
MASARYKOVA UNIVERZITA
Přírodovědecká fakulta

Ústav teoretické fyziky a astrofyziky

Diplomová práce

Brno 2024 Matěj Bárta





Pøírodovìdecká fakulta
Ústav teoretické fyziky a astrofyziky

Studium výtryskù
molekulárního plynu v
blízkých galaxiích
Diplomová práce

Matìj Bárta

Vedoucí práce: Mgr. Pavel Jáchym Ph.D. Brno 2024





Bibliogra�cký záznam

Autor: Bc. Matìj Bárta
Pøírodovìdecká fakulta, Masarykova univerzita
Ústav teoretické fyziky a astrofyziky

Název práce: Studium výtryskù molekulárního plynu v blízkých galaxiích

Studijní program: B-FYZ Fyzika

Studijní obor: ASTRO Astrofyzika

Vedoucí práce: Mgr. Pavel Jáchym Ph.D.

Akademický rok: 2023/2024

Poèet stran: xvi + 67

Klíèová slova: Evoluce galaxií; Galaktické výtrysky; Molekulární fáze; Kos-
mologie; Lokální vesmír; KinMS; Spektrální datové-kostky; Rá-
diová spektroskopie





Bibliographic Entry

Author: Bc. Matìj Bárta
Faculty of Science, Masaryk University
Department of theoretical physics and astrophysics

Title of Thesis: Molecular gas outflows n local galaxies

Degree Programme: B-FYZ Physics

Field of Study: ASTRO Astrophysics

Supervisor: Mgr. Pavel Jáchym Ph.D.

Academic Year: 2023/2024

Number of Pages: xvi + 67

Keywords: Galaxy evolution; Galaxy outflows; Molecular phase; Gas Dy-
namics; Cosmology; Local universe; KinMS; Spectral data-
cubes; Radio spectroscopy





Abstrakt

Galaktické výtrysky hnané aktivními galaktickými jádry a/nebo tvorbou hvìzd jsou zák-
ladní slo¾kou nejmodernìj¹ích modelù vývoje galaxií zalo¾ených na kosmologii Lambda
CDM. Pøedpokládá se, ¾e hrají klíèovou roli v regulaci efektivity tvorby hvìzd v galax-
iích, tvarují funkci hvìzdné hmotnosti galaxie, chemické obohacování jejího prostøedí
a distribuci temné hmoty v galaxiích. Navzdory jejich klíèovému významu v evoluci
galaxií stále chybí kompletní observaèní pohled. Není napøíklad jasné, která plynná fáze
(ionizovaná, molekulární nebo atomová) dominuje v odtékajícím hmotnostním rozpoètu.

Hlavním cílem této práce je statisticky prozkoumat pøítomnost a vlastnosti výtokù
molekulárního plynu v galaktickém mìøítku v lokálních galaxiích (z � 0), s cílem doplnit
souèasný observaèní pohled. K dosa¾ení tohoto cíle budou studována submilimetrová
spektroskopická pozorování místních galaxií z pøehlídky xCOLD GASS, s èarou CO(1-0)
jako bì¾ným indikátorem molekulární fáze. Tato pozorování budou analyzována za-
èlenìním kombinované techniky kombinování spekter a modelování èar emitovaných rotu-
jícím diskem za úèelem hledání dùkazù nekruhových pohybù v galaxiích, jak je navr¾eno
v Concas et al. 2022.

Pochopení pøítomnosti a mno¾ství molekulárního plynu ve výtryskách napøíè rùznými
hvìzdnými hmotnostmi jejich hostitelù je klíèovou informací pro naladìní modelù vývoje
galaxií a kosmologických modelù, aby lépe reprezentovaly ná¹ vesmír.





Abstract

Galactic outflows driven by active galactic nuclei and/or star formation are a funda-
mental ingredient of the state-of-the-art galaxy evolution models based on the Lambda
CDM cosmology. They are thought to play a key role in regulating galaxy star formation
ef�ciency, shaping the galaxy's stellar mass function, the chemical enrichment of its envi-
ronment and the dark matter distribution in galaxies. Despite their pivotal importance in
galaxy evolution, a complete observational picture is still missing. For example, it is not
clear which gas phase (ionized, molecular or atomic) dominates the outflow mass budget.

The main goal of this thesis is to statistically investigate the presence and properties
of galactic-scale molecular gas outflows in local galaxies (z � 0), �lling in the current
observational picture. To achieve this goal, sub-millimeter spectroscopic observations of
the xCOLD GASS sample of local galaxies will be studied, CO (1-0) line being a common
tracer of the molecular phase. These observations will be analyzed by incorporating a
combined stacking technique and disc-decomposition line modeling to search for evidence
of non-circular motions in galaxies, as proposed in Concas et al. 2022.

Understanding the presence and amount of molecular gas in outflows across different
stellar masses of their hosts is key information for constraining galaxy evolution and
cosmological models to better represent our universe.
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Introduction

Galaxies can have galaxy-scale winds, driving inter-stellar medium out of the galaxy,
enriching the circum-galactic medium with heavy elements (e.g. Heckman et al. 2017).
They are thought to be driven by stellar winds and supernovae explosions together with
active galactic nuclei. The outflow of material also serves as a feedback mechanism,
thought to regulate the formation of stars in galaxies by removing or preventing the collapse
of dense clouds.

Feedback recipes are pivotal components of current state-of-the-art galaxy evolution
models and cosmological simulations (e.g. Nelson et al. 2019). Their presence helps the
results of such simulations to match the observed structures of the universe and observa-
tional parameