the outer slope of the circular ve-
locity profiles. By outer we understand galaxy radii further
away the radius where the luminous (bulge + disk) com-
ponent attained its maximum. For example, in the case of
an exponential disk-dominated system, where the maximum
is attained at ≈ 2.2RD , or equivalently, ≈ 1.3Re, the outer
slope could be measured let say at ∼ 3RD . Because of our
galaxies are composed of bulge, disk and halo, it is not so
obvious where is the maximum. If the halo dominates, then
the maximum happens typically at radii larger than the one
of the disk component. The opposite happens if the bulge
dominates. In order to assure a region far away the maxi-
mum of the bulge+disk component, we measure the slope of
the circular velocity profile in between 3.0 and 3.5RD , αout.
This can be considered as an outer radius in the sense of the
luminous galaxy. We could measure the slope at even outer
radii, but in the hope to compare in the future our results
with observational determinations, it is better to keep the
measure not too further away. The observational measures
of the rotation velocities do not extend typically to much
outer radii.

In Fig. 11, we plot the dependence of the outer slope of
the total circular velocity curves (αout) of our semi-empirical
disk galaxies as as function of Vmax, Σe, and M∗. According
to the figure, αout correlates with these three galaxy prop-
erties, but more with Σe (the tightest correlation is with
this property), implying that outer shape of the circular ve-
locity is mainly determined by the galaxy surface density.
In the case of this correlation, we have actually obtained
the means and standard deviations for the mock galaxies
smaller than M∗ = 5 × 1010 M⊙ separate from those larger
than this mass. Recall that an important result from our
semi-empirical mock galaxy catalog is that the Σe–M∗ corre-
lation flattens at the high-mass end (see subsection 3.1.1 in

the previous section) in such a way that increasing M∗, Σe

almost already does not increase. This behavior in combina-
tion with that α strongly increases with M∗ at high masses,
make that in the αout–Σe plane appeared a clear bimodality
driven by mass. In order to take into account such a bimodal-
ity at the time of obtaining means and standard deviations,
we have separated our mock sample into two groups by the
mass criterion mentioned above.

Small, low-surface density galaxies have rising circular
velocities (αout > 0) at 3–3.5RD , but as the surface den-
sity and galaxy size increase, the slope becomes flatter and
even decreasing (αout < 0). However, for M∗ & 5 × 1010 M⊙
(Vmax & 200 km/s) the slope again increases on average; the
velocity profiles are rising for the largest disk galaxies. In
other words, the baryonic component is sub-dominant for
these galaxies and the total circular velocity curve is mainly
the one of the dark matter halo at these radii. This is in
agreement with the above reported luminous-to-total mass
contents at 1.5 and 2Re, see Fig. 9. The circular velocity
profiles of large galaxies are rising at large radii mainly be-
cause these galaxies become dark matter dominated, as the
low-mass ones.

What about the dependence of αout on Σe for high-
surface density galaxies? According to Fig. 11, on average
αout would continue decreasing up to the largest possible
values of Σe. When separated by mass, many of the most
massive galaxies can have lower values of Σe and positive val-
ues of αout. A clear bimodality in the αout–Σe plane appears.
This is why we plot the means and standard deviations in
this plane separated by mass.

Our results show that a way to probe the luminous-
to-total content of galaxies yet within optical radii, is by
the outer shape of the rotation curves. With the advent of
large galaxy surveys, large samples of galaxies with rotation
curves measured up to 3–3.5RD (1.5-2Re) will be available,
and it will be possible then to test whether their outer slopes
have the dependences that we have found in our ΛCDM-
based semi-empirical disk galaxies. The secondary sample
of the MaNGA/SDSS-IV survey (Bundy et al. 2015) is de-
signed to attain 2.5Re. Therefore, we will have optical rota-
tion curves at least up to this radius for ∼ 1500 galaxies, for
which most of the optical properties will be also available.

5 SUMMARY AND CONCLUSIONS

The cosmological ΛCDM scenario provides the most suit-
able context to interpret the nature, origin and evolution
of galaxies, in particular those which are more common in
the local Universe: disk galaxies (see e.g. Mo et al. 1998;
Avila-Reese et al. 1998; Avila-Reese & Firmani 2000; Avila-
Reese et al. 2008; Firmani & Avila-Reese 2000; Gnedin et al.
2007; Dutton et al. 2007). In the present work, we explored
the consistency of this scenario with the main observational
correlations of a local disk galaxy population, taking into
account the recent semi-empirical inferences of the baryonic
fraction, fbar=Mbar/Mh, as a function of the halo mass, Mh.
The fbar–Mh (or Mbar–Mh) relations contains the informa-
tion of the main astrophysical processes that operate in the
evolution of galaxies as a function of the mass, such as the
falling and cooling of the gas towards the halos and galax-
ies, the star formation, the feedback of this process towards
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Figure 11. Outer slope of the circular velocity of our semi-empirical galaxies as a function of Vmax, Σe, and M∗. The solid lines and

shaded areas are the means and standard deviations. In the case of Σe (medium panel), we have calculated these means and standard
deviations separated into galaxies smaller and larger than M∗ = 5 × 1010M⊙ because a strong bimodality driven by mass appears in the

αout–Σe plane.

the interstellar medium, as well as active galactic nuclei,
etc. The M∗/Mh–Mh, Mg/Mh–Mh relations and consequently
Mbar/Mh–Mh(including their intrinsic scatter) were inferred
for the first time for both local late- and early-type galaxies
(Rodŕıguez-Puebla et al. 2015; Calette et al. 2018). We used
such corresponding inferences for blue/late galaxies.

A “static” (non-evolutionary) model of a disk galaxy
population was implemented as a tool, which consisted of
loading discs in a centrifugal equilibrium in ΛCDM halos,
taking into account the adiabatic contraction exerted by the
halo internally due to the galaxy formation effects (Mo et
al. 1998). The model was extended to include the formation
of bulges by following the formalism applied in Dutton et
al. (2007). The initial conditions used in the static model
were those from the “cosmological” halo properties (Mh, λh
and C), as well as those from observational correlations in-
ferred in Calette et al. (2018), such as M∗–Mh Mg–Mh and
hence fbar–Mh relations, which summarizes the astrophysi-
cal processes of the incorporation and loss of baryons in the
galaxies. All parameters where taken from statistical distri-
butions.

Once established a semi-empirical approach, we pro-
ceeded to generate a synthetic catalog of 40,000 local disk
galaxies covering a range of halo mass of 1010 to 1014 M⊙.
In order to be consistent with observations, we take into
account only disk galaxies with the B/T ratio less than or
equal to 0.5. The fraction of galaxies with B/T > 0.5 is low
(≈ 11%) and applies only to massive galaxies. Below we de-

scribe the main conclusions related with the galactic global
scaling relations:

• We have operated on the parameters which control disk
instabilities in order to make them “artificially”more unsta-
ble while more massive are their halos because of the merger
effects. We have decreased the spin parameter of gas out
of which galaxy forms, and we achieve that the most mas-
sive galaxies were in agreement with the mass-size relation,
as well as the observed correlations B/T–M∗ and Mg-M∗.
Thus, our method might be understood at this point as a
sophisticated semi-empirical form to determine the initial
spin parameter from which the observed disk galaxies were
formed, λbar as a function of M∗ and Mh, and applied to
masses up to M∗ ≈ 3 − 5 × 1010 M⊙.

This parameter is similar in magnitude and distribution
(Schechter-like function) to the halos ΛCDM (λ average of
0.037 without a dependency with Mh), but at larger masses,
decreases with Mh like a λbar ∝ −0.0095 log Mh or, as a func-
tion of M∗, like λbar ∝ −0.0126 log M∗, meaning that, there
is a loss of angular momentum at higher masses. The dis-
persion of the original “cosmological ” distribution is main-
tained, in a such a way that it was possible to reproduce the
dispersion observed in the radius-mass relations.
• The Re–M∗ and Re,D–M∗ relations have a considerable

dispersion, which increases for less massive galaxies. These
dispersions are similar to those inferred in the observations.
A parity of M∗ , dispersion has its main source in the dis-
persion of λbar : as λbar increases, the radius also increases.

MNRAS 000, 1–27 (2019)

42 Paper: The galaxy-halo connection



20 Mancillas et al.

However, we found that fbar is also a source of dispersion
and a to much lesser degree, the concentration parameter C.
• Once radius-mass, B/T– M∗ and Mg/M∗–M∗ relations

were reproduced, the predicted stellar and baryonic TF re-
lations are in excellent agreement with the observations. In
particular, we do not find any problem with zero points,
since by construction our models are in agreement with the
baryonic (and stellar) mass function inferred from observa-
tions. For lower masses, the stelar TF relation suffers a bend-
ing which apparently also shows the dwarf galaxies. At a
level of baryonic TF this bending is much less noticeable. At
very high masses, semi-empirical models also show a bend-
ing that will be interesting to check whether observations
are given or not.
• The dispersion in the predicted TF relations is moder-

ate and is produced mainly by the dispersion on the con-
centration, C. The λbar and fbar parameters do not seem to
be a source of dispersion and hence the stellar and baryonic
TF relations are very robust to variations for these param-
eters. However, the intrinsic dispersion in the TF relations
of the semi-empirical models are larger than the observa-
tions presented. This result could be a potential problem,
although we note that the catalog was constructed under
the assumption that the dispersions in λbar , C and fbar are
independent. In case that there was a certain correlation be-
tween C and the other two parameters, the dispersion in the
TF could decrease (or even increase!).
• The residuals of Re–M∗ and Vmax–M∗ relations anti-

correlate very weakly with a slope much smaller than −0.5

and according to certain observational inferences. Something
similar occurs with residuals of the baryonic scaling rela-
tions, showing a slightly larger anti-correlation. The anti-
correlation between the residuals and a low slope is an ev-
idence that the disk + bulge component in the rotational
speed is less dominant, i.e., the dark halo component is more
predominant.

In Section 5 we studied in more detail the contributions of
the circular velocity by the disk and the disk + pseudo-bulge
+ bulge system, as well as the internal mass distributions in
disk galaxies. Main results are presented below:

• The “luminous” mass fraction increases towards more
central radius, although for small galaxies with low surface
density, the increasing is minimal. For example at 0.5 Re,
these galaxies are already dominated by dark matter. Our
results show that a galaxy similar to Milky Way contains on
average 50 % of baryons and 50 % of dark matter at 1 Re;
The ratio changes on average to 40 % and 60 % respectively.
• The disc to total velocities ratios at 2.2RD and 2.2RD ,

VD,2.2/V2.2, is almost less than 0.6 far from the case of“maxi-
mum disk”(0.75-0.85). For semi-empirical galaxies, this ratio
decreases on average with Vmax, Σe and M∗ on the side of
low values of the global galaxy properties. The peak reaches
a soft maximum (about 0.6) to Vmax ≈ 150 km/s, Σe ≈ 200

M⊙/pc2, and M∗ ≈ 2 × 1010 M⊙, and for larger values, the
VD,2.2/V2.2 ratio decreases again. Compared with vertical dy-
namics spectroscopic studies in disc galaxies that infer these
ratios for very small samples, our results are very consistent
within the uncertainties.
• The VD,max/Vmax velocities ratio (where the maximum

can vary at different radius) shows a behavior with Vmax,
Σe and M∗ similar to the one mentioned above: the ratio

grows as these properties increase in value, reaching a given
maximum, and for the case of larger and dense galaxies,
this ratio decreases again. This behavior is a footprint of
the fbar–Mh relation used as the initial condition in semi-
empirical models. When the maximum velocity of the disk +
bulge is used, the VB+D,max/Vmax ratio, increases, especially
for the most massive and high surface densities galaxies.
Unfortunately, there are not many observational data of this
type to confront predictions.
• An amount that could be obtained observationally for

galaxy surveys and which is related to the “luminous” to
dark mass ratio, is the external slope (between 3 and 3.5
RD) of the rotation curve, αout. We calculate αout for our
semi-empirical galaxies and found that the slope correlates
with Vmax, Σe and M∗, but more with Σe , implying that it is
the surface density the one that affect more to the external
shape of the rotation curves.
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Rodŕıguez-Puebla, A., Avila-Reese, V., & Drory, N. 2013, ApJ,
767, 92
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Terzić, B., & Graham, A. W. 2005, MNRAS, 362, 197
Tinker, J., Kravtsov, A. V., Klypin, A., et al. 2008, ApJ, 688,

709-728

Toomre, A. 1964, ApJ, 139, 1217
Toomre, A. 1977, Evolution of Galaxies and Stellar Populations,

401

Trujillo, I., Erwin, P., Asensio Ramos, A., & Graham, A. W. 2004,
AJ, 127, 1917

Trujillo, I., Conselice, C. J., Bundy, K., et al. 2007, MNRAS, 382,

109
Tully, R. B., & Fisher, J. R. 1977, A&A, 54, 661

van den Bosch, F. C. 2000, ApJ, 530, 177
van den Bosch, F. C., Abel, T., Croft, R. A. C., Hernquist, L., &

White, S. D. M. 2002, ApJ, 576, 21

van Zee, L., & Bryant, J. 1999, AJ, 118, 2172
Vikram, V., Wadadekar, Y., Kembhavi, A. K., & Vijayagovindan,

G. V. 2010, MNRAS, 409, 1379

Weinzirl, T., Jogee, S., Khochfar, S., Burkert, A., & Kormendy,
J. 2009, ApJ, 696, 411

Wechsler, R. H., & Tinker, J. L. 2018, ARA&A, 56, 435

Wyse, R. F. G., Gilmore, G., & Franx, M. 1997, ARA&A, 35, 637
York, D. G., Adelman, J., Anderson, J. E., Jr., et al. 2000, AJ,

120, 1579
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APPENDIX A: THE STATIC MODEL

A1 A disk-halo model

The halo is assumed to be spherical and with an initial NFW
density profile (Navarro et al. 1997):

ρ =
4ρs

(r/rs )(1 + r/rs )2
, (A1)

where rs is the characteristic radius at which the logarithmic
slope of the density distribution dlnρ/dlnr = −2 and ρs =
ρ(rs ). We define the virial radius, Rvir , as the radius that
encloses a mean density equal to ∆vir times the mean density
of the universe, where ∆vir is obtained from the spherical
top-hat collapse model. The halo mass profile obtained by
integrating equation (A1) is:

M (r) = 8πρsr3
s

[
1

1 + Cx
− 1 + ln(1 + Cx)

]
, (A2)

where x ≡ r/Rvir and

C =
Rvir

rs
(A3)

is the NFW concentration parameter. We also define the
virial velocity Vvir as the circular velocity at the virial radius,
V2
vir
= GMvir/Rvir , where G is the gravitational constant,

Mvir is the virial mass and Rvir is the virial radius.
The angular momentum of the halo is expressed through

the so-called spin parameter λ:

λ =
Jvir |E |

1
2

GM
5
2

vir

=
Jvir/Mvir√
2RvirVvir

f
1
2
c , (A4)

where Jvir is the total angular momentum at the virial ra-
dius, E is the halo energy and

fC =
C

2

1 − 1/(1 + C)2 − 2ln(1 + C)/(1 + C)

[C/(1 + C) − ln(1 + C)]2
, (A5)

which measures the deviation of E from a singular isother-
mal sphere with the same mass (see MMW98). The spin
parameter is a measure of the centrifugal rotational support
of a structure against the potential energy. For λ = 1, the
structure is fully supported by rotation, while for λ << 1,
rotation is not important for the virial equilibrium.

Due to the gravitational effects produced by forming
galaxies, the halo contracts its inner regions. This happens
when baryons cool and concentrate in the center of the
spheroid, modifying the shape of the gravitational poten-
tial. Since this process is slow with respect to the dynam-
ical time of the system, the halo contracts to conserve its
adiabatic invariants taking into account that its spherical
symmetry remains. In this way, the angular momentum of
individual dark matter particles, which moves on circular
orbits, is conserved during contraction. Therefore, a particle
that is initially (before the formation of the disk) at radius
ri , ends up at radius r f , where

GMf (r f )r f = GMi (ri )ri . (A6)

Here Mi (ri ) is given by equation (A2) (NFW profile) and
Mf (r f ) is the total final mass within r f . The final mass is
the sum of the dark matter mass inside the initial radius
ri and the mass of an exponential disk (Blumenthal et al.
(1986)):

Mf (r f ) = Md (r f )+Mh, f (r f ) = Md (r f )+ (1− fbar)Mi (ri ), (A7)

where fbar is the fraction of the total mass locked in the
baryonic disk of mass Md, that is, fbar ≡Md/Mh, and

Md (r) = Md

[
1 −

(

1 +
r

RD

)

e−r/RD

]
. (A8)

Thus, from equations (A6) and (A7), we can find iteratively
a contraction factor Γ(ri ) ≡

r f
ri
, which allows us to calculate

the mass distribution of the contracted dark matter halo.
The relation between ri and r f can be generalized as

r f = Γ
νri, (A9)

where ν is a free parameter and varies according the type
of contraction. For example, ν = 1 is the standard contrac-
tion for radial orbits from Blumenthal et al. (1986), ν = 0

is for non contraction, and ν < 0 corresponds to models of
expansion of the inner dark matter halo instead of contrac-
tion. In Dutton et al. (2007) it was proposed that most of
halos actually should expand due to galaxy formation, be-
cause of the strong effects of SN-driven outflows. In a more
standard context, based on numerical cosmological hydrody-
namical simulations, Gnedin et al. (2004) have found that
the Blumenthal et al. (1986) adiabatic contraction formal-
ism should be slightly corrected (the particle orbits deviate
from the pure circular motion). The corrections suggested
by their results is such that instead of the standard value
ν = 1, one should use ν = 0.8. This is the value that we will
use in our model.

In the static model of disk galaxies in centrifugal equi-
librium loaded inside ΛCDM halos, it is assumed that the
baryons initially had the same density profile and angular
momentum distribution as the dark matter. Therefore, if we
assume detailed angular momentum conservation (i.e., the
specific angular momentum of the disk, Jgal/Md remains the
same as that one of the halo, Jvir/Mh), then the spin param-
eter of the baryons that will form the disk is the same than
the halo one, λbar = λh. If this assumption is relaxed, then

λbar ≡
(

jgal

fbar

)

λh, (A10)

where

jgal = Jgal/Jvir . (A11)

The total angular momentum for a disk with a surface
density distribution Σ(R) and a circular velocity profile V (R)

is

Jgal = 2π

∫ Rvir

0
Σ(R)RVT(R)RdR. (A12)

We assume that the disk has an exponential surface density
distribution Σ(R) = Σ0 exp(−R/RD ), so that

Jgal = MdRDVvir fV , (A13)

where

fV =
1

2

∫ Rvir /RD

0
e−uu2 V (uRD )

Vvir
du, (A14)

a factor that takes into account the gravitational effects of
the disk. Assuming that the angular momentum of the disk
is a fraction of the total angular momentum of the halo (i.e.
Jgal = jgal Jvir ), we can combine equations (A4) and (A12)
to obtain:

RD =
1
√

2

(

jgal

fbar

)

λbar Rvir f
−1/2
c f −1

V , (A15)
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with λbar=λh when detailed angular momentum conserva-
tion is assumed.

Once calculated the scale radius RD , we can calculate
the (total) circular velocity VT(R), which is the sum in
quadrature of contributions from disk and halo:

VT
2(R) = VD

2(R) +VH
2(R), (A16)

where

VH
2(R) = G[Mf (R) − Md (R)]/R, (A17)

and

VD
2(R) =

GMd

RD
2y2 [

I0(y)K0(y) − I1(y)K1(y)
]

(A18)

is the circular velocity produced by an exponential disk,
where y = r/(2RD ), and In and Kn are modified Bessel
functions (Freeman 1970). However, in order to define RD ,
according to eq. (A15), we should know the total circular
velocity profile (see eq. A14). This circularity leads us to
use an iterative approach in order to calculate the final disk
scale radius RD of the disk in centrifugal equilibrium with
the potential of the cosmological halo contracted on its own
by this disk.

A2 A disk-bulge-halo model

In this Section, we describe the inclusion of a bulge proposed
to be formed by internal instabilities of the disk, following
Dutton et al. (2007, hereafter D+2007). The baryonic mass
of the galaxy is now the sum of a disk and a bulge:

Mbar ≡ fbarMvir = Md + MB. (A19)

The bulge-to-disk mass ratio is defined as:

θ ≡ MB

Md
(A20)

and the disk mass and the bulge mass are given in terms of
this ratio, so that

Md =
1

1 + θ
fbarMvir, (A21)

and

MB =
θ

1 + θ
fbarMvir . (A22)

According to eq. (A11), the fractional angular mo-
mentum of the baryons is given by jgal = Jgal/Jvir . Let
Jb = jb Jvir be the original angular momentum of the bary-
onic material out of which the bulge forms. However, dur-
ing the bulge formation process this angular momentum is
transferred to the disk plus the halo, and therefore the final
angular momentum of the bulge is zero (D+2007). If ft is
the fraction of Jb that is transferred to the disk, then the
final angular momentum of the disk is

Jgal = [ jgal − (1 − ft ) jb]Jvir, (A23)

and the specific angular momentum of the final disk is

Jgal

Md
= (1 + θ)(1 − flost )

(

jgal

mgal

)

Jvir

Mvir
, (A24)

where the parameter flost is the fraction of the total angular

momentum of the material out of which the bulge plus disk
forms and which has been lost to the halo:

flost = (1 − ft )

(

jb

jgal

)

. (A25)

We define other important parameter:

fx ≡ flost

(

1 + θ

θ

)

= (1 − ft )

(

Jb/MB

Jgal/Mgal

)

, (A26)

which expresses the ratio of specific angular momentum that
has been lost to the halo due to bulge formation to the total
specific angular momentum of the material out of which the
disk and bulge have formed. This parameter should be less
than unity if the bulge is formed out of material with low
specific angular momentum (van den Bosch et al. 2002).

We can obtain a new relation for the scale length of
the disk after a bulge formed from the disk by dynamical
instabilities by combining equations (A4), (A12), (A11). One
obtains:

RD =
1

fV
√

2 fc

[

1 + (1 − fx )θ
]

λbar Rvir, (A27)

where λbar is now the effective initial spin parameter of the
material out of which the bulge and disk form, and it is given
by

λbar ≡
(

jgal

fbar

)

λ, (A28)

where fbar is the baryonic fraction. As we can see in equa-
tion (A25), the bulge formation affects the final scale length
of the disk through the parameters θ and fx . Following
D+2007, it is assumed that the material that forms the bulge
has the same specific angular momentum as the disk. Here,
we assume fx = 0.5 (see Shen et al. 2003).

The new total circular velocity V (R) is given by the
equation:

V2
T (R) = V2

D (R) + V2
B (R) + V2

H (R), (A29)

the component VB is the circular velocity of the bulge, which
is derived from the mass distribution of the bulge. In princi-
ple, the instabilities are instrinsic (isolated disk), giving rise
to secular evolution that ends in a pseudo-bulge (see e.g.
Kormendy 2013). Observations show that pseudo-bulges are
well described by a Sérsic surface brightness (surface den-
sity) profile with index n between 0.5 and 3. A Sérsic surface
density profile (Sérsic 1963; Sersic 1968), is given by

I (R) = Ie,Bexp

−bn



(

R

Re,B

)1/n

− 1




. (A30)

where Ie,B is the surface brightness at the effective radius
Re,B, which is defined as the projected radius that encloses
one half of the total luminosity (mass), by adjusting the
value of bn. The conditions to sets the value of bn is (see
Graham & Driver 2005; Ciotti 1991):

Γ(2n) = 2γ(2n, bn), (A31)

where Γ and γ are the Gamma and lower Incomplete Gamma
Functions, respectively. Capaccioli (1989) introduced the fol-
lowing approximation for bn, valid for 0.5 < n < 10:

bn ≈ 2n − (1/3). (A32)
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Assuming a spherical density distribution, the surface den-
sity profile given by equation (A30) can be translated into
a volumetric density distribution. According to the forma-
tion mechanism, the mass distribution of bulges are expected
to be different. Bulges formed by secular evolution of the
disk (our starting scenario) have typically the properties of
pseudo-bulges (e.g., Kormendy & Kennicutt 2004; ?), with
Sérsic profiles shallower than a de Vacouleours profile, that
is with Sérsic index n < 4. Here, we assume an average value
of n = 2 for the secular bulges (see e.g., Gadotti 2009), in
which case the mass profile is

ν(R) = MB

{

1 − exp(−
√

α2η)

[
1 +

√

α2η

+
(α2η)

2
+

(α2η)3/2

6
+

(α2η)2

24
+

(α2η)5/2

120

]}
,

(A33)

where MB is the total mass bulge, α = 5.67 and η ≡ R/Re,B.
The corresponding circular velocity profile is

VB (R) =

√

Gν

R
, (A34)

where G is the gravitational constant.

As it will be discussed below, in the case of massive
galaxies, interactions and mergers are actually common.
Therefore, the massive disks are expected to undergo strong
induced instabilities that end commonly with the formation
of large bulges with a de Vacouleours profile or n = 4 Sér-
sic profile. The corresponding density profile in this case is
given by the Hernquist function (Hernquist 1990):

ρb =
MB

2π

rb

R(R + Rb )3
, (A35)

where Rb = Re,B/1.815 is a scale length. The corresponding
circular velocity is:

VB (R) =

√
GMBR

(R + Re,B)
. (A36)

Thus, for galaxies smaller than a given mass, we will as-
sume Sérsic distribution with n = 2, while for massive galax-
ies, n = 4. The corresponding circular velocities are given
by equations (A34) and (A36). In both cases, the relevant
parameters are MB and Re,b. Since our model is not evolu-
tionary, we are not in conditions of calculating Re,B for our
bulges. Instead, we use an empirical relation between Re,B

and MB, as given in Gadotti (2009):

log
Re,B

kpc
=



−2.062 + 0.2 log(MB/M⊙), log(MB/M⊙) < 10

−3.057 + 0.3 log(MB/M⊙), log(MB/M⊙) > 10

(A37)

Finally, we include the bulge component to the final mass
budget and Eq. A7 is then rewritten as

Mf (r f ) = Md (r f ) + MB (r f ) + MDM, f (r f )

= Md (r f ) + MB (r f ) + (1 − fbar )Mi (ri ) . (A38)

Thus, we calculate the adiabatic invariant dark matter
halo contraction by using this new mass distribution.

Bulge mass assignment

Let us first consider the case of internal dynamical
instabilities produced by the secular evolution of a self-
gravitating disk. For this, the critical instability parame-
ter let be β(R) = VD (R)/VT (R). According to the numerical
simulations of Christodoulou et al. (1995) the disk is stable
as long as β(R) < βcrit , where the value of the parameter
βcrit falls roughly in the range 0.52 ≤ βcrit ≤ 0.70. Follow-
ing D+2007, we calculate the mass of the disk contained
within the radius where β(R) attains a maximum and check
if βmax > βcrit :

βmax = max
0≤R≤Rvir

β(R) < βcrit . (A39)

If this is the case, then all this mass is assigned to a bulge.
We use βcrit = 0.62 for the case of an isolated disk.

However, the secular bulge formation mechanism is not
suitable in the case of galaxy interactions and mergers. The
mergers transfer the secondary galaxy to the bulge of the
primary, and induce disk instabilities in the primary (Hop-
kins et al. 2010, see more references therein),. In order to
take into account these effects, yet within our scheme of
βmax , we propose that the bulge formation by mergers can
be emulated by lowering the value of βcrit . It is well known
that mergers become important in the mass assembly of only
massive galaxies (M∗ ≥ 2−3×1010M⊙, Mh ≥ 3−5×1011M⊙),
being more frequent as more massive they are (see e.g., Got-
tlöber et al. 2001; Zavala et al. 2012). Therefore, one expects
that βcrit will decrease on average with Mh. This depen-
dence will be fixed in order our model could reproduce the
observational trend of the bulge-to-disk ratio with M∗.

Note that in our scheme the bulge is formed only from
stars of the primary disk. This might not be the case when
the mergers are majors because in this case most of the stars
in the bulge come from the accreted secondary galaxy rather
from the disk. This is why our scheme becomes somewhat
uncertain for galaxies dominated by bulges.

A3 Stellar and gas fractions

So far in our static model of disk galaxies in centrifugal equi-
librium loaded inside ΛCDM halos, we did not make any
difference between stellar and gas components in the galax-
ies. Since the static model is not an evolutionary model, we
can not follow a star formation history as well as we can
not follow the secular or major merger processes. However,
as was done in the case of bulge formation, the structural
and dynamical internal distributions of our “instantaneous”
galaxies can be used for estimating when the conditions of
large-scale star formation due to disk instabilities are ful-
filled. The simple Toomre criterion (Toomre 1964) will be
used for this purpose.

First, we consider that if a fraction of the disk is con-
verted into bulge, according to the criterion described in
the previous subsection, then the bulge is composed only
by stars. Second, for the remaining baryonic disk, we esti-
mate the fraction of it that could have been transformed
into stars. According to the Toomre criterion, instabilities
in a gaseous disk able to drive star formation happen when
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Σcrit (R) < Σd (r), where

Σcrit (R) =
σgas (R)κ(R)

3.36QG
. (A40)

Here, Σd (r) is the baryonic (assumed gaseous initially) disk
surface density profile, κ(R) and σgas are the epicycle fre-
quency and velocity dispersion radial distributions, and Q is
the Toomre stability parameter. The two first distributions
are given by the solution of our static model. Regarding
σgas, observational studies of neutral, atomic (HI ) gas for
spiral galaxies, including our galaxy, show that it lies in a
range of 5− 15 km/s (Tamburro et al. 2009; Petric & Rupen
2007; van Zee & Bryant 1999) without any clear trend with
radius. We will assume a constant value of σgas = 7 km/s.

The Q stability parameter originally given in Toomre
(1964) for an infinitesimal thin disk has the value of 1. How-
ever, in numerical simulations of more realistic disks, the
value found for Q is typically 1.5 − 2.5. In the early stays of
the gaseous disk, the formation of massive clumps make the
disk more unstable and the value of Q can be larger (Dekel
& Birnboim 2008; Perez et al. 2013). Besides, the Toomre
criterion changes a little when taking into account the coex-
istence of two fluids, stars and gas (Shen et al. 2003)). The
value of Q is affected by other factors, such as the presence
of a bulge; a bulge provides more dynamical support against
instabilities, making the Q parameter larger. Other factors
affecting Q are the height of disk, which is derived from verti-
cal equilibrium, as well as the gas dissipation which extends
the instability to small scales, producing infinitesimally thin
disks unstable for all Toomre-Q values and reasonable thick
disks stable at high Q, primarily because of thickness effects
(Elmegreen 2011; Romeo & Wiegert 2011). The turbulences
of gas also change Q; the perturbations in the molecular and
atomic gas have a significant effect on both the inner and
outer regions of the disk. This can drive the inner gas disk
to a regime of transition between two stability phases such
that the outer disk is more prone to star-dominated insta-
bilities (Hoffmann & Romeo 2012; Shadmehri & Khajenabi
2012).

There are also observational studies that attempted to
constrain the value of Q along the disks of local galaxies. For
example, Bottema (1993) conclude that Q along the disks of
their analyzed spiral galaxies is around 2 and 2.5.

We will take a constant value of Q = 2.5 for the “secu-
lar” disks, i.e. those that are not expected to have suffered
mergers. This applies on average for low-mass galaxies, let
say those smaller than M∗ ≈ 3 × 1010 M⊙ (Mh ≈ 5 × 1011

M⊙. However, as already discussed in the previous subsec-
tion, for galaxies formed in more massive halos, the major
mergers become more frequent in such a way that the cen-
tral galaxy likely suffers also mergers and interactions, which
trigger strong disk instabilities able to produce bursts of star
formation. Since our model is not evolutionary, we are not
able to calculate these processes, but if we keep ourselves
in the scheme of the Toomre instability criterion, such an
enhanced star formation can be estimated someway by in-
creasing artificially the value of Q. As in the case of bulge
formation in massive galaxies, we again will proceed empir-
ically. The “artificial” value of Q as a function of Mh for the
massive halos will be set in such a way that the gas fraction,
Rgas, vs stellar mass empirical relation is reproduced. The
observations show that as larger are the galaxies, the smaller

gas fractions have (or larger stellar fractions have). In the
next Section, it is described in more detail our procedure.

Following the Toomre instability criterion, the stellar
mass contained up to the radius r along the disk is calculated
as:

Md,∗(r) = 2π

∫ r

0
[Σs (r)]r

′
dr
′

(A41)

where Σs (r) = Σbar (r) − Σcrit (r) is the stellar surface
mass density in the regions where the local criterion for
instability is fulfilled. Md,∗(r) is computed up to the radius
where Σb (r) = Σcrit (r). The total baryonic surface density
is then Σbar (r) = Σd (r) + Σg (r). Since by construction
Σbar (r) is an exponential function, the stellar surface mass
density is expected then to be deviate from an exponential
distribution.

A4 Summary

The main equations solved in the iterations are (A38), (A8),
(A20), (A27) and (A29). Following MMW98 and D+2007,
we start with a guess for RD by setting fV = 1 in equation
(A27). Then, we obtain Md from equation (A8) and MB

from equation (A20); by replacing this into equation (A38)
and using equation (A6), we find ri as a function of r to
obtain Mf from equation (A38). Thus, we have V2

T
(R) and

the bulge mass MB for the given RD , and we can calculate
the bulge circular velocity and the new disk circular veloc-
ity from equations (A17) and (A29). Replacing this into eq.
(A14) and using (A27), finally we obtain a new value for RD

and MB and check for convergence.

APPENDIX A: THE EMPIRICAL HI-TO-M∗
AND H2-TO-M∗ CORRELATIONS FOR LOCAL

LATE- AND EARLY-TYPE GALAXIES

Calette et al. (2018) have compiled and homogenized from
the literature several samples of local galaxies with reported
measures of stellar mass, HI and H2 masses, as well as
morphology type and/or color. By defining the mass ratios
RHI ≡ MHI/M∗ and RH2

≡ MH2
/M∗, in this work, it is found

that the RHI–M∗ and RH2
–M∗ correlations for blue/late-

type (LTG) and red/early-type (ETG) galaxies are better
described by a double-power law.

The double power law proposed to fit the RHI vs M∗
correlations is:

log10

(

RHI

)

= log10(B) − log10



(

M∗
Ms

)ξ

+

(

M∗
Ms

)ρ
, (A1)

where B is the normalization, ξ and ρ are the slopes of the
function and Ms is the breakdown mass. In Table A1, the
values of these parameters for both LTGs and ETGs are
given.
For the scatter around the determined RHI -M∗ correlations,
they assume that it is log-normal distributed in agreement
with several previous studies (see Calette et al. (2018) for
the references). The lognormal intrinsic scatter is proposed
to slightly depend on M∗ as:

σlog10 RHI
= A + ϕ log10

(

M∗
Ms

)

. (A2)
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Galaxy pop-

ulation

Parameters.

ETG
log10 (B) ξ ρ log10 (M s )

-0.82 0.20 1.86 9.50

LTG
log10 (B) ξ ρ log10 (M s )

0.06 0.20 0.85 9.50

Table A1. Parameters of the RHI –M∗ two-power law relations

Galaxy pop-

ulation

Parameters

ETG
A ϕ

0.70 0.00

LTG
A ϕ

0.41 -0.04

Table A2. Parameters for the scatters around the RHI –M∗ re-
lations

Galaxy pop-

ulation.

Parameters.

ETG
log10 (C) β γ log10 (M s )

-1.52 0.0 1.50 9.50

LTG
log10 (C) β γ log10 (M s )

-0.5 0.34 0.78 9.50

Table A3. Parameters of the RH2
–M∗ double power-law corre-

lations

In Table A2, the values of A and ϕ for the two galaxy pop-
ulations are reported.

The double-power law proposed to fit the RH2
vs M∗

correlations is:

log10

(

RH2

)

= log10(C) − log10



(

M∗
Ms

)β

+

(

M∗
Ms

)γ
, (A3)

where C is the normalization, β and γ are the slopes of the
function and Ms is the breakdown mass. In Table A3 are
given the values of these parameters.

Regarding the intrinsic scatter around the RH2
–M∗ re-

lations, again, Calette et al. (2018) assumes that it is log-
normally distributed. The width of this distribution, in the
case of LTGs, which are mostly star-forming objects, is ex-
pected to be close to the width of the specific star formation
rate (sSFR) vs. M∗ relation, the so-called “main sequence”4.
The observations of local galaxies show that the scatter
around this relation is 0.3 − 0.5 dex, increasing slightly to
lower masses (e.g., Salim et al. 2007). Based on this reason-
ing as well as on the scatter that observations show in the
largest compiled samples in Calette (2015), he finds that a
good description for the intrinsic scatter of LTGs is:

σlog10 RH2
= A′ + ϕ′ log10

(

M∗
Ms

)

. (A4)

with A′ = 0.37 and ϕ′ = −0.01.
In the case of ETGs, the intrinsic scatter seems to be

4 The sSFR is a measure of the efficiency of current SFR of a

galaxy with respect to its past average efficiency. Since star forma-

tion proceeds in molecular clouds, the fraction of H2 in a galaxy
with respect to its size (M∗), is expected to correlate with the

sSFR

larger than for LTGs. The former are in general passive, de-
void of gas reservoirs, but probably a fraction of them can
acquire some gas and trigger star formation during inter-
actions and mergers. Then, the amount of H2 depends on
the kind of merger and on the conditions to transform the
atomic gas to molecular one. The range of possibilities is
huge, hence, the scatter around the RH2

–M∗ relation should
be large. Calette et al. (2018) assumes the width of the log-
normal distribution to be σlog10 RH2

= 0.7 dex and constant
with mass.

This paper has been typeset from a TEX/LATEX file prepared by

the author.
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ABSTRACT

We used ionized gas and stellar kinematics for 667 spatially resolved galaxies publicly available
from the Calar Alto Legacy Integral Field Area survey (CALIFA) third Data Release with
the aim of studying kinematic scaling relations as the Tully & Fisher (TF) relation using
rotation velocity, Vrot, the Faber & Jackson (FJ) relation using velocity dispersion, σ , and
also a combination of Vrot and σ through the SK parameter defined as S2

K = KV 2
rot + σ 2 with

constant K. Late-type and early-type galaxies reproduce the TF and FJ relations. Some early-
type galaxies also follow the TF relation and some late-type galaxies the FJ relation, but always
with larger scatter. On the contrary, when we use the SK parameter, all galaxies, regardless of
the morphological type, lie on the same scaling relation, showing a tight correlation with the
total stellar mass, M⋆. Indeed, we find that the scatter in this relation is smaller or equal to that
of the TF and FJ relations. We explore different values of the K parameter without significant
differences (slope and scatter) in our final results with respect to the case K = 0.5 besides
a small change in the zero-point. We calibrate the kinematic S2

K dynamical mass proxy in
order to make it consistent with sophisticated published dynamical models within 0.15 dex.
We show that the SK proxy is able to reproduce the relation between the dynamical mass and
the stellar mass in the inner regions of galaxies. Our result may be useful in order to produce
fast estimations of the central dynamical mass in galaxies and to study correlations in large
galaxy surveys.

Key words: galaxies: evolution – galaxies: fundamental parameters – galaxies: kinematics
and dynamics.

1 IN T RO D U C T I O N

Galaxy scaling relations describe trends that are observed between
different properties of galaxies. They are assumed to be the con-
sequence of their formation and evolution. Probably the kinematic
scaling relation most widely studied for spiral galaxies is the Tully–
Fisher relation (hereafter TF) – a correlation between luminosity
and rotational velocity, first reported by Tully & Fisher (1977). It
was originally established as a tool to measure distances to spiral
galaxies (Giovanelli et al. 1997). It has been suggested that the
slope, zero-point, and tightness may have a cosmological origin

⋆ E-mail: eaquino@astro.unam.mx

helping us to understand the formation and evolution of galaxies
(Cole et al. 1994; Eisenstein & Loeb 1996; Avila-Reese, Firmani &
Hernández 1998; Mo, Mao & White 1998; Courteau & Rix 1999;
Firmani & Avila-Reese 2000; Navarro & Steinmetz 2000). In the
local universe the TF relation is very tight (Verheijen 2001; Bek-
eraité et al. 2016; Ponomareva et al. 2017), locating galaxies with
rising rotation curves on the low-velocity end and galaxies with
declining rotation curve on the high-velocity end (Persic, Salucci
& Stel 1996). The luminosity-based TF is more directly accessible,
however, the amount of light measured from the stellar popula-
tion is a function of passband, and therefore different TF relations
emerge when observing galaxies at different wavelengths. A phys-
ically more fundamental approach instead of luminosity is based
on stellar mass, M⋆. The resulting TF relation is well approximated

C© 2018 The Author(s)
Published by Oxford University Press on behalf of the Royal Astronomical Society
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by a single power law with small scatter at least for disc galaxies
more massive than ∼109.5 M⊙ (McGaugh et al. 2000; Bell & de
Jong 2001; Avila-Reese et al. 2008). A similar correlation between
the luminosity (or the stellar mass) of elliptical galaxies and the
velocity dispersion in their central regions was established by Faber
& Jackson (1976) (hereafter FJ). The shape and scatter of the FJ
relation has been less frequently studied because its large residuals
show a significant correlation with galaxy size, i.e. a third parameter
within the so called fundamental plane (Djorgovski & Davis 1987;
Dressler et al. 1987; Cappellari et al. 2013; Desmond & Wechsler
2017).

It is presumed that galaxy internal kinematics as tracer of the grav-
itational potential provide the dynamical mass. If spiral and elliptical
galaxies were completely dominated by rotation velocity and veloc-
ity dispersion, respectively, the TF and FJ relations would provide
insights into the connection between galaxies and their dark mat-
ter content. However, structural properties, environmental effects,
or internal physical processes perturb the kinematics of late-type
galaxies producing non-circular motions that under/overestimates
the circular velocity (Valenzuela et al. 2007; Holmes et al. 2015;
Randriamampandry et al. 2015). On the other hand, elliptical galax-
ies, although dominated by velocity dispersion, often present some
degree of rotation (Lorenzi, Debattista & Gerhard 2006; Emsellem
et al. 2007; Cappellari et al. 2011; Emsellem et al. 2011; Rong et
al. 2018). Non-circular motions on disc galaxies and rotation on
ellipticals may contribute to miss a fraction of the gravitational po-
tential, modifying the scaling relations and precluding them from
being directly comparable to theoretical predictions.

Weiner et al. (2006) introduced a new kinematic parameter in-
volving a combination of rotation velocity and velocity dispersion
in order to study high-redshift galaxies, where in some cases ran-
dom motions were not negligible. Weiner et al. (2006) showed that
such parameter provides a better proxy to the integrated line-width
of galaxies emission lines than rotation velocity or velocity disper-
sion alone, regardless of the galaxy morphology. The parameter is
defined as:

S2
K = KV 2

rot + σ 2, (1)

where Vrot is the rotation velocity, σ is the velocity dispersion,
and K a constant that could be extremely complicated function of
the formation history, dynamic state, and environment of galaxies.
Kassin et al. (2007) found that by adopting a value of K = 0.5,
the S0.5 parameter presents a tight correlation with the stellar mass
for a sample of galaxies at redshift z ≤ 1.2 extracted from the
All Wavelength Extended Groth Strip International Survey and the
Deep Extragalactic Evolutionary Probe 2. This correlation seems to
be independent of the morphological type. Other analyses, focused
on the evolution of the TF relation at high redshift (z ∼ 2), explored
the M⋆−S0.5 relation confirming that turbulent motions might play
an important dynamical role (Cresci et al. 2009; Gnerucci et al.
2011; Vergani et al. 2012; Price et al. 2016; Christensen & Hjorth
2017). Zaritsky, Zabludoff & Gonzalez (2008) provided a possible
explanation of the M⋆−S0.5 relation as a virial one, including all
galaxy evolution, geometrical and dynamical complications into
the K coefficient.

Cortese et al. (2014) (hereafter C14) performed the only sys-
tematic study of this relation at low redshift (z ≤ 0.095). They
used the stellar and ionized gas kinematics integrated within one
effective radius, re, for galaxies observed with the Sydney-AAO
Multi-object Integral Field survey (SAMI, Croom et al. 2012). C14
confirmed that all galaxies, regardless of the morphological type, lie
on the same kinematic scaling relation M⋆−S0.5 with a significant

improvement compared with the TF and FJ relations. Although the
result is encouraging, the spatial covering of the observations (1re)
and the coarse spatial resolution of the data may contribute to the
uncertainties in a similar way as they do it in HI line-width TF esti-
mations (Ponomareva et al. 2017). Therefore, it is needed to repeat
this analysis using data with better spatial resolutions and coverage.

The aim of this paper is to explore and calibrate the TF, FJ, and
SK scaling relations in the local universe for galaxies from the Calar
Alto Legacy Integral Field Area survey (CALIFA, Sánchez et al.
2012). These data present a larger spatial coverage and better phys-
ical resolution (Sánchez et al. 2016c).1 In a recent study, Gilhuly
et al. (in preparation), presented an exploratory study of these rela-
tions for a limited sample of galaxies. They perform a systematic
and detailed analysis of the limitations of the kinematics parame-
ters, and in particular the velocity dispersion in the CALIFA data
set. The current study would explore a larger sample, being focused
on the nature of these scaling relations.

The structure of this article is as follows. In Section 2 we briefly
describe the CALIFA sample, including a summary of the deliv-
ered data sets. Details of the analysis performed over the data are
presented in Section 3.1. In Section 3.2 we estimate the kinematics
parameters within 1re, following the same methodology as C14. In
Section 3.3 we perform a detailed modelling of the 2D spatially
resolved velocity maps for a subsample of good quality data sets.
With this modelling we estimate the possible effects of aperture
and non-circular motions in disc galaxies and obtain a more precise
derivation of the maximum rotational velocity, Vmax. In Section 4,
we present the main results of this study. In Section 5, we discuss
the results and their physical implications and finally we summarize
the main conclusions in Section 6.

2 DATA SA M PLE

We use the data provided by the CALIFA survey (Sánchez et al.
2012) that has delivered publicly available integral field spec-
troscopy data for 667 galaxies (Sánchez et al. 2016c), although
the current samples comprises more than 700 galaxies (Sánchez
et al. 2017). Details of the observational strategy and data reduc-
tion are explained in these two articles. All galaxies were observed
using PMAS (Roth et al. 2005) in the PPaK configuration (Kelz
et al. 2006), covering a hexagonal field of view (FoV) of 74 arc-
sec × 64 arcsec that is sufficient to map the full optical exten-
sion of most of the galaxies up to two to three effective radii.
This is possible due to the diameter selection of the CALIFA sam-
ple (Walcher et al. 2014). The final observed sample comprises
galaxies of any morphological type (See Fig. 1). It covers, with a
good sampling, the colour–magnitude diagram and the stellar mass
distributions of the Local Universe in a representative and statis-
tically significant way for galaxies more massive than 109.5 M⊙
(Walcher et al. 2014; Sánchez et al. 2016c).

The observing strategy guarantees a complete coverage of the
FoV, with a final spatial resolution of Full Width at Half Maximum
(FWHM) ∼2.5 arcsec, corresponding to ∼1 kpc at the average
redshift of the survey (Garcı́a-Benito et al. 2015; Sánchez et al.
2016c). CALIFA observed the galaxies in two configurations: (i)
the V500 setup, a low-resolution mode that covers a wavelength
range between 3745 and 7500 Å, with a resolution of λ/�λ ∼850

1Both surveys present a similar projected PSF FWHM of ∼2.5 arcsec.
However CALIFA sample galaxies observed in a considerable lower redshift
and narrower redshift range.
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(a) (b) (c)

Figure 1. Galaxy Sample distributions in (a) total stellar masses, (b) redshift, and (c) morphological type. The blue and red histograms indicate galaxies with
ionized gas and stellar kinematics, respectively, whereas the unfilled black histogram indicate galaxies with both, ionized gas and stellar kinematics.

(FWHM ∼6 Å), and (ii) the V1200 setup, an intermediate resolution
mode, that covers the wavelength range between 3700 and 4800 Å,
with a resolution of λ/�λ ∼1650 (FWHM ∼2.7 Å). The delivered
data set was reduced using version 2.2 of the CALIFA pipeline,
whose modifications with respect to the previous ones (Sánchez
et al. 2012; Husemann et al. 2013; Garcı́a-Benito et al. 2015) are
described in Sánchez et al. (2016c). The final data-product of the
reduction is a data-cube comprising the spatial information in the x-
and y-axis, and the spectral one in the z one. For further details of
the adopted data format and the quality of the data consult Sánchez
et al. (2016c).

3 A NA LY SIS

We describe here the analysis performed to estimate the stellar mass
distribution and the kinematics parameters for the different galaxies
included in the current data set.

3.1 Spectroscopic analysis

In this paper, we use the data-products (ionized gas kinematic maps)
derived for the CALIFA V500 setup data set by Pipe3D pipeline
(Sánchez et al. 2016b) based on the Fit3D fitting tool (Sánchez et al.
2016a), together with the stellar line-of-sight velocity and intrinsic
dispersion maps for the V1200 setup performed using pPXF by
Falcón-Barroso et al. (2017).

Pipe3D models the stellar continuum adopting a multi Single
Stellar Population (SSP) template library, taking into account the
velocity, dispersion, and dust attenuation of the stellar populations.
Then, it estimates the main properties of the nebular emission lines.
The current implementation of Pipe3D adopted the GSD156 (Cid
Fernandes et al. 2013) template library for the analysis of the stellar
population properties. This library comprises 156 templates cover-
ing 39 stellar ages (from 1 Myr to 13 Gyr), and four metallicities
(Z/Z⊙ = 0.2, 0.4, 1, and 1.5). A spatial binning for the stellar
population analysis was applied to reach a homogeneous signal-
to-noise (S/N) of 50 across the FoV. The stellar population fitting
was applied to the coadded spectra within each spatial bin. Fi-
nally, following the procedures described in Cid Fernandes et al.
(2013) and Sánchez et al. (2016a), the stellar-population model
was estimated for each spaxel by rescaling the best-fitting model
within each spatial bin to the continuum flux intensity in the cor-

responding spaxel. The stellar-population model spectra are then
subtracted from the original data-cube to create a gas-pure cube
comprising only the ionized gas emission lines. For this pure-gas
cube, the stronger emission lines were then fitted spaxel by spaxel
using single Gaussian models for each emission line in each in-
dividual spectrum to derive the corresponding flux intensity and
line-of-sight kinematics. In addition, the spatial distribution of the
stellar mass densities and the integrated stellar masses at different
apertures are recovered from the Pipe3D analysis by taking into ac-
count the decomposition in SSPs, the Mass-to-Light ratio of each of
them, and the integrated light at each spaxel within the FoV. For this
derivation was assumed the Salpeter Initial Mass Function (Salpeter
1955). More details of the fitting procedure, adopted dust attenua-
tion curve, and uncertainties of the process are given in Sánchez et al.
(2016a, b).

Falcón-Barroso et al. (2017) performed a detailed analysis to
extract the stellar kinematics for the intermediate resolution CAL-
IFA data (V1200 setup). The data-cubes were spatially binned with
the Voronoi 2D binning method of Cappellari & Copin (2003) to
achieve an approximately constant S/N of 20 per spaxel taking
into account the correlation in the error spectrum of nearby spaxels
(see Husemann et al. 2013 for details). This S/N value conserves
a good spatial resolution while still being able to reliably estimate
the line-of-sight velocity distribution. The stellar kinematics was
estimated using the PPXF code of Cappellari & Emsellem (2004).
The stellar templates were taken from the Indo-US spectral library
(Valdes et al. 2004) with ∼330 selected stars. The stellar rotation
velocity, the velocity dispersion, and corresponding error were esti-
mated by χ2 minimization in pixel space as the biweight mean and
standard deviations of a set of 100 Monte Carlo realizations of the
fitting.

3.2 Integrated kinematics

The original data set comprises 734 galaxies for the V500 data set
observed within the framework of the CALIFA survey (Sánchez
et al. 2017), and the 300 galaxies for the V1200 data set de-
scribed by Falcón-Barroso et al. (2017). From this data set we
perform a selection of the optimal data for the proposed analysis
following the methodology described by C14. First, spaxels are
discarded if the error in velocities is greater than 20 km s−1 and
50 km s−1 for gaseous and stellar kinematics, respectively. This
conventional cut corresponds to one third of the spectral FWHM

MNRAS 479, 2133–2146 (2018)
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(∼6 Å, i.e. ∼150 km s−1) of V500 CALIFA data. Secondly, we
selected only those galaxies for which at least 80 per cent of the
spaxels within an ellipse of semimajor axis equal to 1re fulfill
this quality criterion. This criterion guarantee that we are tracing
well the kinematics parameters up to 1re. Finally, galaxies under
merging and clear traces of interactions are discarded based on
morphological distortions and the abundance of galaxy neighbors
with a comparable size. Following this procedure our final sample
comprise 223 galaxies with ionized gas kinematics (V500 setup),
278 with stellar kinematics (V1200 setup), and 123 with both of
them.

3.2.1 Velocity dispersion: σ

Stellar velocity dispersions were estimated as the linear average of
the velocity dispersion of all spaxels within the ellipse mentioned
in the previous section using the velocity dispersion maps from the
V1200 data set without correction for inclination. Following C14 we
use linear instead of luminosity-weighted averages to be consistent
with our velocity width measurements which are not luminosity-
weighted. Ionized gas velocity dispersions were estimated fitting
the integrated spectrum within a diameter of 5 arcsec with Pipe3D
for the V500 data set using the template library described above.
Regarding the determination of the stellar and gaseous velocity
dispersions (up to 1re), which dominate in early-type galaxies, we
rely on the detailed kinematic analysis presented in Zhu et al.
(2018a, b).

3.2.2 Rotation velocity: V rot

Once more, we followed C14, to derive the stellar (V1200 data
set) and gaseous (V500 data set) rotation velocities. They adopted
the same classical procedure developed to analyse the integrated
HI emission profiles in galaxies, i.e. through the width parameter,
W (Mathewson, Ford & Buchhorn 1992; Vogt et al. 2004). First,
a histogram is derived of the velocities estimated for all the good
spaxels within the re. Then, it is calculated the difference between
the 10th and 90th percentile points of this velocity histogram, de-
fined as the width: W = V90 − V10 (Catinella, Haynes & Giovanelli
2005). Finally, the rotation velocity is defined as:

Vrot =
W

2(1 + z)sin(i)
, (2)

where z is the redshift and i is the galaxy inclination determined
from the observed ellipticity ǫ as:

cos(i) =

√

(1 − ε)2 − q2
0

1 − q2
0

, (3)

with q0 being the intrinsic axial ratio of edge-on galaxies. Following
Catinella et al. (2012) and C14, we adopted q0 = 0.2 for all galaxies
and set the inclination to 90◦ edge-on if ǫ ≥ 0.8.

Integrated rotation velocity estimated by equation (2) is a good
representation of the maximum rotation velocity, Vmax, if the kine-
matics of the galaxy is axisymmetric (i.e. without non-circular mo-
tions). However, this is not always the case. Some galaxies show
deviations from a pure rotational pattern due to warps, lopsided-
ness, arms, bars, outflows, inflows, nuclear activity, etc. (Bosma
1978; Schoenmakers, Franx & de Zeeuw 1997; Verheijen 2001;
Holmes et al. 2015; Kalinova et al. 2017; Sánchez-Menguiano et al.
2017), producing non-circular motions and distorting the velocity
profile (i.e. velocity histogram). In the next subsection, we try to

quantify these effects in the derivation of Vmax by performing a more
detailed analysis on a limited sample of galaxies and comparing the
results.

3.3 Spatially resolved kinematics: V max

Kinematic maps of spiral galaxies are often treated as being consis-
tent with a purely circular flow pattern. This means that the kine-
matics of a galactic disc at a certain galactocentric radius can be
described by a single tilted ring model defined by three parameters:
the rotation velocity and two parameters that describe the local disc
orientation with respect to some reference system (Rogstad, Lock-
hart & Wright 1974). Several routines exist to fit kinematic maps
based on this method. The most extensively used is the ROTCUR
routine (Begeman 1989), which fits a set of inclined rings to a
velocity field. However, as we mentioned above, the kinematics
could be affected by the presence of non-circular motions and in
some cases the tilted-ring model is an oversimplification. A more
precise kinematic analysis requires tools that consider non-circular
motions.

Spekkens & Sellwood (2007) and Sellwood & Sánchez (2010) de-
veloped the VELFIT code specifically to characterize the non-circular
motions in the kinematics of spiral galaxies expressed in a Fourier
series. We used this code with some improvements (E. Aquino-Ortı́z
in preparation) to derive the properties of the velocity maps. This fit
provides an estimate of the rotation curve, the kinematic inclination,
and position angle of the galaxy, together with the amplitude of the
non-circular motions as a function of radius. A bootstrap procedure
is adopted to estimate the uncertainties on the derived parameters.

The current procedure is not performed over the full data set,
since in many cases the kinematics present clear deviations due to
external perturbations or is strongly affected by random motions. We
discarded those cases whose kinematics appeared highly disturbed
by the presence of large nearby companions or clear indications of
being in a merging process. Therefore, we select a control sample,
with good quality spatially resolved kinematics, comprising those
isolated galaxies with low velocity dispersion, and inclinations in
the range 30◦ < i < 70◦. This sample of galaxies, that are the best
suited for modelling their velocity maps, comprises 42 galaxies for
ionized gas kinematics (V500) and 92 galaxies for stellar kinematics
(V1200).

The estimated rotation curves for all these galaxies present a
great diversity, in agreement with previous results (Kalinova et al.
2017). For a limited fraction of galaxies (∼ 10 per cent) the spatial
coverage was insufficient to measure the maximum velocity, Vmax.
In order to still estimate Vmax we follow Bekeraité et al. (2016)
and parametrize the rotation curve using the formula proposed by
Bertola et al. (1991):

v(r) = v0 +
vcr

(r2 + k2)
γ
2
, (4)

where v0 is the systemic velocity of the galaxy, vc is a parameter
governing the amplitude of the rotation curve and k describes its
sharpness, and finally γ allows modelling rising or falling curves,
with γ = 1 for a flat rotation curve.

4 R ESULTS

Fig. 2 shows the analysed kinematic scaling relations using the total
stellar mass (unless noted otherwise) and the integrated kinematics,
segregated by stellar and ionized gas kinematics (upper panels)
and by morphology (lower panels), respectively. In each panel is
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(a) (b) (c)

(c) (d) (e)

Figure 2. Kinematic scaling relations with integrated kinematics. Left-hand panel: TF relation with the black line representing the orthogonal best-fitting TF
relation from Avila-Reese et al. (2008). Middle panel: FJ relation with the black line the best-fitting FJ relation from Gallazzi et al. (2006). Right-hand panel:
The M⋆−S0.5 relation, cyan and yellow lines indicate the best-fitting M⋆−S0.5 relation from Kassin et al. (2007) and Cortese et al. (2014), respectively, whereas
the black line represent our best-fit. Top panels: The red stars and blue circles represent galaxies with stellar and ionized gas kinematics. Bottom panels:

Galaxies with different morphological types; the magenta stars indicate elliptical and lenticular galaxies, the green stars are Sa and Sb galaxies, and the black
circles are Sc galaxies.

included some reference relations found by previous results, and
the best-fitting relations for the M⋆−S0.5 distribution. Fig. 3 shows
the same distributions for the resolved kinematics.

Table 1 summarizes the results of an orthogonal linear fit along the
horizontal axis, considering the total stellar mass on the vertical axis
as the independent variable, using the routines presented by Akritas
& Bershady (1996), for each of the kinematic scaling relations and
data set. It includes the zero-points and slopes, together with the
scatter around the best-fitting relations estimated from the ’error-
in-variable’ of the corresponding fit as the standard deviation of
residuals. In addition, there are listed the reference results for the
TF, FJ, and S0.5 scaling relations extracted from the literature shown
in Figs 2 and 3.

4.1 TF relation

The TF relation including early type galaxies based on the inte-
grated analysis are shown in the left-hand panels of Fig. 2. These
relations show a large scatter, 0.084 dex in log Vrot for ionized gas
kinematics and 0.20 dex for stellar kinematics. The value for ion-
ized gas kinematics is in agreement with the one reported for the
luminosity TF relation estimated by Bekeraité et al. (2016), ∼0.09
dex, despite the fact that their study was based on a detailed analysis
of the rotation velocity of a subsample of the CALIFA galaxies. In
that study they analysed their velocity within a radius containing
83 per cent of all light, Vopt. On the other hand, our scatter for stellar
kinematics is lower than the one reported by C14 for SAMI (∼0.25
dex). The difference with this later study is not surprising because
the SAMI sample is dominated by Sc low-mass galaxies, where the
rotation curves are still rising at 1re, being far from Vmax, whereas

our sample is dominated by Sa and Sb galaxies (see lower panels
of Fig. 2).

The left-hand panel of Fig. 3 shows the TF relation also including
early-type galaxies based on the spatially resolved analysis (i.e.
using Vmax). The parameters of the best-fitting relation to these data
are listed in Table 1. When adopting this improved estimation of
the velocity, the scatter decreases to ∼0.07 dex for the ionized gas
kinematics, but it increases to ∼0.24 dex for the stellar one. This
later value agrees with the one reported by C14. The scatter for our
stellar kinematics TF relation increases due to that late-type galaxies
move to higher velocities and also for the inclusion of early-type
galaxies in the relation. Such galaxies are undetected in the gas
component, being the analysed sample limited to mostly late-type
galaxies.

As a reference we include in Figs 2 and 3 the derivation of the
stellar TF relation as presented in Avila-Reese et al. (2008).2 We
use their orthogonal linear fit considering the stellar mass as the
independent variable. As expected, there is an offset between this
classical derivation and our results for the integrated kinematics.
However, for the resolved kinematics, which determines Vmax, the
offset tends to disappear, at least for the spiral galaxies.

4.2 FJ relation

Central panels of Figs 2 and 3 show the FJ distributions includ-
ing late-type galaxies using the integrated kinematics sample and

2We have increased the stellar mass in Avila-Reese et al. (2008) by 0.15 dex
in order to convert from diet-Salpeter to Salpeter IMF.

MNRAS 479, 2133–2146 (2018)
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(a) (b) (c)

(d) (e) (f)

Figure 3. Kinematic scaling relations for our control sample with spatially resolved kinematics. Left-hand panel: TF with the black line as the stellar mass
TF from Avila-Reese et al. (2008). Middle panel: FJ with the black line as the Gallazzi et al. (2006). Right-hand panel: The M⋆−S0.5 relation, cyan and yellow
lines are the best-fits of Kassin et al. (2007) and Cortese et al. (2014), respectively, whereas the black line represents our best-fit. Top panels: The red stars and
blue circles represent galaxies with stellar and gas kinematics. Bottom panels: The colour-code represents different morphologies.

Table 1. Orthogonal linear fit parameters to scaling relations.

Relation Tully–Fisher Faber–Jackson S0.5

Galaxies scatter slope zero-point scatter slope zero-point scatter slope zero-point

Integrated kinematics at Re

Gas 223 0.084 0.27 ± 0.01 − 0.65 ± 0.12 0.171 0.36 ± 0.02 − 2.03 ± 0.27 0.087 0.29 ± 0.01 − 1.03 ± 0.12
Stellar 278 0.200 0.16 ± 0.02 0.32 ± 0.30 0.160 0.31 ± 0.03 − 1.37 ± 0.25 0.075 0.26 ± 0.01 − 0.67 ± 0.10
Total 501 0.171 0.20 ± 0.01 − 0.01 ± 0.18 0.165 0.34 ± 0.02 − 1.71 ± 0.18 0.082 0.27 ± 0.01 − 0.79 ± 0.07
Cortese et al.
(2014)

0.26 – – 0.16 – – 0.10 0.33 ± 0.01 − 1.41 ± 0.08

Kassin et al.
(2007)

– – – – – – 0.10 0.34 ± 0.05 1.89 ± 0.03

Resolved kinematics, Vmax

Gas 59 0.07 0.25 ± 0.02 − 0.41 ± 0.17 0.10 0.31 ± 0.01 − 1.47 ± 0.19 0.053 0.29 ± 0.01 − 0.92 ± 0.13
Stellar 167 0.24 − 0.10 ± 0.09 3.34 ± 1.07 0.14 0.53 ± 0.03 − 3.88 ± 0.34 0.052 0.27 ± 0.01 − 0.72 ± 0.12
Total 226 0.22 0.08 ± 0.04 1.37 ± 0.48 0.13 0.44 ± 0.02 − 2.79 ± 0.22 0.054 0.27 ± 0.01 − 0.71 ± 0.11

Only spiral galaxies, Vmax

Gas 42 0.043 0.27 ± 0.01 − 0.63 ± 0.15 0.076 0.35 ± 0.02 − 1.84 ± 0.21 0.043 0.29 ± 0.01 − 0.88 ± 0.13
Stellar 92 0.053 0.30 ± 0.02 − 1.00 ± 0.02 0.091 0.35 ± 0.03 − 1.94 ± 0.34 0.052 0.28 ± 0.02 − 0.92 ± 0.21
Total 134 0.052 0.28 ± 0.01 − 0.73 ± 0.13 0.098 0.33 ± 0.02 − 1.69 ± 0.22 0.051 0.27 ± 0.01 − 0.80 ± 0.13
Avila-Reese et al.
(2008)

0.045 0.27 ± 0.01 − 0.69 ± 0.12 – – – – – –

Note. All scatters are estimated from the linear fit as the standard deviation of all residuals, we consider stellar mass, M⋆, as independent variable. log(V, σ ,
S0.5) = a + blog(M⋆). V, σ , and S0.5 are given in [km s−1], M⋆ in M⊙.

the spatially resolved one, respectively. A reference FJ relation,
derived by Gallazzi et al. (2006), has been included for compari-
son. Our stellar FJ relations show a scatter of ∼0.16 dex (∼0.14
dex) and ∼0.17 dex (∼0.10 dex) for gaseous and stellar kinemat-
ics, respectively, for the integrated (spatially resolved) subsamples.
These dispersions are similar to the ones found by C14 (∼0.16

dex), but larger than the one reported by Gallazzi et al. (2006)
(∼0.07 dex).

On a parallel situation as the one found for the TF relation, the
stellar velocity dispersions and those derived for early-type ones are
more in agreement with the FJ relation than the gaseous dispersions
and/or those derived for late-type galaxies.
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4.3 M⋆−S K relation

The right-hand panels of Fig. 2 show the M⋆–S0.5 distribution for
the integrated kinematics segregated by gas and stellar kinematics
(upper panel) and by morphology (lower panel). As a reference
the S0.5 relations, derived by C14 and Kassin et al. (2007), have
been included together with the best-fitting relation derived with
our own data. As in the previous cases, the best-fitting parame-
ters for the linear regression have been included in Table 1. The
distribution is clearly tighter than those of the FJ relations, with
scatter very similar or lower to the one found for the TF relation
(∼0.08 dex).

The right-hand panels of Fig. 3 show the same distributions for the
resolved kinematics subsample. For this control sample, the scatter
decreases significantly to 0.053 dex and 0.052 dex for both the
ionized gas and stellar kinematics, respectively. As we mentioned
above, the slope, zero-point, and scatter of the TF and FJ relations
could depend on several factors including (i) the morphology of
the galaxies, (ii) the adopted shape for the rotational curve, and
even (iii) the methodology used to measure both the rotational
velocity and/or the velocity dispersion (see Colleen et al., for an
example of the effects of the uncertainties). For the S0.5 parameter,
the dependence on morphology and the described offsets between
gaseous and stellar kinematics eventually disappear. Thus, galaxies
of any morphology lie on the same scaling relation in agreement
with previous studies.

C14 found a good agreement in the slope of the S0.5 relation
derived using integrated kinematics up to 1re for the SAMI data set
with that derived by Kassin et al. (2007) for a sample of star-forming
galaxies, using the maximum rotational velocities. However, they
found larger differences in the zero-point of their relations. In our
analysis the behaviour is similar. The slope remains unchanged
between both the integrated and resolved kinematics, with small
differences compared with the ones derived by Cortese et al. (2014)
and Kassin et al. (2007). However, our best-fit for the total sample
(gas + stars) presents a scatter clearly lower than the one found by
previous studies, being ∼0.082 dex for the integrated kinematics
and ∼0.054 dex for the spatially resolved one. The reduction in
the scatter combining rotation velocity and velocity dispersion in a
single parameter, indicate that together they trace the gravitational
potential than each one separately. Actually, this latter value is in
agreement with the physical interpretation of Zaritsky et al. (2008).

5 D ISCUSSION

We discuss here the implications of the results listed in the previous
section, trying to understand how the uncertainties may affect them
and the physical nature of the described relations.

5.1 Narrowing down the uncertainties

A critical challenge giving a physical interpretation to galaxy scaling
relations are the uncertainties because they can potentially modify
or erase the dependence between the analysed properties. We have
tried to narrow down their effects by performing the analysis twice.
Once using the integrated kinematics, following C14, and then, we
improved the accuracy using a spatially resolved kinematic analysis.
This second analysis is performed at the expenses of the statistics.
We consider that this second data set is best suited to derive a more
accurate S0.5 relation.

Table 1 shows there is a clear improvement in the TF and S0.5

relations (in most of the cases) when adopting the spatially resolved

kinematics. On the other hand, there is only a mild improvement in
the FJ relation (since this relation does not involve rotation veloci-
ties). To verify the scatter we tried to reproduce the ‘classical’ TF
relation using the spatially resolved kinematics. For doing so, we
select only the spiral galaxies and compare their distribution in the
M⋆−Vmax diagram with that of a well-established comparison sam-
ple: the compilation and homogenization presented in Avila-Reese
et al. (2008). The left-hand panel of Fig. 4 shows this comparison.
The parameters derived for the TF relation for both subsamples
match pretty well, with very good agreement, in particular for the
gas kinematics, as shown in Table 1. Therefore, the spatially re-
solved kinematic sample seems to be the best one to characterize
the scaling relations involving rotation velocities.

Using this new subsample we derive the most precise estimation
of the M⋆−S relation, shown in the right-hand panel of Fig. 40.5.
The parameters of this relation are listed in Table 1. The first result
emerging from this analysis is that the scatter is of the order of the
S0.5 relation found for the completely resolved kinematics (∼0.05
dex). Therefore, to select a better subsample in terms of the TF
relation does not seem to affect the result. In other words, the
inclusion of early-type galaxies affects the TF relation, but it does
not affect the S0.5 one. Another interesting result is that the scatter
in this relation is very similar to that of the TF relation for the
same subsample. Therefore, the inclusion of the effects of random
motions does not increase the scatter, even for galaxies clearly
supported by rotation.

Finally, the slope and zero-point of the S0.5 relations found for
(i) this particular subsample of galaxies that reproduces the better
TF relation, (ii) the completely resolved kinematics sample, and
(iii) the integrated kinematics sample, when considering both the
gaseous and stellar kinematics, agree with each other. Thus, only the
precision is increased by performing a detailed resolved kinematics
for a TF-compatible subsample, but the general trends are the same.
The result of this test suggests that our analysis is not dominated
by velocity uncertainties and the early tight correlation presented
by C14 and in this paper is real and not the result of the poorly
constrained in velocity for dispersion-dominated systems.

5.2 S K as a proxy of the dynamical mass

The observed kinematics of a galaxy is often used to infer the
total (dynamical) mass enclosed at different radii (Persic & Salucci
1988; Zavala et al. 2003; Courteau et al. 2014; Ouellette et al. 2017).
Assuming that the M⋆−S0.5 scaling relation is a consequence of a
more physical relation between the dynamical mass and the stellar
mass in the inner regions, we suppose that the S0.5 parameter traces
the dynamical mass as follow:

Mdyn ∝ S2
0.5 ⇒ Mdyn = η

rrS
2
0.5

G
= η

rr (0.5V 2
rot + σ 2)

G
, (5)

where rr is a characteristic radius of the galaxy, G the gravitational
constant, and η is a structural coefficient which encapsulate informa-
tion of the shape of the galaxy, projection effects, dynamical struc-
ture, etc., in fact it can be included into the K coefficient of the S2

0.5
parameter, however it is useful to introduce η in order to compare
with former studies. Dynamical models such as Jeans Anisotropic
Models (JAMs, Cappellari 2008) or Schwarzschild (Schwarzschild
1979) are considered the state-of-the-art inferences of galaxies mass
distribution including dynamical enclosed mass. Cappellari et al.
(2006) calibrated equation (5) for a sample of early-type galaxies
from the SAURON project (Bacon et al. 2001) using the veloc-
ity dispersion instead of the S0.5 parameter in combination with
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Figure 4. Scaling relations for our control subsample. The left-hand and right-hand panels show the TF and S0.5 scaling relations, respectively. The blue and
red symbols represent gaseous and stellar kinematics for galaxies with inclinations in the range 30◦ < i < 70◦. The Cyan, magenta, and green lines are the
best-fits for gas, stellar, and total (gas + stellar). In the TF relation we recover in great detail the result of the data compilation from Avila-Reese et al. (2008);
their masses were corrected to convert to a Salpeter IMF. It is clear that in galaxies where the random motions are negligible, the S0.5 relation tends to be the
TF.

Schwarzschild dynamical models. They found that the dynamical
mass within the effective radius can be robustly recovered using a
coefficient η ≈ 2.5, which varies little from galaxy to galaxy.

Leung et al. (2018) performed a detailed comparison of JAMs
and Schwarzschild models for 54 of the CALIFA galaxies included
here. We use these dynamical masses, MJAMs

dyn , to calibrate the equa-
tion (5) based on the S0.5 parameter. We found that the enclosed
dynamical mass within the effective radius [i.e. using re as the
characteristic radius in equation (5)] can be robustly recovered us-
ing a single coefficient η ≈ 1.8 for all the galaxies, with a narrow
dispersion of 0.15 dex. To validate that calibration we compare the
estimated dynamical masses by the equation (5) with those derived
using dynamical models for a sample of 300 galaxies analysed by
Zhu et al. (2018a, b), together with the ones by Leung et al. (2018).
Fig. 5 shows the comparison between the different estimations of
the dynamical masses. As expected, the agreement between the val-
ues derived using JAMs and Schwarzschild dynamical models for
the galaxies studied by Leung et al. (2018) agree with each other
with a low scatter of 0.08 dex. Interestingly, we still find a very
good agreement using η = 1.8 between our S0.5 derived dynami-
cal masses and sophisticated dynamical mass estimations, with a
scatter of ∼0.15 dex. We may wonder why is the S0.5 parameter
such a good mass tracer. This is remarkable in view that, we do not
systematically study IMF effects (Martı́n-Navarro et al. 2015) and
kinematic anisotropy (Zhu et al. 2018a). The enclosed mass within
re is an integrated quantity weakly sensitive to the specific mass
and shape density profile, a similar discussion has been presented
by Wolf et al. (2010) for dwarf spheroidal galaxies, only on such
grounds the S0.5 is a competitive Mdyn proxy.

5.3 The Dynamical-to-stellar mass relation

We explore the literature in order to compile the most recent state-
of-the-art derivations of the dynamical mass in the central regions of
galaxies using dynamical models. Cappellari et al. (2013) estimated

Figure 5. One-to-one relation between dynamical masses inferred from
dynamical models and kinematic parameter S0.5. The blue symbols are the
comparison between the Schwarzschild models by Zhu et al. (2018a) with
our estimations. The red and green symbols are the comparison between
JAMs and Schwarzschild models by Leung et al. (2018) with our estimations,
respectively. Both comparisons show a scatter of ∼0.15 dex. The magenta
symbols are the comparison between Schwarzschild and JAMs estimations
with a scatter of 0.08 dex.

the dynamical mass within the effective radius for 258 early-type
galaxies from the ATLAS3D project (Cappellari et al. 2011) us-
ing the JAMs dynamical models and compared it with the stellar
masses. Martinsson et al. (2013) performed a similar study for 24
late-type galaxies extracted from the Disc Mass survey (Bershady

MNRAS 479, 2133–2146 (2018)
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Figure 6. Accuracy of the Mdyn−M⋆ relations based on the S0.5 parameter. In the top and medium panels we assume that galaxies are rotation or velocity
dispersion dominated to estimate the dynamical mass within the effective radius. The red, green, and black stars represent our CALIFA sample, whereas the
grey symbols are from the literature compilation. The S0.5 dynamical mass estimations perform better than the ones based either only on rotation or dispersion.
In the bottom panel we used the S0.5 parameter to estimate the dynamical mass using equation (5) and compare them with theoretical predictions based on
detailed dynamical models. All the estimated Mdyn−M⋆ relations are comparable and consistent with observations within the uncertainties. As a reference we
also show the semi-empirical predictions of Mancillas et al. (2017) (blue shaded region; see text) which use η = 1 and are also consistent with our estimations.

et al. 2010). Zhu et al. (2018a, b) constructed orbit-superposition
Schwarzschild models at different radii that simultaneously fit the
observed surface brightness and stellar kinematics for 300 galaxies
included in the CALIFA-V1200 resolution subsample studied here.
In Zhu et al. (2018b) they constrained the stellar orbit distribution
and found that a fraction of stars are within a plane with unper-
turbed orbits tracing the rotation velocity, while others are out of
the plane with perturbed orbits tracing the velocity dispersion. This
result implies that the kinematics in galaxies is more complex that
just rotation or velocity dispersion: both components are present in
all types of galaxies and should be considered to trace the potential.
The bottom panel of Fig. 6 presents the comparison between the
distributions of dynamical masses along the stellar ones between
this compilation of data extracted from the literature and the ones
derived using the equation (5) within the effective radius, based
on the S0.5 parameter with η = 1.8. In addition, we present the
dynamical masses derived if we consider only the rotational ve-
locities or the velocity dispersions.3 All these dynamical masses,
derived at re are listed in Table A1. We observe a clear offset and
a large scatter between our dynamical masses and those derived
using detailed models when we use only rotation velocity (mostly

3Corrections for different adopted values for the effective radius and IMFs
offset have been considered when required.

for ellipticals) or velocity dispersion (mostly for spirals). However,
when we use the dynamical mass proxy based on the S0.5 param-
eter, the distribution along the stellar mass is in agreement with
the results extracted from the literature. Thus, it seems that the S0.5

parameter is indeed a good proxy for calculating the dynamical
mass.

Our distribution of Mdyn−M⋆ follows a linear and nearly one-
to-one relation for masses in the range 3 × 109 � M⋆ [M⊙] �

5 × 1010. The fact that for some galaxies (both from our sam-
ple and from other works), the stellar mass seems to be higher
than the dynamical one shows the presence of several systemati-
cal uncertainties both in the stellar and dynamical mass determi-
nations. Within these uncertainties, what we learn from Fig. 6 is
that in the above-mentioned mass range luminous matter strongly
dominates within 1re. Below ∼3 × 109M⊙ there is a clear devi-
ation, with galaxies showing larger dynamical masses than their
stellar masses, which indicates that in the low-mass regime galax-
ies are more dark matter dominated as less massive they are, even
within the effective radius. In the high-mass end, there is some
weak evidence of a deviation, with the few E/S0 galaxies at these
masses showing again larger dynamical masses than their stellar
masses. This difference could be due to more bottom-heavy IMF
(Lyubenova et al. 2016) and/or due to the contribution of dark
matter.

MNRAS 479, 2133–2146 (2018)
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Both our data and literature collected ones show similar trends.
Indeed, this result is predicted by different theoretical studies, in-
cluding hydrodynamical cosmological simulations (Oman et al.
2015) from the Evolution and Assembly of GaLaxies and their
Environments project (Crain et al. 2015; Schaye et al. 2015), and
semi-empirical modelling approaches (Mancillas et al. 2017). We
include the latter theoretical predictions for comparison in Fig. 6. In
Mancillas et al. (2017), a population of galaxies with bulge-to-disc
mass ratios lower than ∼0.7 was generated by loading the bulge/disc
systems into Lambda cold dark matter haloes, taking into account
the adiabatic contraction of the inner halo by the baryons. The
modelled population reproduces well the TF relation, radius-mass,
B/T-mass, and gas-to-stellar mass relations, and by construction
follows the stellar-to-halo (M⋆−Mvir) relation constrained from a
semi-empirical approach for blue galaxies (Rodrı́guez-Puebla et al.
2015). The predicted inner mass distributions, in particular the
stellar-to-dynamical masses within 1re, inherit partially the shape
of the latter relation, which bends to lower M⋆/Mvir ratios both at
lower and higher masses. This explains the bends seen for the pre-
dictions in Fig. 6 (dashed blue line and shadow region around it).
It is encouraging that our observational inferences based on the S0.5

parameter agree with these predictions, showing the possibility to
attain a connection between the inner galaxy dynamics of the lo-
cal galaxy population and the properties of the cosmological dark
matter haloes.

6 C O N C L U S I O N S

Originally the SK parameter was introduced as a tool to deal with
galaxies difficult to classify or with high amount of velocity disper-
sion like clumpy high-redshift galaxies. The remarkable reduction
of scatter in the S0.5 relationship compared with TF and FJ relations
found by previous studies (Cortese et al. 2014) and confirmed with
higher accuracy by our study, points towards a more complex inter-
nal kinematics in galaxies even in the local Universe: non-circular
motions in disc galaxies and some amount of rotation in elliptical
galaxies.

In summary, we demonstrate that (i) the M⋆−S0.5 is a tighter
correlation than the TF relation or the FJ relation when galax-
ies of all morphological types are considered, and (ii) this re-
lation is a consequence of S0.5 being a proxy of the dynamical
mass and the relation between this later parameter with the stel-
lar mass. Finally, we propose a simple but competitive procedure
to estimate the dynamical mass in galaxies, easier to apply to
massive surveys than more detailed analysis, although with lower
precision.
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A P PEN D I X A : STELLAR AND DY NA MICAL

MASSES

Dynamical masses were estimated within 1re using equation (5)

Table A1. Stellar masses and dynamical masses within the effective radius.

Name M⋆ Mdyn re

[M⊙] [M⊙] [arcsec]
(1) (2) (3) (4)

IC5376 10.16 ± 0.10 10.53 ± 0.04 11.62
NGC 0036 10.76 ± 0.09 10.82 ± 0.02 19.34
UGC00148 9.71 ± 0.09 10.26 ± 0.06 13.54
MCG-02-02-030 10.00 ± 0.09 10.25 ± 0.03 13.86
UGC00005 10.62 ± 0.09 10.78 ± 0.01 14.45
NGC 7819 10.00 ± 0.08 10.14 ± 0.03 15.02
UGC00029 10.93 ± 0.10 11.19 ± 0.04 12.79
IC1528 10.04 ± 0.09 10.16 ± 0.03 16.95
NGC 7824 10.64 ± 0.09 10.75 ± 0.12 9.64
UGC00312 9.75 ± 0.09 10.57 ± 0.07 13.28
MCG-02-02-040 9.44 ± 0.09 10.11 ± 0.05 11.62
UGC00335NED02 10.43 ± 0.10 10.72 ± 0.04 16.64
NGC 0216 8.78 ± 0.09 9.38 ± 0.08 13.22
NGC 0214 10.66 ± 0.09 10.46 ± 0.04 14.88
NGC 0217 10.37 ± 0.09 10.83 ± 0.01 20.44
NGC 0237 10.11 ± 0.09 10.01 ± 0.05 11.05
NGC 0234 10.50 ± 0.08 10.00 ± 0.04 17.36
MCG-02-03-015 10.94 ± 0.10 10.62 ± 0.02 11.56
NGC 0257 10.61 ± 0.09 10.57 ± 0.02 15.10
NGC 0364 10.36 ± 0.09 10.66 ± 0.01 9.04
NGC 0429 10.09 ± 0.09 10.38 ± 0.04 7.14
IC1652 10.21 ± 0.09 10.27 ± 0.05 10.62
NGC 0447 10.55 ± 0.09 10.71 ± 0.05 18.56
NGC 0444 9.71 ± 0.10 10.22 ± 0.04 17.37
UGC00809 9.02 ± 0.08 10.21 ± 0.03 11.01
UGC00841 9.73 ± 0.11 10.28 ± 0.05 13.73
NGC 0477 10.39 ± 0.09 10.54 ± 0.03 18.58
IC1683 10.31 ± 0.09 10.18 ± 0.03 9.97
NGC 0499 10.64 ± 0.08 11.01 ± 0.03 13.16
NGC 0496 10.40 ± 0.11 10.30 ± 0.03 16.47
NGC 0504 9.72 ± 0.10 10.38 ± 0.03 8.53
NGC 0517 10.13 ± 0.10 10.40 ± 0.03 7.52
UGC00987 10.33 ± 0.09 10.40 ± 0.03 10.95
NGC 0528 10.46 ± 0.10 10.59 ± 0.02 9.01
NGC 0529 10.63 ± 0.09 10.84 ± 0.05 11.75
NGC 0551 10.33 ± 0.10 10.46 ± 0.04 14.37
UGC01057 10.11 ± 0.10 10.31 ± 0.03 11.00
UGC01271 10.28 ± 0.10 10.47 ± 0.04 8.17
NGC 0681 9.99 ± 0.08 10.28 ± 0.04 23.63
NGC 0741 11.17 ± 0.09 11.56 ± 0.02 25.68
NGC 0755 9.18 ± 0.08 9.91 ± 0.09 19.11
IC1755 10.43 ± 0.09 10.95 ± 0.01 13.50
NGC 0768 10.39 ± 0.08 10.67 ± 0.02 15.59
NGC 0774 10.50 ± 0.10 10.54 ± 0.03 13.31
NGC 0776 10.53 ± 0.08 10.07 ± 0.04 13.28
NGC 0781 11.18 ± 0.09 10.07 ± 0.04 8.99
NGC 0810 10.77 ± 0.10 11.39 ± 0.02 13.56
NGC 0825 8.95 ± 0.10 9.79 ± 0.03 2.02
NGC 0932 10.64 ± 0.09 10.47 ± 0.04 16.43
NGC 1056 9.87 ± 0.09 9.55 ± 0.07 7.90
NGC 1060 11.13 ± 0.09 11.40 ± 0.03 20.46
UGC02222 10.51 ± 0.10 10.47 ± 0.03 8.36
UGC02229 10.68 ± 0.09 10.96 ± 0.02 11.77
NGC 1093 10.23 ± 0.08 10.31 ± 0.02 8.50
UGC02403 10.21 ± 0.09 10.24 ± 0.02 11.71
NGC 1167 10.99 ± 0.09 11.04 ± 0.01 21.55
NGC 1349 10.87 ± 0.09 10.83 ± 0.02 14.13
NGC 1542 9.99 ± 0.10 10.24 ± 0.03 9.53
NGC 1645 10.43 ± 0.10 10.76 ± 0.01 14.09
UGC03151 10.41 ± 0.10 10.56 ± 0.03 15.50
NGC 1677 9.20 ± 0.08 9.68 ± 0.10 8.59
IC2101 9.82 ± 0.10 10.26 ± 0.05 14.10

MNRAS 479, 2133–2146 (2018)

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/m
n
ra

s
/a

rtic
le

-a
b
s
tra

c
t/4

7
9
/2

/2
1
3
3
/5

0
3
5
8
4
0
 b

y
 O

b
s
e
rv

a
to

ire
 d

e
 P

a
ris

 - B
ib

lio
th

e
q
u
e
 u

s
e
r o

n
 0

5
 J

u
ly

 2
0
1
9

62 Paper: A dynamical mass proxy



2144 E. Aquino-Ortı́z et al.

Table A1 – continued

Name M⋆ Mdyn re

[M⊙] [M⊙] [arcsec]
(1) (2) (3) (4)

UGC03253 10.07 ± 0.09 10.31 ± 0.02 12.67
NGC 2253 9.79 ± 0.10 9.59 ± 0.03 4.08
UGC03539 9.26 ± 0.08 10.02 ± 0.04 13.67
NGC 2347 10.50 ± 0.09 10.58 ± 0.03 13.78
UGC03899 8.95 ± 0.10 9.88 ± 0.08 9.55
UGC00036 10.45 ± 0.09 10.71 ± 0.01 10.05
NGC 0001 10.42 ± 0.09 10.19 ± 0.04 9.18
NGC 0023 10.83 ± 0.08 10.59 ± 0.06 10.78
NGC 2410 10.49 ± 0.09 10.76 ± 0.02 17.91
UGC03944 9.57 ± 0.12 10.00 ± 0.03 11.79
UGC03969 10.34 ± 0.11 10.70 ± 0.01 11.16
UGC03995 10.64 ± 0.09 10.74 ± 0.02 21.78
NGC 2449 10.30 ± 0.09 10.58 ± 0.01 12.86
UGC04029 10.09 ± 0.08 10.39 ± 0.01 14.97
IC0480 9.42 ± 0.10 10.19 ± 0.02 11.49
NGC 2476 10.36 ± 0.11 10.37 ± 0.05 7.99
NGC 2480 8.86 ± 0.10 9.69 ± 0.10 10.82
NGC 2481 9.68 ± 0.10 9.97 ± 0.03 7.54
NGC 2486 10.43 ± 0.09 10.51 ± 0.03 12.96
NGC 2487 10.51 ± 0.08 10.36 ± 0.04 18.81
UGC04132 10.40 ± 0.10 10.70 ± 0.02 13.18
UGC04145 10.01 ± 0.11 10.34 ± 0.03 7.93
NGC 2513 10.71 ± 0.08 11.21 ± 0.02 19.23
UGC04197 9.82 ± 0.10 10.57 ± 0.03 14.93
NGC 2540 10.31 ± 0.10 10.48 ± 0.02 15.42
UGC04280 9.76 ± 0.09 10.11 ± 0.05 11.18
IC2247 10.30 ± 0.09 10.53 ± 0.02 16.30
UGC04308 9.99 ± 0.08 10.15 ± 0.03 21.43
NGC 2553 10.21 ± 0.09 10.52 ± 0.03 8.52
NGC 2554 10.79 ± 0.09 10.87 ± 0.01 17.50
NGC 2592 9.83 ± 0.10 10.04 ± 0.01 7.62
NGC 2604 9.28 ± 0.10 9.77 ± 0.08 20.19
NGC 2639 10.41 ± 0.08 10.70 ± 0.01 13.36
UGC04722 8.07 ± 0.12 9.76 ± 0.05 17.59
NGC 2730 9.68 ± 0.08 9.96 ± 0.03 14.56
NGC 2880 9.90 ± 0.08 9.98 ± 0.01 13.71
IC2487 10.00 ± 0.10 10.45 ± 0.02 16.77
IC0540 9.35 ± 0.10 9.74 ± 0.03 14.88
NGC 2906 9.94 ± 0.08 10.10 ± 0.02 15.23
NGC 2916 10.40 ± 0.08 10.55 ± 0.02 20.60
UGC05108 10.48 ± 0.10 10.81 ± 0.03 9.58
NGC 2918 10.71 ± 0.10 10.93 ± 0.02 9.32
UGC05113 10.19 ± 0.10 10.71 ± 0.02 8.91
NGC 3106 10.83 ± 0.08 10.77 ± 0.03 17.30
NGC 3057 8.80 ± 0.09 9.26 ± 0.09 18.08
UGC05498NED01 9.71 ± 0.11 10.67 ± 0.02 10.52
NGC 3158 11.14 ± 0.10 11.64 ± 0.03 22.29
NGC 3160 10.28 ± 0.10 10.76 ± 0.01 12.77
UGC05598 9.84 ± 0.10 10.15 ± 0.04 11.40
NGC 3300 10.10 ± 0.10 10.30 ± 0.01 13.31
NGC 3303 10.63 ± 0.10 10.75 ± 0.03 9.24
UGC05771 10.54 ± 0.10 10.81 ± 0.03 8.01
NGC 3381 9.18 ± 0.07 9.18 ± 0.10 14.84
UGC05990 8.44 ± 0.12 9.24 ± 0.09 9.36
UGC06036 10.32 ± 0.10 10.94 ± 0.02 11.16
IC0674 10.53 ± 0.09 10.84 ± 0.02 11.48
UGC06312 10.55 ± 0.09 10.80 ± 0.02 12.77
NGC 3615 10.87 ± 0.09 11.10 ± 0.03 10.85
NGC 3687 9.99 ± 0.08 9.75 ± 0.04 15.42
NGC 3811 10.16 ± 0.09 10.08 ± 0.04 14.71
NGC 3815 9.90 ± 0.08 10.12 ± 0.03 8.81
NGC 3994 10.09 ± 0.10 10.27 ± 0.05 7.14

Table A1 – continued

Name M⋆ Mdyn re

[M⊙] [M⊙] [arcsec]
(1) (2) (3) (4)

NGC 4003 10.48 ± 0.09 10.52 ± 0.05 9.41
UGC07012 9.39 ± 0.08 9.79 ± 0.10 11.88
NGC 4047 10.34 ± 0.09 10.41 ± 0.11 14.79
UGC07145 9.96 ± 0.10 10.38 ± 0.02 11.75
NGC 4149 9.70 ± 0.10 10.35 ± 0.04 11.48
NGC 4185 10.20 ± 0.08 10.51 ± 0.02 22.60
NGC 4210 9.85 ± 0.10 9.97 ± 0.02 16.92
NGC 4470 9.58 ± 0.09 9.33 ± 0.07 11.54
NGC 4644 10.11 ± 0.09 10.40 ± 0.02 14.27
NGC 4711 9.97 ± 0.08 10.18 ± 0.02 12.28
NGC 4816 10.75 ± 0.09 11.29 ± 0.03 20.36
NGC 4841A 10.82 ± 0.09 11.29 ± 0.05 13.68
NGC 4874 11.12 ± 0.09 11.68 ± 0.02 38.42
UGC08107 10.80 ± 0.09 11.29 ± 0.03 17.66
NGC 4956 10.53 ± 0.09 10.35 ± 0.03 8.68
NGC 4961 9.42 ± 0.09 9.68 ± 0.06 9.74
UGC08231 9.05 ± 0.11 10.28 ± 0.06 16.86
UGC08234 10.62 ± 0.10 10.51 ± 0.02 5.53
NGC 5000 10.22 ± 0.09 10.02 ± 0.04 10.18
NGC 5016 9.98 ± 0.10 10.00 ± 0.03 15.29
NGC 5029 10.86 ± 0.10 11.40 ± 0.03 15.45
NGC 5056 10.32 ± 0.08 10.30 ± 0.05 13.77
NGC 5205 9.43 ± 0.09 9.78 ± 0.04 16.41
NGC 5216 10.08 ± 0.08 10.33 ± 0.06 15.28
NGC 5218 10.15 ± 0.09 10.23 ± 0.01 12.30
UGC08733 8.96 ± 0.10 9.86 ± 0.04 19.90
IC0944 10.46 ± 0.11 10.84 ± 0.02 9.80
UGC08778 9.65 ± 0.10 10.08 ± 0.04 11.90
UGC08781 10.59 ± 0.08 10.70 ± 0.04 12.01
NGC 5378 10.04 ± 0.08 10.22 ± 0.03 19.29
NGC 5406 10.46 ± 0.08 10.70 ± 0.01 14.93
NGC 5480 9.56 ± 0.09 9.64 ± 0.06 17.41
NGC 5485 10.20 ± 0.08 10.48 ± 0.02 21.81
UGC09067 10.51 ± 0.09 10.69 ± 0.03 11.26
NGC 5520 9.63 ± 0.10 9.89 ± 0.03 11.87
NGC 5614 10.73 ± 0.08 10.67 ± 0.04 15.67
NGC 5631 10.20 ± 0.08 10.29 ± 0.03 17.44
NGC 5633 9.91 ± 0.09 9.93 ± 0.04 12.93
NGC 5630 9.37 ± 0.09 9.90 ± 0.05 13.78
NGC 5657 9.97 ± 0.10 10.13 ± 0.04 11.59
NGC 5682 8.87 ± 0.09 9.89 ± 0.10 19.63
NGC 5720 10.58 ± 0.10 10.66 ± 0.02 11.87
NGC 5732 9.77 ± 0.10 10.07 ± 0.06 12.28
UGC09476 9.78 ± 0.10 9.91 ± 0.03 15.46
UGC09537 10.57 ± 0.09 11.20 ± 0.05 15.76
UGC09542 9.98 ± 0.10 10.31 ± 0.03 12.89
NGC 5784 10.75 ± 0.08 10.88 ± 0.02 11.91
NGC 5797 10.47 ± 0.09 10.49 ± 0.02 13.71
IC1079 10.91 ± 0.10 11.23 ± 0.03 19.34
UGC09665 9.44 ± 0.10 9.88 ± 0.04 11.61
NGC 5876 10.19 ± 0.09 10.67 ± 0.01 15.05
NGC 5888 10.68 ± 0.10 10.99 ± 0.01 12.07
NGC 5908 10.28 ± 0.08 10.71 ± 0.01 14.60
NGC 5930 10.13 ± 0.08 10.18 ± 0.02 14.40
NGC 5934 10.20 ± 0.10 10.43 ± 0.06 6.75
UGC09873 9.85 ± 0.09 10.30 ± 0.03 14.82
UGC09892 9.96 ± 0.09 10.19 ± 0.02 13.68
NGC 5953 10.06 ± 0.09 9.63 ± 0.03 9.09
NGC 5971 9.96 ± 0.11 10.16 ± 0.04 10.18
NGC 5966 10.58 ± 0.09 10.88 ± 0.03 20.30
IC4566 10.49 ± 0.09 10.59 ± 0.01 13.16
NGC 5987 10.42 ± 0.09 10.71 ± 0.02 22.53
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Table A1 – continued

Name M⋆ Mdyn re

[M⊙] [M⊙] [arcsec]
(1) (2) (3) (4)

NGC 5980 10.39 ± 0.09 10.50 ± 0.03 12.64
NGC 6004 10.27 ± 0.07 10.21 ± 0.03 20.41
UGC10097 10.80 ± 0.10 10.96 ± 0.02 10.39
NGC 6020 10.38 ± 0.10 10.62 ± 0.04 11.59
NGC 6021 10.53 ± 0.09 10.51 ± 0.04 8.47
IC1151 9.49 ± 0.09 9.82 ± 0.05 19.34
UGC10123 9.88 ± 0.10 10.29 ± 0.02 11.01
NGC 6032 9.83 ± 0.10 10.16 ± 0.03 14.79
NGC 6060 10.49 ± 0.08 10.66 ± 0.01 20.20
UGC10205 10.69 ± 0.11 10.98 ± 0.02 13.95
NGC 6063 9.75 ± 0.10 10.05 ± 0.03 17.78
IC1199 10.33 ± 0.08 10.67 ± 0.01 18.76
UGC10257 9.86 ± 0.09 10.28 ± 0.04 15.25
NGC 6081 10.52 ± 0.10 10.75 ± 0.01 10.43
UGC10297 8.62 ± 0.09 9.53 ± 0.04 10.85
UGC10331 9.50 ± 0.10 10.14 ± 0.08 15.41
NGC 6125 10.66 ± 0.09 10.93 ± 0.01 15.38
UGC10337 10.61 ± 0.10 11.01 ± 0.01 14.85
NGC 6132 10.00 ± 0.09 10.36 ± 0.03 11.89
NGC 6146 11.06 ± 0.09 11.26 ± 0.02 11.00
UGC10380 10.52 ± 0.10 10.98 ± 0.03 12.83
NGC 6150 10.65 ± 0.10 11.11 ± 0.03 9.26
UGC10384 9.95 ± 0.11 10.35 ± 0.05 9.27
UGC10388 10.23 ± 0.09 10.44 ± 0.02 10.91
NGC 6173 11.18 ± 0.09 11.51 ± 0.02 18.52
NGC 6168 9.40 ± 0.10 9.85 ± 0.05 16.28
NGC 6186 9.96 ± 0.09 9.94 ± 0.04 12.67
UGC10650 8.80 ± 0.09 10.48 ± 0.10 15.29
NGC 6278 9.96 ± 0.10 10.38 ± 0.01 9.56
UGC10693 10.77 ± 0.09 11.28 ± 0.03 15.24
UGC10695 10.81 ± 0.09 11.12 ± 0.03 15.73
UGC10710 10.48 ± 0.09 10.88 ± 0.03 12.01
NGC 6310 10.02 ± 0.10 10.41 ± 0.02 15.84
NGC 6301 10.88 ± 0.08 10.94 ± 0.02 20.01
NGC 6314 10.57 ± 0.08 10.52 ± 0.03 8.72
NGC 6338 11.06 ± 0.10 11.50 ± 0.02 19.15
UGC10796 9.16 ± 0.12 9.78 ± 0.10 14.70
UGC10811 10.46 ± 0.09 10.90 ± 0.04 11.82
IC1256 10.19 ± 0.09 10.35 ± 0.02 14.60
NGC 6394 10.32 ± 0.09 10.68 ± 0.02 9.05
UGC10905 10.81 ± 0.09 11.04 ± 0.03 12.37
NGC 6411 10.54 ± 0.09 10.77 ± 0.03 17.82
NGC 6427 10.00 ± 0.10 10.30 ± 0.02 8.88
UGC10972 10.22 ± 0.10 10.51 ± 0.03 19.31
NGC 6478 10.83 ± 0.09 10.97 ± 0.02 17.36
NGC 6497 10.52 ± 0.08 10.74 ± 0.01 11.99
NGC 6515 10.79 ± 0.09 10.97 ± 0.04 13.07
UGC11228 10.55 ± 0.10 10.48 ± 0.03 7.23
NGC 6762 9.91 ± 0.09 10.03 ± 0.06 11.21
MCG-02-51-004 10.66 ± 0.09 10.75 ± 0.01 15.80
NGC 6941 10.64 ± 0.09 10.72 ± 0.01 15.04
NGC 6945 9.11 ± 0.08 10.41 ± 0.02 12.80
NGC 6978 10.49 ± 0.10 10.73 ± 0.01 12.15
UGC11649 10.14 ± 0.08 10.28 ± 0.02 14.54
UGC11680NED01 10.84 ± 0.09 10.94 ± 0.01 14.56
NGC 7025 10.82 ± 0.09 11.05 ± 0.02 18.20
NGC 7047 10.51 ± 0.10 10.70 ± 0.02 19.97
UGC11717 10.66 ± 0.09 10.44 ± 0.17 11.77
MCG-01-54-016 8.38 ± 0.11 9.82 ± 0.07 12.07
NGC 7194 10.75 ± 0.09 11.20 ± 0.05 11.96
UGC12054 8.58 ± 0.10 9.44 ± 0.07 10.41
NGC 7311 10.59 ± 0.09 10.59 ± 0.02 10.60

Table A1 – continued

Name M⋆ Mdyn re

[M⊙] [M⊙] [arcsec]
(1) (2) (3) (4)

NGC 7321 10.65 ± 0.08 10.74 ± 0.03 12.04
UGC12127 11.01 ± 0.09 11.46 ± 0.04 18.86
NGC 7364 10.60 ± 0.10 10.57 ± 0.02 10.56
UGC12185 10.36 ± 0.08 10.57 ± 0.04 9.71
NGC 7436B 11.21 ± 0.10 11.52 ± 0.02 22.59
UGC12274 10.64 ± 0.09 10.85 ± 0.02 12.39
UGC12308 8.95 ± 0.10 10.03 ± 0.07 20.19
NGC 7466 10.55 ± 0.09 10.63 ± 0.02 12.64
NGC 7489 10.53 ± 0.08 10.42 ± 0.04 16.66
NGC 7550 10.87 ± 0.09 11.07 ± 0.03 16.66
NGC 7549 10.38 ± 0.09 10.60 ± 0.02 16.64
NGC 7563 10.28 ± 0.09 10.59 ± 0.01 8.88
NGC 7562 10.68 ± 0.09 10.85 ± 0.03 14.03
NGC 7591 10.62 ± 0.10 10.51 ± 0.03 13.08
UGC12494 9.33 ± 0.10 10.09 ± 0.17 14.49
IC5309 10.47 ± 0.11 10.05 ± 0.07 13.31
NGC 7608 9.13 ± 0.09 9.72 ± 0.03 7.61
NGC 7611 10.20 ± 0.11 10.71 ± 0.07 9.76
UGC12519 9.84 ± 0.09 10.12 ± 0.03 11.73
NGC 7619 10.80 ± 0.08 11.15 ± 0.02 21.44
NGC 7623 10.20 ± 0.09 10.14 ± 0.03 7.97
NGC 7625 9.64 ± 0.08 9.51 ± 0.03 9.80
NGC 7631 10.21 ± 0.09 10.28 ± 0.02 14.10
NGC 7653 10.46 ± 0.09 10.17 ± 0.04 12.28
NGC 7671 10.31 ± 0.10 10.60 ± 0.02 9.26
NGC 7683 10.46 ± 0.10 10.69 ± 0.03 12.80
NGC 7684 10.47 ± 0.10 10.48 ± 0.02 9.04
NGC 7691 10.25 ± 0.09 10.21 ± 0.03 22.82
NGC 7711 10.53 ± 0.09 10.69 ± 0.03 13.47
NGC 7716 10.17 ± 0.08 9.94 ± 0.04 14.16
NGC 7722 10.74 ± 0.09 10.91 ± 0.07 18.01
UGC12723 9.78 ± 0.13 10.27 ± 0.02 15.94
NGC 7738 10.67 ± 0.10 10.64 ± 0.01 11.51
UGC12810 10.43 ± 0.09 10.72 ± 0.02 13.56
UGC12816 9.74 ± 0.11 10.29 ± 0.05 12.85
NGC 7783NED01 10.64 ± 0.10 11.08 ± 0.03 9.98
NGC 7787 10.56 ± 0.10 10.59 ± 0.04 13.55
UGC12857 9.55 ± 0.10 9.83 ± 0.06 18.39
UGC12864 9.69 ± 0.10 9.95 ± 0.06 14.00
NGC 7800 8.93 ± 0.08 10.10 ± 0.07 16.30
NGC 5947 10.28 ± 0.10 10.26 ± 0.03 10.55
NGC 5947 10.28 ± 0.10 10.26 ± 0.03 10.55
NGC 5947 10.28 ± 0.10 10.26 ± 0.03 10.55
NGC 0180 10.72 ± 0.08 10.59 ± 0.04 20.19
NGC 0192 10.46 ± 0.09 10.49 ± 0.02 13.90
NGC 0155 10.72 ± 0.10 10.82 ± 0.02 13.55
NGC 0160 10.73 ± 0.09 10.87 ± 0.01 19.42
NGC 0169 10.88 ± 0.10 10.98 ± 0.06 19.42
NGC 0171 10.29 ± 0.08 9.89 ± 0.04 15.81
NGC 0177 10.35 ± 0.10 10.45 ± 0.04 17.53

Notes. Col. (1): Galaxy name. Col. (2): Stellar mass within re estimated from
PIPE3D. Col. (3): Dynamical mass estimated from the kinematic parameter
S0.5. Col. (4): Effective radius re.

APPENDIX B: LINEAR FIT PARAMETERS A ND

S C AT T E R S FO R T H E M⋆−S0 .5 C O R R E L AT I O N S

All scatters are estimated from the linear fit as the standard devia-
tion of all residuals, we consider stellar mass, M⋆, as independent
variable. log(S0.5) = a + blog(M⋆). S0.5 is given in [km s−1] and M⋆

in M⊙.
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Fit zero-point(a) slope(b) scatter

Integrated kinematics

Gas

Forward − 0.95 ± 0.11 0.29 ± 0.01 0.087
Inverse − 1.99 ± 0.18 0.38 ± 0.01 0.100
Bisector − 1.46 ± 0.13 0.33 ± 0.01 0.090
Orthogonal − 1.03 ± 0.12 0.29 ± 0.01 0.087
Stellar

Forward − 0.61 ± 0.10 0.25 ± 0.01 0.075
Inverse − 1.52 ± 0.14 0.34 ± 0.01 0.086
Bisector − 1.06 ± 0.11 0.29 ± 0.01 0.078
Orthogonal − 0.67 ± 0.10 0.26 ± 0.01 0.075
Total (Gas+Stellar)

Forward − 0.72 ± 0.07 0.26 ± 0.01 0.082
Inverse − 1.73 ± 0.11 0.36 ± 0.01 0.096
Bisector − 1.22 ± 0.08 0.31 ± 0.01 0.086
Orthogonal − 0.79 ± 0.07 0.27 ± 0.01 0.082

Resolved kinematics

Gas

Forward − 0.89 ± 0.14 0.28 ± 0.01 0.053
Inverse − 1.29 ± 0.18 0.32 ± 0.02 0.056
Bisector − 1.09 ± 0.15 0.30 ± 0.01 0.054
Orthogonal − 0.92 ± 0.13 0.29 ± 0.01 0.053
Stellar

Forward − 0.67 ± 0.12 0.26 ± 0.01 0.052
Inverse − 1.40 ± 0.17 0.33 ± 0.01 0.056
Bisector − 1.03 ± 0.14 0.29 ± 0.01 0.050
Orthogonal − 0.72 ± 0.12 0.27 ± 0.01 0.052
Total (gas+stellar)

Forward − 0.66 ± 0.08 0.26 ± 0.01 0.054
Inverse − 1.31 ± 0.13 0.32 ± 0.01 0.059
Bisector − 0.98 ± 0.10 0.29 ± 0.01 0.055
Orthogonal − 0.71 ± 0.11 0.27 ± 0.01 0.054

Only spiral galaxies

Gas

Forward − 0.87 ± 0.15 0.28 ± 0.02 0.043
Inverse − 0.98 ± 0.11 0.29 ± 0.01 0.044
Bisector − 0.93 ± 0.14 0.29 ± 0.01 0.043
Orthogonal − 0.88 ± 0.09 0.28 ± 0.01 0.043
Stellar

Forward − 0.88 ± 0.10 0.28 ± 0.01 0.051
Inverse − 1.35 ± 0.12 0.32 ± 0.02 0.057
Bisector − 1.12 ± 0.13 0.30 ± 0.01 0.054
Orthogonal − 0.92 ± 0.12 0.28 ± 0.01 0.052
Total (gas+stellar)

Forward − 0.77 ± 0.12 0.27 ± 0.01 0.051
Inverse − 1.16 ± 0.10 0.31 ± 0.01 0.056
Bisector − 0.96 ± 0.16 0.29 ± 0.01 0.053
Orthogonal − 0.80 ± 0.11 0.27 ± 0.01 0.051

This paper has been typeset from a TEX/LATEX file prepared by the author.

MNRAS 479, 2133–2146 (2018)
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Chapter 3

Low surface brightness shells, streams

and tidal tails: the merging history of

red early-type galaxies

In the present Chapter I describe the analysis that I have performed on the identification and
classification of faint substructures present in a early-type galaxy, simulated in a hydrody-
namical cosmological simulation. The aim was to build a comprehensive interpretation of the
properties of these structures by means of their census in mock images of surface brightness
maps. This study is part of the deep imaging program MATLAS survey (Duc, 2017), which
is based on the identification of several types of collisional debris, such as tidal tails, plumes,
shells and stellar streams.

67
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3.1 Overview

Deep imaging programs

Thanks to the facilities provided by the current developed and advanced observational tech-
niques, it has been possible to carry out deep imaging programs of nearby galaxies, which
has revealed prominent structures surrounding galaxies. These surveys include for example,
the large field of view mosaic camera (CFHT/MegaCam, NGVS, Ferrarese et al., 2012), the
particular LSB special telescope Dragonfly Telephoto Array (van Dokkum et al., 2014) or the
advanced MATLAS deep imaging survey (see Figure 3.1)(Duc, 2017). All of them have taken
advantage of the diffuse light detected on the external regions of galaxies. The importance
of such detections, relies on the fact that collisional debris are tracers of merger events that
record the mass assembly mainly in early-type galaxies. In particular, the MATLAS Survey
has focused on the distinction between the morphologies of collisional debris in order to make
inferences on the past merger events that a galaxy has undergone. Nonetheless, since collisional
debris are intrinsically faint and also can be destroyed by subsequent accretion events, their
detection is subjected to several factors, such as the surface brightness levels and the projection
on the sky. Thus, simulations are of utmost importance to disentangle this problematic and
estimate their survival time, allowing us to reconstruct their past merging history.
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3.2 Conclusions and perspectives

The study performed inside of a cosmological context through the analysis of a particular
numerical simulation complements the approach followed by observations on the exploration
of the past mass assembly of galaxies, and provides a wider conception on the present topic
which is currently being exploited. In the future, we expect to apply automatic techniques for
the identification and classification of fine structures, since more and more are being detected.
Several studies have applied automatic approaches (e.g. Pawlik et al., 2016; Hendel et al., 2019).
However, it is still necessary to identify fine structures by eye in order to teach the machine how
to make more precise image recognition, and to check the procedures. Additionally, different
dark matter halo models should be explored, since the fine structures will strongly depend on
the dark matter spatial distribution.
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ABSTRACT

Several detailed observations, such as those carried out at the Canada-France-Hawaii Telescope (CFHT), have revealed prominent
Low Surface Brightness (LSB) fine structures that lead to a change in the apparent morphology of galaxies. Previous photometry
surveys have developed observational techniques which make use of the diffuse light detected in the external regions of galaxies. In
these studies, the outer perturbations have been identified and classified. These include tidal tails, stellar streams, and shells. These
structures serve as tracers for interacting events and merging events and retain some memory of the mass assembly of galaxies.
Cosmological numerical simulations are required to estimate their visibility timescale, among other properties, in order to reconstruct
the merger history of galaxies. In the present work, we analyze a hydrodynamical cosmological simulation to build up a comprehensive
interpretation of the properties of fine structures. We present a census of several types of LSB fine structures compiled using a visual
inspection of individual snapshots at various points in time. We reconstruct the evolution of the number of fine structures detected
around an early-type galaxy and we compare it with the merger history of the galaxy. We find that most fine structures are associated
with major and intermediate mass merger events. Their survival timescale ranges between 0.7 and 4 Gyr. Shells and streams remain
visible for a longer time, while tidal tails have a shorter lifetime. These estimates for the survival time of collisional debris provide
clues for the interpretation of the shape and frequency of fine structures observed in deep images with regard to their mass assembly.
We find that the detectability of stellar streams is most sensitive at the surface brightness limit, demonstrating greater visibility at
the deepest surface brightness level used in our simulation. We see between two and three times more streams based on a surface
brightness cut of 33 mag arcsec−2 than with 29 mag arcsec−2. We find that the detection of shells is strongly dependent upon the
projection angle.

Key words. galaxies: elliptical and lenticular, cD – galaxies: evolution – galaxies: interactions – galaxies: peculiar –
galaxies: structure

1. Introduction

Within the frame of the Lambda cold dark matter (ΛCDM) cos-
mological model, galaxy interactions play a major role in hierar-
chical galaxy formation theory. The models suggest that galaxies
are assembled through successive mergers and continuous pro-
cesses of cold gas and dark matter accretion (White & Rees
1978; Bullock & Johnston 2005; Naab et al. 2007; Cooper et al.
2013, 2015; Rodriguez-Gomez et al. 2016). Early studies pro-
pose that massive early-type galaxies result from a violent relax-
ation following the merger of two equal mass disk galaxies
(Toomre 1977). Numerical studies demonstrate that, at high red-
shifts, the so-called intermediate-mass mergers of stellar mass-
ratio 4:1−10:1 could be progenitors of S0-like galaxies. In
addition, multiple sequential mergers of mass ratios ranging
from 4:1−50:1 or even 100:1 can lead to the build-up of ellip-
tical galaxies (Bournaud et al. 2005, 2007; Stewart et al. 2008;
Karademir et al. 2019). The main mode of mass growth for

early-type galaxies is also dependent on redshift. It is expected
that minor mergers, along with stellar accretion, dominate a
galaxy’s mass growth, rather than major mergers at z < 1, since
they occur more frequently (Kaviraj et al. 2009; Peirani et al.
2010; Hilz et al. 2012). Nonetheless, gas-rich mergers domi-
nate the galaxy mass assembly in the early formation phases
(2 < z < 8) (e.g. Naab et al. 2007), although direct gas accre-
tion from cold streams, as inferred from numerical simulations
and, very likely, from observations (e.g. Argudo-Fernandez et al.
2016), may also play a key role in the building of galaxy disks.

Interactions have left vestiges of their existence in
the outer regions of central galaxies from disrupted satel-
lites and from equal-mass mergers (Helmi & White 1999;
Ferguson et al. 2002; Majewski et al. 2003). This collisional
debris is mainly made up of stellar streams, plumes, tidal
tails and stellar shells (Mihos et al. 2005; McConnachie et al.
2009; Janowiecki et al. 2010; Martínez-Delgado et al. 2010;
van Dokkum 2005; van Dokkum et al. 2014). The detection of
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each class of collisional debris is essential since they trace the
last merger events and store information about the mass assem-
bly of their progenitors. In addition, their identification may
modify their apparent morphology and then their classification
in optical imaging surveys, such as the Sloan Digital Sky Survey
(SDSS York et al. 2000).

The present work emphasizes a qualitative analysis of low
surface brightness (LSB) fine structures identified in a numer-
ical simulation conducted in a cosmological context. The first
imaging observations of collisional debris to exhibit the distinc-
tive shapes of tidal tails and stellar streams, mainly in early-type
galaxies, were published in the Atlas of Peculiar Galaxies cat-
alog (Arp 1966). In the case of shell structures, Malin & Carter
(1983) reported a catalog of 137 elliptical galaxies exhibiting
shells or ripple-like structures. On the theoretical side, the first
computational models of interacting galaxies revealed that the
perturbations and debris are the outcome of gravity tides in
disk galaxies (Toomre & Toomre 1972). Since that time, sub-
stantial efforts undertaken to develop observational techniques
aimed at identifying these substructures. The techniques include,
for example, the unsharp masking and amplification of pho-
tographic images (Malin 1977, 1978), sky subtraction of indi-
vidual images (Mihos et al. 2005), and extraction of structural
components with GALFIT (Peng et al. 2002). Additionally, the
application of galactic archeology also allows us to estab-
lish a demography of LSB structures in nearby galaxies
(McConnachie et al. 2009; Crnojević et al. 2013), although its
application is restricted to galaxies at a very low redshift due
to spatial resolution and sensitivity.

The search for diffuse light was also a task carried
out by amateur astronomers using simple cameras (e.g.
Martínez-Delgado et al. 2009). Their long-exposure obser-
vations revealed spectacular images that later inspired the
implementation of new techniques in conventional telescopes
(Martínez-Delgado et al. 2010). Nonetheless, in spite of these
innovative techniques, the detection of merger remnants continues
to be problematic. Low spatial resolution or a limited field of
view make it more difficult to recognize tenuous morphologies
in the outer regions of galaxies. Perhaps the main issue is related
to low surface brightness, expected to be below the level of
28 mag arcsec−2 and, most frequently, below ∼30 mag arcsec−2

(e.g. Johnston et al. 2008; Cooper et al. 2010). Thanks to the avail-
ability and advancement of deep imaging programs for nearby
galaxies, it has been possible to detect the prominent structures
that surround galaxies, with the large field of view provided by the
mosaic camera (CFHT/MegaCam, NGVS, Ferrarese et al. 2012)
or the specialized Dragonfly Telephoto Array, designed for LSB
astronomy (van Dokkum et al. 2014).

In their pioneering work, Malin & Carter (1983) revealed
that numerous shells could be observed as tracers of interactions
and mergers in 137 early-type galaxies. In the survey of 36 field
galaxies aimed at detecting fine structures, Schweizer & Ford
(1985) identified 44% of weak shells and ∼10% of plumes
and tidal tails. In more recent studies, Tal et al. (2009) present
an optical image sample of 55 luminous elliptical galaxies
and, by using a tidal interaction parameter, they find that 73%
of these displayed tidal features. Meanwhile, Atkinson et al.
(2013) report ∼26% of tidal features in their sample of 1781
galaxies from the CFHT Legacy Survey. On the other hand,
Krajnović et al. (2011) identify 8% of tidal debris in a sub-
sample of the ATLAS3D sample of 260 early-type galaxies,
whereas in the massive early-type galaxies of MATLAS deep
imaging survey, it was found that ∼16% displayed streams and
shell-like features, and ∼22% showed tails and plumes (Duc

2017). In the most recent studies, Hood et al. (2018) report an
incidence of 17% of tidal features in the 1048 galaxies of the
RESOLVE survey, as well as Kado-Fong et al. (2018), who iden-
tify 18% shell galaxies and 82% stellar stream systems from the
subsample of 1201 galaxies of the SDSS spectroscopy images
taken from the Hyper Suprime-Cam Subaru Strategic Program
(HSC-SSP).

When it comes to numerical studies, only a few works have
taken a census of tidal debris thus far. In the analysis of the hydro-
dynamical Illustris simulation, Pop et al. (2018) report that 18%
of their massive galaxies display shell-like structures as a result
of merger events with stellar mass ratios &10:1. Karademir et al.
(2019) explore a wide parameter space in mass ratios and rela-
tive orbits. They find that streams are formed by satellite infalling
with a large angular momentum, while shells are the result of
the radial infall of satellites with low angular momentum. More
and more often, fine structures are being identified and classi-
fied through automatic techniques, such as those developed in
Pawlik et al. (2016), Hendel et al. (2019), Walmsley et al. (2019).
It is still necessary to identify fine structures visually in order
to teach the machine how to improve the precision of image
recognition and to verify procedures. In addition, different dark
matter halo models should be explored since the fine structures
will greatly depend on dark matter spatial distribution.

Several scenarios have been proposed to explain the mor-
phology characteristics of tidal features. The disruption of merg-
ing galaxies may yield different features according to their
relative orbits and the geometry of the encounter (Amorisco
2015; Hendel & Johnston 2015). Analytical and numerical stud-
ies show that stellar shell structures are the remnants of disrupted
satellites on near-radial orbits, while stellar streams are gen-
erated by near-circular orbits (Quinn 1984; Dupraz & Combes
1986; Johnston et al. 2008; Karademir et al. 2019). Collisional
debris is made up of transient structures that can last for short
times or be disappear as a result of posterior interactions in
a few Gyr (Stewart et al. 2008). Their recognition is primar-
ily dependent on their surface brightness, in addition to several
other factors, such as the type of substructure and orientation
in the sky (Duc 2017). Thus, the determination of their sur-
vival timescale is crucial in reconstructing the merging history of
galaxies, together with their numerical simulations. Until now,
numerical works have been used to constrain these timescales.
The earliest studies of semi-analytical models focus in the signa-
tures of satellites orbiting the Milky Way. Johnston et al. (1999)
reported a “preceding passage” of ∼0.7 Gyr for tidal debris for
the Sagittarius Dwarf Galaxy, demonstrating that the satellite is
rapidly being disrupted and will only survive a few pericentric
passages, that is, ∼1.3 Gyr. Hybrid models composed of semi-
analytical and N-body simulations of Milky Way-type stellar
halos from Bullock & Johnston (2005) estimate a median accre-
tion time of ∼5 Gyr for their satellite systems.

Hydrodynamical simulations of equal-mass mergers per-
formed in isolated environments have determined several
timescales based on different methods. Lotz et al. (2008) report
an average timescale of ∼1.5 Gyr using the Gini coefficient.
Meanwhile, Ji et al. (2014) use visual inspection to estimate a
merger-feature time (the moment when faint features disappear)
of ∼1.38 Gyr (for µ = 25 mag arcsec−2), which is comparable
to the timescale computed by Lotz et al. (2008). Current deep
imaging surveys go much deeper and further studies are needed
to estimate updated timescales.

The goal of the present work is to identify and clas-
sify the LSB features observed in a host halo based on the
hydrodynamical simulation of Martig et al. (2009). These are
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zoom-in resimulations that reveal the fate of a typical massive
galaxies in great detail after having undergone cold gas accre-
tion and several mergers during a Hubble time. The cosmologi-
cal context is taken from a previous large-scale simulation with
reduced spatial resolution. The high resolution of the zoom-in
simulation is capable of identifying most fine structures occur-
ring at any epoch. In this analysis, five observers have visually
classified a full mock catalog of stellar surface brightness maps
(cf. the snapshots in the appendix). The aims of the classifica-
tion are to: (i) characterize the shape of the faint stellar structures
on the outskirts of the main central galaxy, (ii) take a census of
the number of these structures and classify them into tidal tails,
streams, and shells, (iii) to estimate the survival time of each
substructure and study their dependence on the surface bright-
ness limit and the projection on the sky plane.

In Sect. 2, we describe the numerical simulation carried out
in a cosmological context (Sect. 2.1.1), the high-resolution re-
simulation (Sect. 2.1.2), and the phases of the galaxy evolution
(Sect. 2.2). We describe the catalog of stellar surface brightness
maps in Sect. 3. Results are reported in Sect. 4 and discussed in
Sect. 5. Section 6 presents a summary of our conclusions.

2. Numerical simulations

2.1. Simulation technique

To analyze the galaxy evolution in the ΛCDM cosmological
model, we use the numerical simulation of Martig et al. (2009).
The approach demonstrates how the growth of a massive stellar
spheroid through a series of mergers can be enough to stabilize a
disk which is, by then, no longer self-gravitating, and therefore,
quench star formation. Through this process, the galaxy becomes
a red early-type object while continuing to accrete gas. The tech-
nique that was used consists of two steps: first a ΛCDM cosmo-
logical simulation is run, with only dark matter, while the merger
and accretion history for a given halo is extracted. In the second
step, the mass assembly history is re-simulated at a higher res-
olution, replacing each halo with a realistic galaxy, containing
gas, stars, and dark matter.

2.1.1. Cosmological simulation

The cosmological simulation used to carry out this study was
performed with the RAMSES code (Teyssier 2002), based on
the Adaptive Mesh Refinement (AMR) technique. The box
has a comoving length of 20 h−1 Mpc, and contains 5123 dark
matter particles with a mass resolution of 6.9 × 106 M⊙. The
dark matter halos are identified using the HOP algorithm of
Eisenstein & Hut (1998), and the merger and accretion histories
are extracted following the main halo from z = 2 to z = 0. All the
halos (of the merger history) and diffuse particles (of the accre-
tion history) that cross a fixed spherical boundary drawn around
the target halo are recorded. The sphere is larger than the initial
main halo at z = 2 and encompass satellites, as well as “diffuse”
particles, that is, those that don’t belong to any halo. The sec-
ond step zoom-in resimulations were carried out for Milky Way-
mass galaxies in low density environments (Martig et al. 2012).
Within this sample, we selected a case where there is a major
merger with a post-merger early-type phase galaxy. There is no
particular selection bias, nor were the galaxies selected on the
basis of an abundance of fine substructures.

2.1.2. High-resolution resimulation

The next step consisted of a high-resolution resimulation using
a particle-mesh code described in Bournaud & Combes (2002,

2003), in which the gas dynamics is modeled using a sticky
particle scheme. The maximal spatial resolution is 130 pc and
the mass resolution is 1.4 × 105 M⊙ for stellar particles initially
present in the galaxies, 2.1 × 104 M⊙ for gas and stellar particles
formed during the simulation, and 4.4 × 105 M⊙ for dark mat-
ter particles. Star formation is computed following a Schmidt-
Kennicutt Law (Kennicutt 1998), where the SFR is proportional
to the gas density to the exponent of 1.5, setting a threshold for
star formation at 0.003 M⊙ pc−3. The simulation does not include
supernova explosions, nor AGN feedback.

The resimulation starts at redshift z = 2 and evolves down to
z = 0, including all the halos and the “diffuse” particles embed-
ded in the spherical boundary around the target halo, recording
their mass, position, velocity and spin. Each halo is replaced by
a realistic galaxy made of gas, stars and dark matter particles,
and by replacing each diffuse particle with a blob of lower-mass,
higher-resolution gas and dark matter particles (see Appendix A
of Martig et al. 2009 for more details). Each small halo starts to
interact with the main halo following the orbital and spin param-
eters given at the beginning of the cosmological simulation (e.g.,
Fig. 2 and subsequent figures).

2.2. Merger history and stellar mass growth of the studied
galaxy

The central galaxy studied in this simulation has a mass simi-
lar to that of the Milky Way. Its corresponding host halo does
not belong to a rich group or a galaxy cluster as most early-type
galaxies (ETGs) in the MATLAS survey (see snapshots in the
appendix for the galaxy environment). During the simulation,
the host halo increases from a mass of 2 × 1011 M⊙ at z = 2 to
1.4×1012 M⊙ at z = 0. The galaxy evolution can be decomposed
into 3 main phases (see the plot 3 of Martig et al. 2009). The sim-
ulation starts out with a gas-rich disk galaxy and an intense phase
of minor mergers with a mass ratio between 1:4 and 1:10. This
period lasts from z = 2 to z ∼ 1. Afterwards, a quiet phase takes
place between z ≃ 1 and z ≃ 0.2. This is a quiescent period stud-
ied by Martig et al. (2009) in which star formation is suppressed.
Over this period, there is no major event occurring, however, dif-
fuse gas is continuously being accreted. In the final phase, the
galaxy undergoes a major merger event, along with an increase
in the diffuse gas accretion rate, which lasts from z = 0.2 to
z = 0. These three phases are representative of any merging his-
tory in the life of a galaxy and, thus, our estimations of life-time
of fine structures will be statistically significant.

3. Surface brightness maps

3.1. Mock image generation

We use the models of Bruzual & Charlot (2003; BC03) to com-
pute mock images of the stars in the simulation. We follow the
technique developed in Michel-Dansac & Wozniak (2004). We
briefly describe how the mock images are made. For all stellar
particles in the simulation, we compute the stellar spectra with
a linear interpolation of age in the BC03 tables. For this, we use
tables based on a Salpeter IMF (Salpeter 1955). We assume a
solar metallicity for the stellar particles. The simulation does not
follow the chemical evolution. For one projection, particles are
projected on a 2D grid using a Cloud in Cell (CIC) algorithm
(Birdsall & Fuss 1969). Then, for each pixel we sum up the spec-
tra of individual particles to get the composite spectrum. These
spectra are finally integrated in the CFHT/MegaCam photomet-
ric filters in order to produce surface brightness maps.
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Fig. 1. Surface brightness map of central galaxy shown in g-band with two different color scales (resp., upper and lower panels) and with cut at
33 mag arcsec−2 (left panels) and 29 mag arcsec−2 (right panels).

We have compiled a catalog of images for the 35 snap-
shots of the simulation and the three projections, presenting
a total of 105 images. For each image, we prepared two g-
band maps: one with a cut at 33 mag arcsec−2 (Valls-Gabaud
2017) and the other at 29 mag arcsec−2. The latter value cor-
responds to the surface brightness limit of the MATLAS sur-
vey. We also added unsharp masked maps, a technique that has
proven very efficient in enhancing LSB substructures. The first
snapshot starts at 3.5 Gyr and the last one ends at 13.7 Gyr (in
addition to an extra simulation which evolved until 15.7 Gyr).
The time interval is 0.3 Gyr. Below, we provide a phenomeno-
logical description of collisional debris, based on the observa-
tional work of Duc et al. (2015) (see e.g., Fig. 1). To visualize
tidal streams, tails and shells, we believe that dust extinc-
tion is not significant because the fine-structure features are
located in the outer parts of galaxies, where there is little gas or
dust.

3.2. Visual classification

For the visual identification, we proceeded in a similar way to
earlier observational surveys aimed at identifying substructures

optically (e.g. Tal et al. 2009; Atkinson et al. 2013; Duc et al.
2015; Duc 2017). A team of five members carried out a visual
inspection of each mock image. We identified and classified the
fine structures that were observed and took a census of them
for both surface brightness cuts. Note that all the images (var-
ious snapshots and projections) in the catalog have been ran-
domly ordered for the classification in order to avoid two close
snapshots in the same projection following the other in the cat-
alog or two projections of the same snapshot. This ensures that
our classification is not influenced by the stellar structures of
recent history or another viewing angle. Indeed, in real observa-
tions, there is no equivalent of two consecutive snapshots of the
same merger event. In our case, each image is initially consid-
ered entirely independently of any other. This also allows us to
verify the consistency of the method once the merger history is
reconstructed.

Figures 2–4 demonstrate three examples of tidal tails, stellar
streams, and shells, respectively, each projected in two direc-
tions, and based on the case of the lowest surface brightness
limit, that is, µ = 33 mag arcsec−2. Below, we define the sub-
structures categorized within the three morphologies mentioned
above.
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Fig. 2. Examples of interactions between central galaxy and its nearby companions, which demonstrate protuberant tidal tails (indicated with a
white arrow) for three different objects (resp., right, middle and left panels) in two random projections: XY in the upper panel and XZ at the
bottom.

Tidal tails are thick, radially elongated structures that are
connected to the host galaxy. The visual impression is that the
tidal tail appears to be emanating from the galaxy. In the case of
any confusion between tail and stream, we relied on the aspect
of thinness to distinguish between streams and tail; tails being
thicker than streams. The thickness separation between the two
is of the order of 300 pc. Over time, the dilution of tidal tails
implies a widening, so there is no confusion.

Stellar streams are thin, elongated stellar structures which
look like narrow, long filaments. They can be associated with
galaxy satellites, exhibiting the known S-shaped structures that
emanate from the main galaxy and characterize satellite disrup-
tion. But this is not a requisite, so they might also not be asso-
ciated clearly with any galaxy, or physically associated with the
central galaxy.

Shells have circular concentric shapes and are sharp-edge arc
structures. Depending on their intrinsic nature and their projec-
tion, they appear to be aligned with a common axis or randomly
spread around the central galaxy. When aligned to the major axis
of the host, they are interleaved, meaning that they appear to
accumulate alternatively on each side of the galaxy. This stel-
lar accumulation can be associated with successive apocenters
of an oscillating radial orbit following a satellite accretion event.
When they extend to larger radii, they become more diffused.

To illustrate the three kinds of fine structures, we compare
typical examples for each, in both observations and simulations,
in Fig. 5.

4. Results

4.1. Evolution of stellar mass

The stellar mass of the central galaxy is plotted as a function of
time in Fig. 6. We distinguish the provenance of the stellar mass

into two categories. First, we show the contribution of the in situ
mass, referring to the stars born inside of the main galaxy. Sec-
ondly, the ex situ mass, or accreted mass referring to the stars
formed in the satellite galaxies and accreted afterwards into the
main galaxy. We note that since the simulation starts at z = 2
with preprepared galaxy models, a third contribution to stellar
mass is the initial mass of the galaxy. These three phases describe
the evolution of the main galaxy. In addition, at larger scales,
a number of satellites orbit the halo all over the simulation. In
Table 1, we describe the properties of the most important satel-
lites that interact with the main galaxy during the simulation.
The merging satellites are identified using an arbitrary number.
Their merging time, their stellar mass, and their mass ratio with
respect to the main galaxy are all listed.

4.2. Identified substructures

Having defined the method and described the mock catalog of
surface brightness images, we explore our findings and the sub-
structure properties observed in this analysis.

In Figs. 7–9, we present the time evolution of the number of
tidal tails, stellar streams and shells, respectively, for three dif-
ferent projections, x − y, x − z and y − z (as indicated in each
panel). Time begins at the start of the resimulation (z = 2), and
continues after the present time (z = 0), so that the future of fine
structures can be estimated. The panels display the curves of the
average value from the five team members who made the visual
inspection for each time interval (snapshot) and their respec-
tive scatter. We present this census for both surface brightness
limits µ= 29 mag arcsec−2 (“detected”) and µ= 33 mag arcsec−2

(“total”), respectively.
In addition, in order to analyze the correlation between the

generation of features and the presence of mergers, in Fig. 10 we
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Fig. 3. Examples of central galaxy hosting disrupted satellites based on presence of prominent stellar streams (indicated with a white arrow) for
three different objects (resp., right, middle and left panels) in two random projections: XY in the upper panel, and YZ at the bottom.

Fig. 4. Examples of central galaxy displaying several shells around it (indicated by white arrow) for three different objects (resp., right, middle
and left panels) in three random projections: XZ in the upper panel, XY and YZ at the bottom.
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Fig. 11. Example of stellar stream appearance with a cut at 33 mag arcsec−2 (left panel) and 29 mag arcsec−2 (right panel).

4.5.1. Tidal tails

with the phrase in bold as this format amounts to the equiva-
lent of bullet points. We do not find any dependence on the pro-
jection. We compare the three projections in the corresponding
panels of Fig. 7 and we find a similar tendency for the curves
across all periods of time. The same number of tidal tails can
be detected in any projection of the simulation. We attribute
this behavior to the 3D nature of tails when encounters are not
coplanar.

4.5.2. Stellar streams

Streams do not exhibit dependence on the orientation. They are
visible in all directions. The same number of streams can be
detected in any projection. Curves in the three panels of Fig. 8
follow the same trend.

4.5.3. Shells

This class of substructures is highly dependent on the projection
effects. The middle panel of Fig. 9 (XZ-projection) demonstrates
this result in particular. The incidence of shells is much higher
in this projection than in the other two orientations. In Fig. 4 can
be appreciated shells in only one orientation. The explanation
is that shells are aligned with each other, either along one axis
(prolate case) or a common equatorial plane (oblate case) of the
central galaxy (Dupraz & Combes 1986).

5. Discussion

Table 2 summarizes some of our findings and the characteris-
tics of the three classes of fine structures. Colors are not con-
sidered in this paper given the difficulty to derive them in real
observations, although they are provided in the simulations. With
the deeper surface brightness limit, it is possible to detect shells
in the most favorable orientation up until 4 Gyr, stellar streams
when they are not destroyed by further minor mergers and until
3 Gyr; and tidal tails up until 2 Gyr. Tidal tails are considered
the main tracer of major merger but they vanish more quickly.
Streams are thinner and more frequent since they are produced

Table 2. Summary of results: properties of fine structures.

Property Tidal tails Shells Streams

−1st and 3rd peak: −1st peak: −1st peak:

Formation mass ratio (1:8) ratio (1:8) ratio (1:3)

mechanism

−2nd and 4th peak: −2nd peak: −2nd peak:

(1:3, 1:1.55) ratio (1:1.55) ratio (1:8)

Visibility 0.7−1 Gyr 3−4 Gyr 1.5−3 Gyr

Surface

brightness No Mild High

sensitivity

Orientation No High No

dependency

Color (B − V) Blue: Red: Blue:

−2.5 to −1.5 −1.5 to 0 −3 to −1

in minor mergers, which have a much greater occurrence. Shells
are highly dependent on sky orientation and they are the oldest
vestiges of intermediate-mass mergers. In addition, their number
increases over time, although their surface brightness decreases
simultaneously.

It is interesting to compare these results with previous
studies. Lotz et al. (2008) and Ji et al. (2014) identify differ-
ent timescales for different merger stages of their simulated
pair encounters. From their series of hydrodynamical simula-
tions of equal-mass gas-rich disc galaxy mergers, Lotz et al.
(2008) find characteristic perturbed and asymmetric morpholo-
gies during the merging time, but quite relaxed ones afterwards.
Their observability timescales for the resulting fine structures are
dependent on numerous parameters (viewing angle, orbit geom-
etry, gas fraction, etc.) but are typically found in the same order
as the coalescence timescale. The remains of the intense starburst
triggered by the major merger is more easy to see than morpho-
logical perturbations. Their merger remnants appear disk-like
and dusty, while exhibiting a massive bulge. Our simulation is
of a different character as it follows a series of minor mergers
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and gas accretion in a cosmological context that is undergone by
a central galaxy which is become an early-type quenched object.
The observability timescales are therefore more realistic, taking
into account successive mergers which are capable of destroying
the vestiges of previous ones.

Ji et al. (2014) also follow a series of mergers, but their
study is based on different mass ratios and use hydrodynam-
ical simulations. They consider the survival timescales of the
fine structures according to the surface brightness limit and
galaxy environment. When isolated, the survival time is, on
average, twice the coalescence time for a surface brightness
limit of 25 mag arcsec−2, i.e. ∼2.5 Gyr. This timescale can be
twice as long (∼5 Gyr) for a deeper surface brightness limit
of 28 mag arcsec−2. Again, our simulation is more realistic
since the central galaxy is the result of several satellite merg-
ers during its formation and evolution, with different mass
ratios ranging from 25:1 to 1.5:1, making the system more
chaotic. For a minor merger of a small mass ratio, the final
fine structure timescale can be quite long since the coalescence
timescale itself is longer than for a major merger. The occur-
rence of minor mergers is traced more frequently by stellar
streams than by tidal tails (which tend to characterize major
mergers).

The advantages of our method, relative to the systematic
study of individual mergers, is that we can study the survival
time of fine structures based on a complex merging history. The
results are then directly comparable to observations because, in
addition, we use the same classification method sensitive to LSB
features. To counterbalance these advantages, there are obvious
limits to our method: we focus on only one merger history, and
more computational efforts will be required to obtain a wider set
of statistics. Also, it is difficult to follow individual substructures
from one snapshot to the other: we only count the total number
of features, and there is some degeneracy when one feature is
destroyed and another one created, resulting in the same num-
ber. To reduce the degeneracy, more frequent snapshots should
be documented, which would prove more demanding for the pro-
cess of visual classification.

We demonstrate how fine structures in the outer parts and
stellar halos of galaxies can help to trace back the merger his-
tory and the mass assembly of present day galaxies. A study
of stellar halos of Milky Way-like galaxies in the nearby uni-
verse, compared with Illustris simulations, have shown that the
morphology of galaxies are, indeed, closely linked to the signif-
icance of their halos (Elias et al. 2018). Galaxies which demon-
strate a small stellar halo mass relative to their total mass are disk
galaxies which are still forming stars, whereas those with a large
fraction of their mass in their halos are quenched. Simulations
by Karademir et al. (2019) show that minor mergers enrich the
stellar halos of galaxies much more than their centers and that
they are able to increase the size of galaxy disks, as has been
observed (e.g., Newman et al. 2012).

In recent years, machine learning algorithms have been
developed to identify fine structures in galaxy halos, both
in observations and simulations (e.g. Walmsley et al. 2019;
Hendel et al. 2019). Comparisons to visual classifications pro-
vide promising results and these methods will be inevitable for
large surveys in the future.

Mantha et al. (2019) propose a tool for identifying tidal
debris in CANDELS deep fields and in the VELA simulations
as well, which helps to disentangle viewing effects and the sub-
jectivity of visual inspections. Automatic tools like this will help
to improve the characterization of the merger rate as a function
of redshift.

6. Conclusions

We used a hydrodynamical simulation that has been resimu-
lated within a cosmological context in order to analyze and
interpret the morphologies and survival timescales of fine struc-
tures, as well as tracers of mergers and of the mass assembly of
present day early-type galaxies. We took a census of three types
of fine structures based on visual inspection: tidal tails, stellar
streams, and shells. The observation of the number of fine struc-
tures detected around the central galaxy versus time allows us to
reconstruct its merger history. We find three phases in the central
galaxy evolution, the second one characterized as a very quiet
phase. The census of fine structures are taken in correspondence
with the merger events that have been identified. This allows us
to establish that:

– Tidal tails result from major mergers events (1.5:1), stellar
streams from minor mergers (10:1) and shells from major
and intermediate-mass mergers (4:1).

– Tidal tails and shells have long survival times, ∼2 Gyr and
∼3 Gyr, respectively, but streams remains visible across all
phases of galaxy evolution.

– The detection of stellar streams are highly dependent on
the surface brightness limit. We see between two and
three times more streams with a surface brightness cut of
33 mag arcsec−2 than with 29 mag arcsec−2.

– The detection of shells depends considerably on the projec-
tion angle and orientation on the sky plane.

Our results are compatible with previous simulations of com-
parable scope, however, conducting the zoom-in resimulation in
a cosmological context introduces more realistic conditions to
estimate the survival timescales of fine structures around today’s
early-type galaxies.

As for the observer’s point of view, the reconstruction of the
merger history is obtained more optimally with shells, which
have longer timescales. The number of shells can also indicate
the time that has passed since the last merger. Streams have
shorter timescales, so when no fine structure is observed, this
means either no event has occurred since 2 Gyr, or it has been
limited to a very minor merger with a large angular momentum,
which produces more streams than shells.
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Appendix A: Snapshot evolution

In the following three figures (Figs. A.1–A.3), we present the
whole ensemble of snapshots of the zoom-in simulation of the
three projections.

Fig. A.1. Snapshot evolution in XY-projection.
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Fig. A.2. Snapshot evolution in YZ-projection.
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Fig. A.3. Snapshot evolution in the XZ-projection.
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Chapter 4

The molecular gas content of shell

galaxies

This Chapter is dedicated to the study on the detection and distribution of gas content in shell
galaxies. I describe each selected target, the details of CO observations, the specific regions in
each galaxy where we searched for the 12CO molecule and the implications of the results found.
Some of the specific objectives are, for example: to test the shell formation mechanism through
phase wrapping during a radial minor mergers previously proposed in the numerical simulation
models, as well as to examine the expected association between the stellar and gaseous (HI or
CO) shells, and thus discuss possible scenarios also taking into account the predictions from
N-body numerical simulations.

4.1 Overview

4.1.1 First shell galaxy detection: Examples

Shell galaxies are elliptical or S0 galaxies which exhibit low surface brightness circular shapes
and shape-edged inner structures in their external regions. The discovery of these concentric
arc-like shape structures, also known as ripples, was done in the 1960’s. First images of shells
galaxies were reported by Halton Arp in 1966 in the “Atlas of peculiar galaxies (Arp)” composed
by 338 objects (Arp, 1966). One of the particular examples displaying inner and outer shell
structures distributed in only one direction is Arp 230 (see Figure 4.1.1). Currently, the main
shell galaxy catalog is “A catalog of elliptical galaxies with shells” by (Malin and Carter, 1983)
which contains 137 galaxies from the southern hemisphere (declination south -17◦) displaying
shell structures at large distances from the central galaxy. With a naked eye, they identified
faint structures of µ ∼ 26.5 mag arcsec−2. A prominent and famous example is NGC 3923.
This is a normal elliptical galaxy which exhibit ∼ 25 remarkable shell-like structures aligned
perpendicular to the major axis of the galaxy and extended up to 200 kpc from the center.

4.1.2 Incidence of shell galaxies

The abundance of shell galaxies represent the 10 % of E and E/S0, 6 % of S0 and only ∼ 1 %
of spiral galaxies (Schweizer and Seitzer, 1988). In the pioneering work of (Malin and Carter,
1983), who present a catalog of shell galaxies, it was found that 47.5 % are isolated galaxies,
30.9 % belongs to a group, 3.6 % are in a cluster or rich groups and 18 % are shell galaxies from
groups of two or five galaxies. These percentages indicate that shell galaxies do not form in
high galaxy density regions. This result can be attributed to the low velocity of tidal effects of
neighboring galaxies which disrupt the shell structures or the collision between two encounters
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Figure 4.1: Left: The overprocessed negative detail image of Arp 230 Arp (1966) Right: NGC
3923 from Malin and Carter (1983).

that produce the shell formation. Besides, in the clusters, where the environment has a high
galaxy density, there are regions with high relative velocity.

On the other hand, in the survey of 36 southern field giant ellipticals of Schweizer and Ford
(1985), it was reported that 44 % were galaxies which exhibit shells (e.g. NGC 1316, NGC
5128, NGC 5018). Afterwards, Schweizer and Seitzer (1988) presented a study of a larger sam-
ple composed of 145 galaxies (110 galaxies outside of Virgo Cluster and 35 Virgo galaxy cluster
members). In this work, they showed that shells are also present in northern spiral galaxies
with Hubble types S0, S0/Sa and Sa (e.g., NGC 3032, NGC 4382, NGC 5739, NGC 7600).

More than 20 years later, Tal et al. (2009) estimated that 22 % of their sample of 55 nearby
luminous elliptical galaxies were shell galaxies, which made them the most common collisional
debris present in their whole sample. In the work from Krajnović et al. (2011) aimed to study
several properties, among them to characterize quantitatively the morphological and kinematic
features and determine their frequency, it was reported that 3.5 % of their ATLAS3D sample
of 260 early-type galaxies were shell galaxies. In the same year Ramos Almeida et al. (2011)
presented a study based in a sample of 46 southern 2 Jy radio galaxies in order to investigate
the role of galaxy interactions in the triggering of powerful radio galaxies (PRGs). In that
study, they found that the most common signature of morphological disruption in the PRGs
was shell features with a percentage of 35 % of the total sample.

In another work based in a sample of 65 early-type galaxies from Spitzer Survey of Stellar
Structure in Galaxies (S4G), Kim et al. (2012) identified vestiges of tidal interactions in the
GALFIT residual images of 11 galaxies, such as shells and tidal tails. From these galaxies, 4
exhibit shell features (NGC 474, NGC 2634, NGC 3032, NGC 5018). In addition, Atkinson
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et al. (2013), examined a large sample of 1781 luminous galaxies from the wide-field component
of the Canada-France-Hawaii Telescope Legacy Survey, aimed to identify faint tidal features.
In their study, they found that the occurrence of shells are larger in red early-type galaxies (14
%) than in blue late-type galaxies (6 %). In the pilot survey of eight isolated spiral galaxies of
Mart́ınez-Delgado et al. (2010) addressed to study interaction signatures, was identified shell-
like structures or umbrella-shaped tidal debris structure in three of their galaxies, i.e., NGC
4652, NGC 7531 and NGC 3521. Similarly, de Blok et al. (2014) observed a shell-like structure
in the galaxy NGC 4414, indicating that the galaxy was undergoing a minor interaction. Ac-
cording to the asymmetry between the sharp edge of the shell towards the west and the much
more diffuse distribution in the other directions suggest that this galaxy suffered an interaction
that was not entirely radial.

In the most recent studies, Duc (2017) presented a sample of massive early-type galaxies
from MATLAS deep imaging survey taken with CFHT/MegaCam, finding that ∼ 16 % of its
galaxies displayed streams and shell-like features. Similarly, Hood et al. (2018) reported ∼ 26
% “broad” shell-like features in the gas-poor tidal features of their sample of 1048 galaxies from
the REsolved Spectroscopy Of a Local VolumE (RESOLVE) survey. Finally, Kado-Fong et al.
(2018), identified 18 % shell galaxies from the subsample of 1201 galaxies of the SDSS spec-
troscopy images, taken from the Hyper Suprime-Cam Sabaru Strategic Program (HSC-SSP).

4.1.3 Shell galaxy properties

Different properties of shell structures detected around galaxies, such as geometrical and envi-
ronmental, provide clues to constrain the models of shell formation. Several works have been
focus to study these galaxy properties (Quinn, 1984; Dupraz and Combes, 1986). In their stud-
ies, they have analyzed several shell galaxies observed with high-contrast prints and unsharp
masked photographs. The following summary of shell galaxy properties was presented in their
analysis:

• Shell structures were detected in both normal ellipticals (e.g., NGC 3923, left panel of
Figure 4.1.1) and special ellipticals (e.g., Centaurus A (NGC 5128)). In the sample of
Schweizer and Ford (1985) half dozen lenticular galaxies display shells. Shells are also
detected in S0 galaxies and they seem to be present in field galaxies, i.e., in environments
of low galaxy density.

• The angular distribution of shells is highly related to the eccentricity of the host galaxy.
Shell structures are randomly spread around the galactic center when the elliptical is
nearly E0 (NGC 474, NGC and UKS 0422-476). On the opposite side, shells tend to be
aligned to its major axis and distributed in an interleaved way in radius of both sides
of the center when the elliptical is a more flattened system (>E6) (Arp 230, NGC 3923,
NGC 1344 and NGC 5018).

• Shells present a three-dimensional structure. They do not complete an entire circle,
instead they appear as concentric semi-circles around galaxies with higher ellipticity and
they tend to be aligned with their major axis of the host galaxy. Usually their ellipticity
is low, but it is directly correlated with the eccentricity of the elliptical galaxy.

• Shells are numerous and appear over a large range of radius. The distance between two
successive shells increases with their distance to the center of the galaxy. In general, they
are accommodated in an interleaved way with the radius, i.e., the next outermost shell is
on the opposite side of the nucleus.
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A recent work in (B́ılek et al., 2016) have obtained the deepest image so far of NGC 3923 with
the Mega Cam Camera at the Canada-France-Hawaii Telescope in the g’-band and reanalyzed
an archival HST image of the galaxy. The image reached a surface brightness limit of 29 mag
arcsec−2. For this galaxy, they detected up to 42 shells! The highest number of shells detected
in a galaxy so far (see Figure 4.2). They discovered a probable progenitor and concluded that
the shell system was likely originated from two or more progenitors.

Figure 4.2: Images of the individual features found in MegaCam image (B́ılek et al., 2016) and
in the archival HST image (Sikkema et al., 2006), showing filamentary structure. North is to
the top and east is to the left. The abbreviations indicate the following: Sn - shells, F - other
tidal features, Cn - probable galactic cirri, H - a hook-like structure.

4.2 History of the theories of shell galaxy formation

After the publication of the largest catalog of shell galaxies by Malin and Carter (1983), a huge
interest to obtain deep images to disentangle the physical process behind these new types of
galaxies arose from the scientific community. Several works were focused also into proposing
and describing different scenarios for the mechanism of shell formation. By that time, it was
thought that shells detection around galaxies was the outcome of internal mechanisms such as
ejection, explosions, or magnetic forces (see e.g. Athanassoula and Bosma, 1985). Nonethe-
less, the tests with dynamical and numerical models of galaxy interactions favored the merging
processes itself as the most acceptable explanation to describe collisional debris (Toomre and
Toomre, 1972).

One of the first models to explain the phenomenon of shell formation, was presented by
Fabian et al. (1980). In this theory, it was suggested that the shells are regions of star forma-
tion in a shocked galactic wind in elliptical galaxies, which are preceded by a subsequent star
formation under a specific conditions. However, observations did not support this hypothesis
(Carter et al., 1982).
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Williams and Christiansen (1985) proposed that visible stellar shells at larger distances
from the center of isolated elliptical galaxies were generated for a blast wave expelled during
an active nucleus phase in the early stages of the galaxy, sweeping the interstellar medium out
of the galaxy into an expanding gaseous shell which radiatively cools behind its leading shock
front. If the nuclear activity stops, then a shell can cool enough to allow a brief episode of star
formation that ends when the shell is heated by a supernova. Thus, this model were based on
the fact that these stars would spend most of their time near to the apogalacticum of their ra-
dial bound orbits, producing the appearance of shells. Nonetheless, since shells are remarkable
sharp features, such scenario would imply that stars could continue moving in phase after 20
or more crossing times, which is a very large amount!.

On the other hand, in the simulations of Quinn (1984) it was shown that shell formation in
normal ellipticals were produced by a disruption of a small companion (disk) induced by a big
elliptical galaxy of 10 to 100 times more massive than the companion. In (Quinn, 1984) and
(Dupraz and Combes, 1986) was supported the merging model to describe the phenomenon
of shell formation. In their N-body simulations small disks are modeled as a self-consistently
system, where shells are considered as a test particle phenomenon.

Quinn (1984) and Dupraz and Combes (1986) tested the Schweizer’s model (Schweizer,
1980), where is assumed that shells are the result of mergers or accretions involving disk sys-
tems. The simple N-body models developed by Quinn (1984) turned out to be consistent with
structures formed as a result of collision between a elliptical and a disk galaxy. Concretely, it
was shown that shells arise from a phase wrapping of the dynamical cold disk in the fixed po-
tential well of the elliptical galaxy. The test particle dynamics of the shells, as well as the large
range in radius that they cover, allowed them to develop an impression of the detailed shape of
potential wells in elliptical galaxies. In addition, since shells display a lower surface brightness
in comparison with the central elliptical galaxy, this would imply that the total mass of shells is
small compared to the elliptical mass. Therefore, Quinn (1984) assumed that self-gravity was
not important for the generation of shells and thus the elliptical galaxy can be modeled as a
rigid potential well. In their study, limited to a reduced number of particles and the variation
of the merger mass ratio, they found that the occurrence of shells was related to the coldness
or the lack of random motions in the ripped system and the rigidity and smoothness of the
potential field in the target galaxy.

4.3 Current mechanisms of shell formation

A convincing theory has been developed to account for the formation of shells around early-
type galaxies (Quinn, 1984; Dupraz and Combes, 1986, 1987; Hernquist and Quinn, 1989).
According to the N-body simulations, the mechanism of shell formation depends on whether
the angular momentum of the encounters is high or low. This physical condition gives place to
a phase-wrapping or a space-wrapping phenomena.

4.3.1 Phase-wrapping scenario

Low-angular momentum encounters result in a phase wrapping of a companion falling on a
radial or nearly radial orbit into the fixed potential well of an elliptical galaxy. Stars are mod-
eled as collisionless particles, which were originally bound to the merging galaxies. The stars
of the companion are liberated by tidal forces and start to oscillate in the potential of the pri-
mary galaxy. In each turning point, the stars have the minimum velocity and are accumulated.
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These periodic oscillations of stars behave like an outward-propagating wave forming arc-like
structures in their apocenters.

Quinn (1984) described the shell formation on a one-dimensional example by using test
particles and a rigid potential well. Figure 4.3, describes the phase evolution of the system.
The maximum spatial trajectory of each space wrap corresponds to a sharply defined density
maxima. The density maxima occurs near the apocenters of the particle orbits. Initially, the
maximal radial position of the orbit is reached by the most tightly bound particles. But as the
velocity of the most distant particles becomes zero in each turning point, the particles return
back and the density wave propagates slowly in radius to the outermost turning point estab-
lished by the least bound particles. These particles in phase space form the shell-like structures.

Figure 4.3: The phase space and configuration space, time evolution of 5000 test particles
falling from rest into an isochrone potential. The number in the top left of each phase plane
plot are the time passed in units of the radial period of the most tightly bound particle.
The configuration space distribution of the particles at each time is shown directly below the
corresponding phase plot. Positions are in units of the isochrone scale length, and velocities are
in units of (GM/10a)1/2, where M is de total mass and a the scale length. By Quinn (1984).
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The shell spacings should decrease with decreasing radius, as confirmed by observations,
and their number should increase with time. This phenomenon is also predicted to occur in
the last phase of any merging between two spiral galaxies. The end-product appears to be
an elliptical with a de Vaucouleurs law as light profile (e.g., Schweizer, 1990). The late infall
of tidal tails and debris, predominantly consisting of stars, initiates the phase-wrapping and
subsequent shell formation. Most spiral merger remnants, such as the prototypical NGC 7252,
indeed appear to possess shells (Schweizer, 1990).

The morphology of shells may help to reveal the 3D-structure of the galaxy potential. Nu-
merical simulations in (Dupraz and Combes, 1986) make predictions on the geometry of shell
systems. Radial oscillations in a prolate potential, result in an alternate arrangement of shells,
i.e., shells align along the major axis and are interleaved in radius. In the case of less radial
oscillations with angular momentum, shells form randomly around the equatorial plane of an
oblate potential and keep some rotational velocity in the edges (see Figure 4.4).

Figure 4.4: The sketches of the geometry in space of the shell system surrounding: (a) a prolate
elliptical galaxy, and (b) an oblate elliptical galaxy. By Dupraz and Combes (1986).

4.3.2 Space-wrapping scenario

High orbital momentum encounters where the center of mass motion of an infalling companion
is non-radial, results in a spatial wrapping of this companion which produces encircling crossing
structures different to the shells observed. The fact that we do not observe them is due to the
low frequency of these encounters.

4.4 Atomic and molecular gas in shell galaxies

This space-wrapping scenario was invoked when neutral hydrogen was observed in systems con-
taining shells. Schiminovich et al. (1994) and Schiminovich et al. (1995) have detected diffuse
HI gas associated with the stellar shells (Centaurus A and NGC 2865). These observations were
a priori surprising in the phase-wrapped scenario, since we believe that the diffuse gaseous and
stellar components do not have the same behavior when approaching to the center of the poten-
tial well in quasi-radial orbits (Weil and Hernquist, 1993). The gas was expected to infall into
the center without being able to oscillate back. However, part of the gas could be structured in
clouds and less dissipative, and also the orbits might be less radial. Simulating a minor merger
with clumpy gas, Combes et al. (2000) have shown that indeed, a large fraction of the gas may
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The spectra detected in these galaxies displayed a double-horn shape, indicating two dif-
ferent angular momenta, and some rotation added to the radial motions of the gas in shells.
As a future work, we will perform observations in NOEMA telescope to map CO emission in
the shells of Arp 10, NGC 3656 and NGC 3934. The aim is (1) to determine a possible radial
shift between the gas and stellar shell, if made through phase-wrap, as predicted by the theory
(Combes and Charmandaris, 2000); (2) to determine exactly the kinematics of the shell, since
the spatial resolution will split the emission according to the velocity gradient expected (while
we only see the integrated spectrum with the single dish).
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ABSTRACT

Shells are fine stellar structures that are identified by their arc-like shapes around a galaxy. They are currently thought to be vestiges
of galaxy interactions and/or mergers. The study of their number, geometry, stellar populations, and gas content can help us to derive
the interaction or merger history of a galaxy. Numerical simulations have proposed a mechanism of shell formation through phase
wrapping during a radial minor merger. Alternatively, there could be merely a space wrapping, when particles have not yet radially
oscillated, but are bound by their radial expansion, or produce an edge-brightened feature. These can be distinguished because they
are expected to keep a high radial velocity. While shells are first a stellar phenomenon, HI and CO observations have revealed neutral
gas associated with shells. Some of the gas, the most diffuse and dissipative, is expected to be quickly driven to the center if it is
traveling on nearly radial orbits. Molecular gas, which is distributed in dense clumps, is less dissipative, and may be associated with
shells. It can then determine the shell velocity, which is too difficult to obtain from stars. We present here a search for molecular gas
in nine shell galaxies with the IRAM-30 m telescope. Six of them are detected in their galaxy center, and in three galaxies, we clearly
detect molecular gas in shells. The derived amount of molecular gas varies from 1.5 × 108 to 3.4 × 109 M⊙ in the shells. For two of
them (Arp 10 and NGC 3656), the shells are characteristic of an oblate system. Their velocity is nearly systemic, and we conclude
that these shells are phase wrapped. In the third galaxy (NGC 3934), the shells appear to participate in the rotation. Follow-up with
higher spatial resolution is required to conclude.

Key words. galaxies: interactions – galaxies: ISM – galaxies: kinematics and dynamics – galaxies: peculiar – galaxies: structure

1. Introduction

It is well accepted that galaxy interactions frequently lead to
merging, and that it must have played a fundamental role in
the formation and evolution of galaxies (Toomre & Toomre
1972). Most of our understanding of galaxy interactions has
been obtained through numerical simulations (see for a review
Barnes & Hernquist 1992). Among the best vestiges of galaxy
interactions are shells and ripples (Schweizer & Seitzer 1992),
which are often present around merger remnants. Shells, which
are composed of stars, were originally observed around ellipti-
cal and S0 galaxies, which are poor-gas systems (Carter et al.
1982). A convincing theory has been developed to account for
the formation of shells around early-type galaxies as a phase-
wrapping phenomenon (Quinn 1984; Dupraz & Combes 1986,
1987; Hernquist & Quinn 1989). According to the theory, the
stars modeled as collisionless particles, which were originally
bound to the merging companions, are liberated and oscillate
with different periods of oscillation around the primary galaxy.
They accumulate near the apocenters of their orbits to form shell-
like features. This phenomenon is also predicted to occur in the
last phase of any merging between two spiral galaxies. The end-
product appears to be an elliptical, with a de Vaucouleurs law as
light profile (e.g., Schweizer 1990). The late infall of tidal tails
and debris, predominantly consisting of stars, initiates the phase
wrapping and subsequent shell formation. Most spiral merger

⋆ Based on observations carried out with the 30 m telescope of Insti-
tute of RAdioastronomy in Millimeter (IRAM).

remnants, such as the prototypical NGC 7252, appear indeed to
possess shells (Schweizer 1990).

The morphology of shells may help to reveal the 3D structure
of the galaxy potential: if the galaxy is prolate, shells align along
the major axis and are interleaved in radius, while the shells
are found randomly in azimuth near the equatorial plane of an
oblate galaxy (Dupraz & Combes 1986). All these are phase-
wrapped shells, where stars are accumulating at the apocenter of
their oscillations. However, as Hernquist & Quinn (1988) have
pointed out, there could also be some features such as tails or
streams, edge-brightened or only space-bounded, that do not fall
under phase wrapping, but only under space wrapping.

This space-wrapping scenario was invoked when neu-
tral hydrogen was observed in systems containing shells.
Schiminovich et al. (1994, 1995) have detected diffuse HI gas
associated with the stellar shells (Centaurus A and NGC 2865).
These observations were a priori surprising in the phase-wrapped
scenario because we believe that the diffuse gaseous and stellar
components do not have the same behavior when they approach
the center of the potential well in quasi-radial orbits (Weil &
Hernquist 1993). The gas was expected to infall to the center,
without being able to oscillate back. However, part of the gas
could be structured in clouds and be less dissipative, and the
orbits might also be less radial. Simulating a minor merger with
clumpy gas, Combes & Charmandaris (2000) have shown that
indeed, a large fraction of the gas could follow the stars in phase-
wrapped shells. Because the gas in the outer parts of the merging
companion is less strongly bound than the stars, it is liberated
first and is less slowed down by dynamical friction: gaseous
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shells have a slightly larger radius than stellar shells. In Cen-
taurus A, the HI is associated with the outermost faint stellar
shells. It is displaced to the outside of the optical shells, and has
a high rotation velocity, suggesting that only a companion with a
more circular orbit is able to produce this HI ring (Schiminovich
et al. 1994). Other cases of HI shells displaced with respect to
the stellar shells have been reported (Schiminovich et al. 1997;
van Gorkom 2000).

Detecting gas in shells is useful to be able to determine their
velocity. Obtaining a stellar velocity is costly and requires the
use of spectrographs with IFU capabilities on large telescopes.
The HI maps suffer from low spatial resolution, therefore molec-
ular gas might be one of the best ways to determine shell kine-
matics. The latter is important to try distinguishing between the
different scenarios: in the phase-wrapping model, stars have zero
radial velocity in the shells, which correspond to their apocenter.
Velocities might be much higher in the space-wrapping model.
In order to obtain more insight into the process of gaseous shell
formation and into the behavior of gas in shell galaxies in gen-
eral, we performed observations of CO(1–0) and CO(2–1) emis-
sion lines in the shell regions of eight early-type galaxies, two
of them taken from the CO survey of ATLAS3D sample (Young
et al. 2011), and in five of them,H2 gas is detected in their center.
In all cases, we re-observed the center positions to obtain a better
signal-to-noise ratio (S/N). We detected CO emission associated
with shells in three galaxies and detected molecular gas in six
galaxies, where we made small maps. Out of the nine systems
we observed, only two were not detected at all (NGC 5018 and
NGC 7600). NGC 474 is not detected in its center, but CO is
present in its companion. We then examine the expected associ-
ation between the stellar and gaseous (HI or CO) shells, and dis-
cuss the various scenarios, taking the predictions from N-body
numerical simulations into account.

The observations are described in Sect. 2, the sample of
shell galaxies in Sect. 3, and the results are presented in Sect. 4.
Finally, the interpretation and discussion are gathered in Sect. 5,
and the conclusions in Sect. 6.

2. Observations and data reduction

Observations of the 12CO(1–0) and 12CO(2–1) emission have
been carried out at the IRAM 30-m telescope at Pico Veleta,
Granada, Spain, during 2017 July (for Arp 230, NGC 474, and
NGC 3934), then September, October, and 2000 November (for
the remaining sources). The beam full width at half-maximum
(FWHM) was 23′′ and 11′′ at the frequencies of 115 GHz and
230 GHz, respectively. The SIS receivers (EMIR) were used for
observations in the wobbler-switching mode, with reference posi-
tions offset by±120 arcsec in azimuth. The main-beam efficiency
of IRAM is ηmb = T ∗

A
/Tmb = 0.82 and 0.64 at 115 GHz and

230 GHz, respectively. The system temperatures ranged between
190 K and 420 K at 2.6 mm and between 240 K and 600 K at
1.3 mm. The pointing was regularly checked every 2 h on a nearby
planet or a bright continuum source, and the focus was reviewed
after each sunrise or if a suitable planet was available, as well as at
the beginning of each night. The time on source typically ranged
from 30 min to 1 h; this depended on the weather. Two backends
were used simultaneously, the autocorrelator WILMA, and the
Fourier transform spectrometer FTS. The rms noise level was
σmb ∼ 1.5 mK [T ∗

A
] with a spectrometer resolution of 40 km s−1

for 114 GHz and σmb ∼ 3.0 mK [T ∗
A
] with a spectrometer resolu-

tion of 20 km s−1 for 230 GHz. The various pointings observed on
the shell galaxies are indicated in Figs. 1–8.

3. Sample

We have selected shell galaxies that can be observed from the
northern hemisphere, which were previously observed in HI-
21 cm and in CO in the millimeter domain (see Table 1). In gen-
eral, they are quite rich in neutral gas, except for NGC 7600. The
properties of the nine shell galaxies selected in our sample are
gathered in Table 1. The H2 masses in this table are those that
were known before our study, and all luminosities and masses
were scaled to the adopted distances. References in this table are
for HI and H2. We list the detailed properties of each system
below.

3.1. Arp 230

Arp (1966) was the first to classify the galaxy as peculiar
because of its faint stellar arcs, which were not yet called shells.
Arp 230 (IC51) is now considered to be one of the prototypes
for shell galaxies that have formed around a prolate object, with
shells phase wrapped from the radial infall of a small satellite
(Quinn 1984). The geometry of the shells is characteristic (see
Fig. 1), they are aligned with the major axis, and interleaved
in their distance to the center (Dupraz & Combes 1986). At
least eight shells can be counted, the most distant lies at 11 kpc,
which is rather rare, although not as complex as the situation
in NGC 3923 (Prieur 1988). As is frequently the case in shell
systems, the first shell of Arp 230 (i.e., the most distant) is con-
nected to the primary galaxy by a faint distorted tail or plume.

An HI mass of 1.59×109 M⊙ has been detected in this merged
system with the Green Bank 140foot telescope (Richter et al.
1994). Schiminovich et al. (2013) mapped the HI in Arp 230
with the Very Large Array (VLA) and a resolution of ∼0.8 kpc.
The HI is not aligned with the stellar shells, but perpendicular to
the major axis, like a polar ring, aligned with the dust lane. The
total HI mass detected with the VLA is 1.1 × 109 M⊙. McGaugh
& Bothun (1990) together with Prieur (1988) found that the color
of the shells is bluer than the main body of the Arp 230 galaxy,
suggesting that the merger provided gas and star formation to the
shells.

Galletta et al. (1997) have detected CO(1–0) in the cen-
ter with the Kitt Peak 12 m telescope (beam of 1 arcmin), and
derived M(H2) = 8.9×108 M⊙. The central dust lane corresponds
to a molecular disk in rotation in the center, mapped in CO(1–
0) with ALMA at ∼0.5 kpc resolution (Ueda et al. 2014). The
corresponding H2 mass is 1.7 × 108 M⊙.

3.2. NGC 474/470 (Arp 227)

The group has been observed in the optical by Rampazzo et al.
(2006, 2007), and with high sensitivity by Duc et al. (2015). In
the latter CFH-Megacam image, NGC 474 appears as a spec-
tacular shell system, where shells are distributed randomly at
all azimuth (see Fig. 2). This geometry corresponds to stellar
shells that are aligned in the equatorial band of an oblate galaxy
(Dupraz & Combes 1986). Superposed on the shell systems is a
radial tail or plume that stems from the past merger.

The first HI observations did not separate the two galaxies of
the pair (Huchtmeier 1982). Interferometric observations with
the VLA have shown that most of the HI reservoir belongs to the
spiral NGC 470, but a long tail and bridge cover NGC 474, and
therefore the early-type shell galaxy may possess some interstel-
lar gas (Rampazzo et al. 2006), see also Fig. 3.

As early as 1993, Sofue et al. (1993) detected CO(1–0) emis-
sion toward Arp 227A (NGC 470), the late-type galaxy of the
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Table 2. CO results.

CO(1–0) CO(2–1)

Galaxy Offsets Int-flux V ∆V Int-flux V ∆V M(H2) Σ(H2)

(′′,′′) Jy km s−1 km s−1 km s−1 Jy km s−1 km s−1 km s−1 108 M⊙ M⊙ pc−2

ARP 230 (0,0) 9.2± 0.9 −54± 6 125± 15 14.7± 1 −42± 5 111± 11 0.57± 0.06 11
(4.4,17) 3.7± 0.7 5± 17 190± 40 <3 – – 0.23± 0.04 4

(−14,−21) <1.6 – – <1.7 – – <0.1 <2

NGC 474 (0,0) <1.4 – – <3.1 – – <0.15 <1.6

ARP 10 (0,0) 29.7± 1 10± 4 208± 7 38.8± 2.7 25± 8 224± 16 44.6± 1.5 35
See 18 pt Map

NGC 3032 (0,0) 71± 1.3 57± 1 129± 2 86.5± 2 47± 1 108± 3 3.6± 0.06 90
(20,0) 8± 0.8 80± 3 53± 6 <5 – – 0.4± 0.04 10

NGC 3656 (0,0) 119.6± 2.2 −34± 4 433± 8 200± 4.5 −31± 7 407± 23 22.9± 0.41 142
(22,22) 9.2± 1.3 −192± 8 112± 17 29.8± 4.0 6± 10 322± 45 1.7± 0.25 11
(0,22) 9.4± 1.6 −184± 12 153± 33 <8 – – 1.8± 0.3 11
(22,0) 47.6± 2.0 −20± 9 433± 18 2.7± 0.8 −78± 8 51± 19 9.1± 0.4 57

(22,−22) 8.6± 1.7 107± 14 143± 32 5.7± 1.0 106± 6 73± 14 1.64± 0.3 10
(0,−22) 18.6± 1.5 130± 9 232± 23 <7 – – 3.55± 0.3 22
(0,−33) 3.6± 1.0 126± 18 135± 46 4.8± 1.0 91± 16 149± 30 0.69± 0.2 4.3
(2,−45) 1.5± 0.3 179± 15 139± 29 2.5± 0.8 105± 34 187± 67 0.29± 0.06 1.8

See 11 pt Map

NGC 3934 (0,0) 42.8± 0.8 22± 4 384± 7 78.9± 1.7 30± 4 396± 9 11± 0.2 51
(7,−5) 21.4± 0.8 −17± 7 350± 13 18.7± 3 −78± 19 210± 67 5.5± 0.2 25
(16,14) 3.7± 0.4 −128± 7 115± 17 1.2± 0.4 −119± 17 86± 27 0.9± 0.1 4

(−16,−14) 6.6± 1 134± 18 255± 77 3± 0.5 184± 7 90± 19 1.7± 0.2 8
(11,12) <10 – – <90 – – <2.5 <11

NGC 5018 (0,0) <1.8 – – <4 – – <0.27 <2
(44,−22) <3 – – <4 – – <0.45 <3.6
(−22,22) <3 – – <3 – – <0.45 <3.6

NGC 7600 (0,0) <3 – – <4.8 – – <0.5 <3.6
(143,32) <2 – – <5 – – <0.3 <2

ARP 295N (0,0) 58± 4 −54± 11 333± 24 38± 5 −42± 20 268± 40 53± 4 69
(−10,0) 45± 3.8 16± 14 340± 33 25.8± 5.6 85± 14 136± 35 41± 3.4 53
(−20,0) 7.6± 2.2 110± 13 93± 35 <2 – – 6.9± 2 9

See 6 pt Map

Notes. Integrated flux, velocity, and FWHM obtained through Gaussian fits. Velocities are counted from the central redshifts indicated in Table 1.
The H2 masses are estimated within the CO(1–0) beam of 23′′, with the standard conversion factor of the Milky Way α = 4.36 M⊙ (K km s−1 pc2)−1.
Upper limits are given at 3σ, assuming an FWHM of 300 km s−1.

center is therefore a necessary condition for finding gas in shells,
but is not sufficient because the primary galaxy could also have
had some gas before the collision. Out of the nine shell galaxies
of our sample, three were not detected in their center (NGC 474,
NGC 5018, and NGC 7600) and we did not search for gas in their
shells. The upper limits are displayed in Table 2. Three of the six
remaining shell galaxies were mapped extensively, and we show
spectra maps in CO(1–0) and CO(2–1) for Arp 10 (Figs. 10 and
11), NGC 3656 (Fig. 17), and Arp 295N in Figs. 19 and 20.
In Table 2 we characterize only the central beam and the offset
beams that cover a shell and are detected in CO(1–0). For the
three other galaxies (Arp 230, NGC 3032, and NGC 3934), only
a few spectra are shown in Figs. 9, 14, and 18. All these points
are detailed in Table 2.

4.1. Molecular gas content

To quantify the amount of molecular gas found in each pointing,
we relied on the empirically established proportionality between
the CO(1–0) luminosity and H2 mass for a large number of
Milky Way-like galaxies (e.g., Bolatto et al. 2013). We converted
the integrated intensities in each beam (in Tmb) into integrated

fluxes S (CO)dV , with the conversion of 5 Jy per Kelvin, as
appropriate for the IRAM-30 m telescope. From the integrated
flux S (CO)dV (Jy km s−1) found within each region, the derived
molecular mass was obtained through the formula

L′CO(K km s−1 pc−2) = 3.25 × 107 S (CO)dV

(1 + z)

(

DL

νrest

)2

,

where νrest = 115.271 GHz, and DL is the luminosity distance in
megaparsec (e.g., Solomon & Vanden Bout 2005). The molecu-
lar mass, including helium, was then derived from

M(H2) = 4.36L′CO

assuming the standard CO-to-H2 conversion factor of XCO = 2×
1020 cm−2 (K km s−1)−1, as applicable to Milky Way-like galax-
ies. Although shell galaxies are interacting, they are mildly per-
turbed and are certainly not starbursts, or ultra-luminous infrared
galaxies (ULIRG), where a lower conversion factor might apply.

Molecular masses, corresponding to each CO(1–0) pointing
are displayed in Table 2. In most cases, we did not observe the
whole galaxy disks, and an estimation of the total molecular
masses would need some extrapolation.
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detected a molecular gas of 4.3×107 M⊙ with the same kinemat-
ical characteristics as the HI shells.

The model predicts that a significant fraction of the merger-
remnant dense molecular clouds has a dynamical behavior sim-
ilar to that of the stellar component. Our detection of molecular
clouds in shells through CO emission supports the model. With
higher spatial resolution, it will be possible to determine the dif-
ference in position between the gas and stars in shells, and infer
the loss of angular momentum during the encounter.

5.2. CO velocity in shells

CO emission in shells was clearly detected for three galaxies:
Arp 10, NGC 3656, and NGC 3934. In the case of Arp 10, the
inclination on the plane of the sky is small (i = 14◦ from Hyper-
leda), and the small velocity difference with respect to the sys-
temic recession velocity for the gas in the shells is compatible
with both phase and space wrapping. For the two other galax-
ies, the inclination is relatively large (i = 51◦ and i = 46◦ for
NGC 3656 and 3934, respectively), and the average velocity
with respect to the systemic velocity of the shells is relatively
low. However, the CO profiles in the shells are broad and show
a two-horn shape even in both NGC 3656 and NGC 3934. This
means that the CO beam that covers a large shell region, where
the material is not only in radial orbits, but keeps a tangential
velocity at the apocenter. In the line of sight toward the observer
some material with positive and negative angular momentum
with respect to the galaxy is projected.

This configuration is impossible to encounter with a disk in
rotation. Two-horn profiles are only seen when the observation
beam covers a wide region near the center, including both the
approaching and receding sides. For an observation far from the
center of the rotating disk, only one velocity peak (either blue
or red) is expected. For shells, in contrast, the material from the
companion is infalling on a nearly radial orbit, and part of the
matter may arrive with a positive and part with a negative angu-
lar momentum with respect to the primary galaxy. In the shell
region far from the center, it is possible to have the two velocity
signs toward the same line of sight. The two-horn profile shape
therefore supports the CO detection in shells. Confirmation of
this scenario is required through observations with higher spa-
tial resolution.

5.3. Comparison with HI in shells

HI has been mapped in Arp 230 (Schiminovich et al. 2013),
NGC 474 (Rampazzo et al. 2006), Arp 10 (Charmandaris &
Appleton 1996), NGC 3032 (Oosterloo et al. 2010), NGC 3656
(Balcells et al. 2001), and Arp 295 (Hibbard & van Gorkom
1996). In all these six galaxies, the HI is extended enough to
cover the shells, and in NGC 3656, the HI is clearly seen asso-
ciated with the southern stellar shell, with compatible kine-
matics. In most cases, however, the spatial resolution is not
sufficient to clearly conclude that the gas provided by a small
merging companion has crossed the system and oscillates in
the shells. The only system with a clear presence of HI gas in
shells is NGC 3656, which Balcells et al. (2001) compared to
NGC 5128 (Centaurus A), where the first HI shells were discov-
ered (Schiminovich et al. 1994). Given the orientation of the gas
and dusty disk, which is perpendicular to the main stellar body,
this shell system must have been formed through phase wrapping
of material in radial orbits. HI and CO emission in the shells can
only be explained by clumpy gas with a low-filling factor and
with low dissipation (Combes & Charmandaris 2000).

6. Summary

We have carried out CO(1–0) and CO(2–1) line observations of
nine shell galaxies with the IRAM-30 m telescope. Molecular
gas was detected in six of them, together with two of the com-
panions. In three of the detected galaxies (Arp 230, NGC 3032,
and Arp 205N), we cannot conclude that gas is detected in the
shells; the detection is compatible with gas in the inner rotat-
ing disk. In the three remaining galaxies (Arp 10, NGC 3656,
and NGC 3934), molecular gas is clearly detected in the shells,
with a velocity close to systemic, and not in continuity with the
inner rotating disk. The amount of molecular gas is estimated
as M(H2)= 3.4× 109 M⊙ in the shells outside the ring in Arp 10,
3.8×108 M⊙ in the southern shell of NGC 3656, and 2.6×108 M⊙
in the two detected shells of NGC 3934.

The mechanism that formed these gaseous shells might be
different. For two cases at least (Arp 10 and NGC 3656), the
encounter with the small companion had a very small impact
parameter, and the phase wrapping in a nearly radial orbit must
have played the main role. The morphology of Arp 10 corre-
sponds to an oblate system; this also holds for most shells in
NGC 3656. However, the main shell might be only the end of
the tidal tail. The gas of the companion of NGC 3656 has left
a radial trace that is visible as a contrasted dust lane, and the
main shell is found in continuity, indicating the companion orbit
and that of the tidal debris. The main body of NGC 3934 is seen
nearly edge-on in the sky, and the situation is less clear. Shells
that are distributed symmetrically at about 40◦ of the minor axis
are clearly detected in molecular gas. The fact that gas can be
detected in shells tends to support the clumpiness and low dissi-
pative character of a large part of the interstellar medium. The
line profiles in the shells reveal a two-horn shape, indicating
both positive and negative angular momentum relative to the pri-
mary galaxy. This supports the CO detection in shells because
it is impossible to explain a two-horn profile in the outer parts
of the disk of a rotating galaxy. Material from the companion
must have infallen in a nearly radial orbit, part of it with a pos-
itive and the other part a negative impact parameter. The mate-
rial acquired a tangential velocity at the apocenter. The shells
are then also phase wrapped. Follow-up with higher spatial res-
olution is required to test the relative position of gas and stellar
shells to confirm the dynamical mechanism.
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Chapter 5

The molecular gas content of

ultra-diffuse galaxies

5.1 Overview

One of the most lively debates over the past four years in extragalactic astronomy has been
the detection of a large number of galaxies dubbed as Ultra-Diffuse Galaxies (UDG). They are
known as UDG since they are mainly characterized by very faint central surface brightness
(µ(g,0)) = 24 – 28 mag arcsec−2) and large effective radii (Reff ∼ 800 pc – 1.5 kpc), even as
large as our own galaxy, the Milky Way. Therefore, they are considered as dwarfs in terms
of luminosity yet giants in terms of size. UDGs appear to be more numerous than the galaxy
population of higher surface brightness, span a wide range of environments (from clusters to
filaments), and are extremely dark matter dominated (stellar masses of ∼ 107 · · · 5× 108 M⊙,
while dynamical masses are ∼ 1010 M⊙, Beasley et al., 2016).

5.1.1 Incidence of UDGs

UDGs have been detected mainly in high density environments. The first UDGs were identified
in the Coma cluster by van Dokkum et al. (2015a,b), where it was reported a sample of 47 UDGs
observed thanks to the facilities of the Dragonfly Array Telescope (Abraham and van Dokkum,
2014). Most UDGs reported in this study appear to be close to the red sequence, although
there are sometimes trails of blue populations, similar to those observed in LSB galaxies, which
are, however, bluer and brighter (see e.g., McGaugh et al., 1995; Impey et al., 1988; Schombert
et al., 2011).

After these detections, more UDGs were identified in galaxy clusters by means of state-
of-the-art data reduction pipelines applied to existing archives (see e.g., MegaCam Camera,
CFHT, Duc et al., 2015). For example, Koda et al. (2015) discovered 854 UDGs in the Coma
cluster using deep R band images (with partial B, i, and Hα band coverage), observed with
the Subaru telescope, of which 332 UDGs were Milky Way-sized with very large effective radii
of Re > 1.5 kpc. Muñoz et al. (2015) reported the first detection of 158 undetected dwarf
galaxies, including UDGs, in the Fornax cluster for the u, g, and i band image obtained with
the wide field Dark Energy camera installed on the 4-m Blanco telescope at the Cerro Tololo
Interamerican Observatory as part of the Next Generation Fornax Survey (NGFS). Mihos et al.
(2015), identified three UDGs in Virgo Cluster using deep, wide-field imaging with the Burrell
Schmidt telescope, exhibiting a very low surface brightness limit of µV,0 = 27 mag arcsec−2

and effective radius between 3 and 10 kpc. Yagi et al. (2016) presented a catalog of 854 deep
Suprime-Cam/Subaru R-band images of UDGs, with data covering the 1◦.7 × 2.◦7 region of
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the Coma cluster. Román and Trujillo (2017) studied the spatial distribution of Ultra-Diffuse
galaxies within an area of 8×8 Mpc2 centered around the galaxy cluster Abell 168 (z = 0.045).
They found 80 UDGs in the cluster and for the first time in the large-scale structure that sur-
rounds it. Around 50 % of their UDGs analyzed in the selected area inhabit the cluster region,
whereas the remaining UDGs were found outside the main cluster structure (∼50 %). van der
Burg et al. (2017) measured the abundance of UDGs in 325 spectroscopically selected groups
from the Galaxy And Mass Assembly (GAMA) survey, finding ∼2500 UDGs. They concluded
that in comparison to bright galaxies, UDGs are relatively more abundant in massive clusters
than in groups. Venhola et al. (2017) identified 9 UDGs from deep g’, r’ and i’-band images of
the Fornax Deep Survey, in an area of 4 deg2 in the center of the Fornax cluster. In the most
recent study so far, He et al. (2019) discovered 11 edge-on HI-bearing Ultra-Diffuse Sources
(HUDS) after correcting the observed central surface brightness to a face-on perspective, from
the 40% ALFALFA catalog, which is based on SDSS g- and r-band images.

Many UDGs also have been detected in low density environments and in few group samples
(Merritt et al., 2016; Mart́ınez-Delgado et al., 2016; Trujillo et al., 2017; Román and Trujillo,
2017; Shi et al., 2017; Spekkens and Karunakaran, 2018; Bennet et al., 2018), as well as isolated
sources, such as HI-bearing Ultra-Diffuse Sources (HUDS) from ALFALFA survey by Leisman
et al. (2017), and two extended dwarf irregular galaxies similar to UDGs found in Bellazzini
et al. (2017).

5.1.2 Origin and formation mechanisms of UDGs

It is unclear whether UDGs have low metallicity populations of young stars, and hence a signa-
ture of recent star formation, or evolved populations consistent with the red integrated colors.
Morphologically they seem to fit well with a Sérsic profile with n ∼ 1, similar to exponential
discs (see e.g. Koda et al., 2015; van Dokkum et al., 2015a), n<1 (Yagi et al., 2016; Merritt
et al., 2016; Venhola et al., 2017), and only a few with n >1 (or even n∼4) (Yagi et al., 2016;
Lee et al., 2017; Müller et al., 2018). Some of them show signs of tidal disruption, like those in
the Virgo cluster (Mihos et al., 2015). Their stellar mass densities are very low (a few M⊙ pc−2,
some two orders of magnitude smaller than Milky Way-type galaxies) and constitute a challenge
for galaxy formation models.

There is a very active discussion in the scientific community on UDGs, since their origin is
still unclear and speculative. Initially, van Dokkum et al. (2015a) proposed that UDGs were
“failed” L∗ galaxies, i.e., giant Milky Way galaxies that stopped forming stars, whilst some
authors suggested that they were dwarf galaxies with an unusually extending size (Di Cintio
et al., 2019; Amorisco and Loeb, 2016; Lim et al., 2018). Nonetheless, new studies pointed out
that UDGs may have diverse origins (see e.g., van Dokkum et al., 2015b; Muñoz et al., 2015;
Zaritsky, 2017).

UDGs formation mechanism is still a mystery. They may have several formation scenarios,
such as head-on collisions of galaxies or through tidal stripping of dwarf galaxies within clusters
(Baushev, 2018; Carleton et al., 2019). Specifically, a possibility is that they are formed in
processes into the cluster environment, and either started out as small, low mass galaxies or as
very extended, low surface brightness disks (see e.g., Gnedin, 2003; Collins et al., 2013; Yozin
and Bekki, 2015). Another suggestion is that tides have been responsible for the generation
of some of the largest and faintest galaxies in the Local Group (Collins et al., 2013), and
such processes are expected to be very effective in clusters (Yozin and Bekki, 2015). One more
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Table 5.1: Summary of the properties of the sources.

Source RA DEC Distance cz Reff M∗

J2000 J2000 [Mpc] [km s−1] [”] logL⊙

DGSAT I 01:17:36 +33:31:42 78 5450±40 12.0 ∼4 108

Dragonfly 44 13:00:58 +26:58:35 100 6340±60 8.7 ∼3 108

hypothesis is that UDGs may represent the most rapidly rotating tail of the distribution of dwarf
galaxies, since the size and surface brightness of a galaxy are related to its spin (Amorisco and
Loeb, 2016).

5.1.3 The gas mass content

The role that gas plays in the UDGs formation may be paramount, although its participation is
also unclear. One hypothesis is that as gas infalls into dark haloes it settles into a rotationally-
supported disc at the lowest energy state given its specific angular momentum. Amorisco and
Loeb (2016) argued that perhaps the large sizes of UDGs arise from very high angular momen-
tum gas and the stars formed follow this distribution. Yet, their surface density appears to be
smaller than the critical one to form stars (McKee and Krumholz, 2010), implying that some
high-density gas had to be present to form the current stellar populations.

The gas may have left through ram pressure stripping (but there are UDGs in the field)
or through feedback-driven galactic winds (but the efficiency of star formation appears to be
very low), while quenching by the cluster (Yozin and Bekki, 2015) cannot be generic, just
like a possible formation through outflows (Di Cintio et al., 2017). Perhaps the large dark
matter content prevents the escape of stars and gas. Clearly, these galaxies are perhaps the
best laboratories to understand star formation in the low density regime. The detection of
cold atomic or molecular gas is hence crucial for the understanding of this new population of
galaxies, with far-reaching implications for galaxy evolution.

5.2 Target Selection: DGSAT I and Dragonfly 44

Up to now there are over 1500 UDGs detected thus far, however at the time of the observations
only two have measured redshifts at high precision: DGSAT I (see Figure 5.1) (Mart́ınez-
Delgado et al., 2016) and Dragonfly 44 (see Figure 5.2) (van Dokkum et al., 2016). Table
5.1 summarizes the main properties of these two galaxies, which are located in different en-
vironments (Dragonfly 44 in the Coma cluster, DGSAT I in the filament of Perseus-Pisces
supercluster).
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Figure 5.1: Follow-up small telescope images of DGSAT I (indicated with a red arrow): (top)
color image obtained with the FNO TOA-150 refractor; (bottom) luminance filter image ob-
tained with the ROSA 0.4 m telescope. The new dwarf is detected as a small cloud (top left)
close to the And II dSph (bottom right), visible only ∼15’ to the west. North is top, east is
left. The field of view of these cropped images is ∼19’ × 11’ (Mart́ınez-Delgado et al., 2016).
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Figure 5.2: Deep Gemini g and i images were combined to create a color image of Dragonfly 44
and its immediate surroundings. The galaxy has a remarkable appearance: it is a low surface
brightness, spheroidal object that is peppered with faint, compact sources. (van Dokkum et al.,
2016).

5.3 Observations and data reduction

5.3.1 IRAM 30-m observations

Observations of the 12CO(1-0) and 12CO(2-1) line emission towards DGSAT I and Dragonfly
44 have been carried out at IRAM-30m telescope at Pico Veleta, Granada, Spain, during two
sessions (December 2016 and March 2017). We used the E090 and the E230 EMIR bands
simultaneously. The E090 band was tuned at the redshifted frequencies of the CO(1-0) line
for DGSAT I and Dragonfly 44 (i.e., 113.2 GHz and 112.9 GHz, respectively) and the E230
band was tuned at the redshifted frequencies of the CO(2-1) line (i.e., 226.4 GHz and 225.8
GHz). The angular resolution was ∼ 22” and ∼11”at 3mm and at 1mm respectively. We use
the WILMA autocorrelator (16 GHz of bandwidth) and the FTS200 autocorrelator (32 GHz
of bandwidth), we observe both polarizations (H and V) to optimize the integration time. The
observations were performed in beam switching mode, with a throw of 120”, in oder to ensure
flat baselines. The temperature scale used is in main beam temperature, Tmb . The main-beam
efficiency is ηmb = T∗

A /Tmb = 0.83 and S/T∗

A= 6.0 Jy/K at 3mm, while at 1mm ηmb= 0.64
and S/T∗

A = 7.5 Jy/K. The pointing model was checked against bright, nearby calibrators for
every source and every ∼1.6 hrs for long integrations, it was found to be accurate within ∼2 -
5”. Calibration scans on the standard two load system were taken every 12 minutes. The line
calibration was checked by observations toward the source calibrator DR21.

The data reduction was done with the CLASS program of the GILDAS software package
(http://www.iram.fr/IRAMFR/GILDAS), and involved only the subtraction of (flat) baselines
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from individual integrations and the averaging of the total spectra. The spectra are given
at a velocity resolution of 2 MHz = ∼5.3 km s−1 at 3mm and at 1mm 2 MHz = ∼ 2.6 km
−1. The total integration time was about 14.0 hrs and 18.7 hrs for DGSAT I and Dragonfly
44, respectively. Yielding a noise level of ∼0.96 mK (Tmb) and ∼0.82 mK (Tmb) at 3mm for
DGSAT I and Dragonfly 44, respectively, and a noise level of ∼2.14 mK (Tmb) and ∼ 1.86 mK
(Tmb) at 1mm for DGSAT I and Dragonfly 44 (see Table 5.3 for a summary).

5.3.2 Nançay observations

We use the Nançay Radio Telescope (NRT, France) in order to observe the HI line at 1420.40
MHz. The NRT is a transit instrument of the unusual Kraus-type design, with two mirrors.
The flat, tilting primary mirror consists of ten panels, each 20 m long and 40 m high; it reflects
radio waves towards the fixed secondary mirror 460 m to the south. The secondary mirror
is shaped as a section of a sphere with a radius of 560 m. Its collecting area is about 8000
m2, equivalent to that of a 94-m-diameter parabolic dish. The half-power beam width at 21
cm is 3’.06 (E-W) × 22’(N-S) at zero declination. The NRT is a high sensitivity (1.4 K/Jy
at 21cm) telescope, for which the maximum integration time per day for a source at δ = 0
deg is typically about one hour (ON +OFF), this time increases as 1/cos (DEC), whereas the
efficiency decreases at the same factor. The HI observations were carried out during January
2017. We use the Low Frequency Receiver (1.1-1.8 GHz). The digital auto-correlator was set
to have a total bandwidth 50 MHz. The 8192 frequency channels were split into four banks.
The system temperatures are about 35 K at 21cm.

The Nançay data reduction was done with the CLASS program of the GILDAS software
package. The spectra are given at a (Hanning-smoothed) velocity resolution of 25.1 kHz =
∼5.3 km s−1. The total integration time was about 2.55 hrs and 1.2 hrs for DGSAT I and
Dragonfly 44, respectively, yielding a noise level of ∼2.19 mK (T∗

A) and ∼ 2.78 mK (T∗

A). We
considered an efficiency of 1.18 K/Jy for DGSAT I and of 1.25 K/Jy for Dragonfly 44.

5.4 Preliminary results

5.4.1 Upper limits on the content of atomic and molecular gas

To compute the upper limit of the atomic gas we used the following relation,

MHI = 2.36× 105D2
LSHI∆v (5.1)

where SHI∆v is the integrated line flux density in Jy km/s, DL is the luminosity distance
to the source in Mpc (Roberts, 1962). We assume a v=50 kms1. For a 3-sigma upper limit and
using equation 5.1, we obtained the upper limit estimation of the atomic gas MHI = 5.57×108

M⊙ for DGSAT I and MHI = 1.23×109 M⊙ for Dragonfly 44 (see Table 5.2 and Figure 5.3).
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Table 5.2: Summary of the HI line observations using the Nançay telescope. We have calculated
the MHI assuming a 3σ upper limit.

Source rms ∆v MHI

[mK] [km s−1] [M⊙]
DGSAT I 2.19 5.3 5.57×108

Dragonfly 44 2.78 5.4 1.23×109

Stack 1.80 6.0 -

Figure 5.3: Stacking of the data for the HI line.

To compute the upper limit of the molecular gas we used the following relation in which
we take into the account the factor correction for helium,

Mmol

M⊙

= 1.35αCO
LCO

Kkms−1pc2
(5.2)

We assume a αCO=4.3 M⊙(Kkms−1)−1. The LCO relate to the observed integrated flux
density in galaxies via:

LCO = 2.453SCO∆v
D2

L

1 + z
(5.3)

where SCO∆v is the integrated line flux density in Jy km/s, DL is the luminosity distance
to the source in Mpc, and z is the redshift (Solomon and Vanden Bout, 2005). We assume
∆v=50 km s−1. For a 3 sigma upper limit, we obtained a LCO=1.27×107 K km s−1 pc2 for
DGSAT I and LCO=1.77×108 K km s−1 pc2 for Dragonfly 44. Using equation 5.2, we de-
duce an upper gas limit of Mmol= 7.37×107 M⊙ for DGSAT I and Mmol= 1.03×108 M⊙ for
Dragonfly 44 (see Table 5.3, the spectra in Figures 5.4, 5.5 and the stacking in Figures 5.6, 5.7).
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Table 5.3: Summary of the CO line observations using the IRAM 30-m telescope. We have
calculated the MH2 assuming a 3σ upper limit.

Source rms (CO(1-0)) ∆v(CO(1− 0)) rms (CO(2-1)) ∆v(CO(2− 1)) MH2

[mK] [km s−1] [mK] [km s−1] [M⊙]
DGSAT I 0.96 5.3 2.14 2.6 7.37×107

Dragonfly 44 0.82 5.3 1.86 2.7 1.03×108

Stack 0.56 6.0 1.10 6.0 -

Figure 5.4: Upper limits for CO(1-0), CO(2-1) and HI-21 cm emission lines for DGSAT-I.
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Figure 5.5: Upper limits for CO(1-0), CO(2-1) and HI-21 cm emission lines for Dragonfly 44.

Figure 5.6: Stacking of the data for the CO (1-0) line.
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Figure 5.7: Stacking of the data for the CO (2-1) line .

5.5 Conclusions and perspectives

The lack of cold gas, both in the atomic and molecular phases, sets stringent constraints on the
current star formation efficiency in ultra–diffuse galaxies. Should this efficiency be the same
at earlier times, it would imply a major revision of their star formation histories, and indeed
on the way star formation proceeds in environments where the stellar and gas mass surface
densities are very low.



Chapter 6

Conclusions

This PhD project has been dedicated to the study of galaxies under the regime of the low
surface brightness Universe, from both observational and theoretical perspectives. Specifically,
I have used semi-empirical models, hydro-dynamical numerical simulations and observations
on molecular gas content in LSB galaxies, in order to have a comprehensive analysis and make
inferences on the origin and mechanism formation for this type of galaxies. Below I summarize
the results obtained in this thesis.

Chapter 1 describes a powerful statistical method that links the properties of the baryonic
galaxy and dark matter halo by inspecting the galaxy scaling relations and their internal mass
distributions. Our results constrain the models and N-body simulations of galaxy evolution
and allow us to constrain the key astrophysical processes as a function of the mass. By using
these restrictions for both early- and late-type galaxies, we have mapped different correla-
tions for galactic disk-bulge-halo systems, as well as for the luminous-to-dynamical mass ratios
(including dark matter) evaluated at different effective radius. We have made comparisons
between predictions of the semi-empirical approach with the structural-dynamic correlations
of observed galaxies and the internal dynamic as well. We have generated a mock catalog of a
volume-complete local galaxy population into boxes of the Bolshoi-Planck, Small MultiDark-
Planck and MultiDark-Planck ΛCDM numerical simulations and we have used HI and H2 mass
fractions. For each mock galaxy seeded in its respective halo, we applied a static model, where
a disk-bulge is loaded inside the halo (taking into account the adiabatic contraction) in order
to generate a disk-bulge-halo in centrifugal equilibrium, computing its stellar and gas radial
distributions. After to applying an heuristic approach and including a merger fraction in order
to tune the underlying parameters, we have reproduced the observational correlations of radius-
M∗, B/T–M∗ at high masses, making our method a sophisticated tool to estimate the initial
spin parameter of the baryons from which disc galaxies form, λbar. Up to log(Mh/M⊙)∼ 11.5,
λbar and its dispersion are the same than those of dark matter halos, but at larger masses λbar

decreases with Mh (and hence M∗). The predicted stellar and baryonic TF relations agree with
observations. There is no problem with the zero point, since by construction our models are in
agreement with the observed baryonic (and stellar) mass function. After having explored the
effects of the global Mbar–Mh relation and its dispersion on the internal mass distributions of
our mock galaxies, we found that those disk galaxies with a disk-to-total velocity ratio at 2.2
scale radius are always of sub-maximal type. The “luminous” mass fraction evaluated at one
effective radius (1 Re) has its maximum (about 0.5 on average) for galaxies with Vmax ≈ 200
km/s, ≈ 500 M⊙/pc

2 and M∗ ≈ 5 × 1010 M⊙. For lower values than B/T≤ 0.5, disk galaxies
are more dominated by dark matter at 1 Re, but for larger values, a clear print of the Mbar–Mh

relation shape is shown.
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In Chapter 2 we have exploited a hydrodynamical simulation, re-simulated from a cosmo-
logical context, in order to analyze and interpret the morphologies and survival time-scales
of fine structures, which are tracers of mergers and of the mass assembly history of present
day early-type galaxies. We made a census of three types of fine structures by visual inspec-
tion: tidal tails, stellar streams and shells. The number of fine structures detected around the
central galaxy versus time allows us to reconstruct its merger history. We find three phases
in the central galaxy evolution, the second one being a very quiet phase. The census of fine
structures are made in correspondence with the identified merger events. This allowed us to
establish several specific points. Tidal tails results from major mergers events (1.5:1), stellar
streams from minor mergers (10:1) and shells from major and intermediate-mass mergers (4:1).
Tidal tails and shells have long survival times, ∼2 Gyr and ∼3Gyr, respectively, but streams
remains visible in all phases of galaxy evolution. The detection of stellar streams are strongly
dependent on the surface brightness limit. We see between two and three times more streams
based on a surface brightness cut of 33 mag arcsec−2 than with 29 mag arcsec−2. The detection
of shells depends strongly dependent upon the projection angle. Our results are compatible
with previous comparable simulations; however, our zoom-in re-simulation from a cosmological
context brings more realistic conditions to estimate the survival time-scales of fine structures
around today early-type galaxies. As for an observer point of view, the reconstruction of the
merger history is better obtained with shells, which have the longer time-scales. The number
of shells can also indicate the time since the last merger. Streams have shorter time-scales,
so when no fine structure is observed, this means either no event since 2 Gyr, or very minor
merger with a large angular momentum, which produces more streams than shells.

Chapter 3 describes the results from observations of molecular gas detections on several
regions in some shell galaxies. We have carried out CO(1-0) and CO(2-1) line observations of
nine shell galaxies with the IRAM-30m telescope. Molecular gas was detected in six of them,
together with two of the companions. In three of the detected galaxies (Arp 230, NGC 3032 and
Arp 205N), we cannot conclude that gas is detected in the shells, the detection is compatible
with gas in the inner rotating disk. In the three remaining galaxies (Arp 10, NGC 3656 and
NGC 3934), molecular gas is clearly detected in the shells, with a velocity close to systemic
and not in continuity with the inner rotating disk. The amount of molecular gas is estimated
at M(H2) = 3.4 109 M⊙ in the shells outside the ring in Arp 10, 3.8 108 M⊙ in the southern
shell of NGC 3656, and 2.6 108 M⊙ in the two detected shells of NGC 3934. The mechanism
to form those gaseous shells might be different. For two cases at least (Arp 10, NGC 3656),
the encounter with the small companion had a very small impact parameter, and the phase-
wrapping in a nearly radial orbit must be playing the major role. The morphology of Arp 10
corresponds to an oblate system, as well as most shells in NGC 3656. However, the major shell
might be only the end of the tidal tail. The gas of the companion of NGC 3656 has left a radial
trace, visible as a contrasted dust lane, and the major shell is found in continuity, indicating
the companion orbit and that of the tidal debris. NGC 3934 main body is seen nearly edge-on
on the sky, and the situation is less clear. Shells distributed symmetrically at about 40◦ of the
minor axis are clearly detected in molecular gas. The fact that gas can be detected in shells
tend to support the clumpiness and low dissipative character of a large part of the interstellar
medium. The line profiles in the shells reveal a two-horn shape, indicating the presence of both
positive and negative angular momentum relative to the primary galaxy. This supports the
CO detection in shells, since it is impossible to explain a two-horn profile in the outer parts
of a rotating galaxy disk. Material from the companion must have infallen in a nearly radial
orbit, part of it with a positive and the other part a negative impact parameter. The material
acquired a tangential velocity at apocenter. The shells are then also phase-wrapped. Follow-up
with higher spatial resolution is required to test the relative position of gas and stellar shells,
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to confirm the dynamical mechanism.

In Chapter 4 we report the upper mass limits for two ultra-diffuse galaxies, which have
been highly discussed in the literature due to their particular properties. We have performed
observations of the 12CO(1-0) and 12CO(2-1) line emission towards DGSAT I and Dragonfly 44
Ultra-Diffuse Galaxies, carried out at IRAM-30m telescope at Pico Veleta, Granada, Spain and
at Nançay Radio-Telescope in France. The target galaxies have a measured redshift. We have
obtained the upper limit estimation of the atomic gas MHI = 5.57×108 M⊙ for DGSAT I and
MHI =1.23×109 M⊙ for Dragonfly 44. For a 3 sigma upper limit, we have deduced an upper
gas limit of Mmol= 7.37×107 M⊙ for DGSAT I and Mmol= 1.03×108 M⊙ for Dragonfly 44.
We conclude that the lack of cold gas, both in the atomic and molecular phases, sets stringent
constraints on the current star formation efficiency in Ultra–Diffuse Galaxies. Should this
efficiency be the same at earlier times, it would imply a major revision of their star formation
histories, and indeed on the way star formation proceeds in environments where the stellar and
gas mass surface densities are very low.
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E., Falcón-Barroso, J., Krajnović, D., Kuntschner, H., McDermid, R. M., Peletier, R. F.,
Sarzi, M., van den Bosch, R. C. E., and van de Ven, G. (2006). The SAURON project - IV.
The mass-to-light ratio, the virial mass estimator and the Fundamental Plane of elliptical
and lenticular galaxies. MNRAS, 366(4):1126–1150.

Cappellari, M. and Copin, Y. (2003). Adaptive spatial binning of integral-field spectroscopic
data using Voronoi tessellations. MNRAS, 342(2):345–354.

Cappellari, M. and Emsellem, E. (2004). Parametric Recovery of Line-of-Sight Velocity
Distributions from Absorption-Line Spectra of Galaxies via Penalized Likelihood. PASP,
116(816):138–147.
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González Delgado, R., Sánchez, S. F., Ruiz-Lara, T., Méndez-Abreu, J., Catalán-Torrecilla,
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Lim, S., Peng, E. W., Côté, P., Sales, L. V., den Brok, M., Blakeslee, J. P., and Guhathakurta,
P. (2018). The Globular Cluster Systems of Ultra-diffuse Galaxies in the Coma Cluster. ApJ,
862:82.

Lim, S., Peng, E. W., Duc, P.-A., Fensch, J., Durrell, P. R., Harris, W. E., Cuillandre, J.-C.,
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Mancillas, B., Ávila-Reese, V., Rodŕıguez-Puebla, A., and Valls-Gabaud, D. (2017). Pro-
jection Of The Stellar To Halo Mass Relation Into The Scaling Relations Of A Disc
Galaxy Population. In Galaxy Evolution Across Time, Proceedings of a conference held
12-16 June, 2017 in Paris. Online at ¡A href=“https://galaxiesinparis.sciencesconf.org/”¿
https://galaxiesinparis.sciencesconf.org/¡/A¿, id. 92, page 92.

Mandelbaum, R., Wang, W., Zu, Y., White, S., Henriques, B., and More, S. (2016). Strong
bimodality in the host halo mass of central galaxies from galaxy-galaxy lensing. MNRAS,
457:3200–3218.

Mantha, K. B., McIntosh, D. H., Ciaschi, C. P., Evan, R., Ferguson, H. C., Fries, L. B.,
Guo, Y., Koekemoer, A. M., Landry, L. D., McGrath, E. J., Simons, R. C., Snyder, G. F.,
Thompson, S. E., Bell, E. F., Ceverino, D., Hathi, N. P., Pacifici, C., Primack, J. R., Rafelski,
M., and Rodriguez-Gomez, V. (2019). Studying the physical properties of tidal features - I.
Extracting morphological substructure in CANDELS observations and VELA simulations.
MNRAS, 486:2643–2659.

Martig, M., Bournaud, F., Croton, D. J., Dekel, A., and Teyssier, R. (2012). A Diversity of
Progenitors and Histories for Isolated Spiral Galaxies. ApJ, 756:26.

Martig, M., Bournaud, F., Teyssier, R., and Dekel, A. (2009). Morphological Quenching of
Star Formation: Making Early-Type Galaxies Red. ApJ, 707:250–267.

Mart́ın-Navarro, I., Vazdekis, A., La Barbera, F., Falcón-Barroso, J., Lyubenova, M., van de
Ven, G., Ferreras, I., Sánchez, S. F., Trager, S. C., Garćıa-Benito, R., Mast, D., Mendoza,
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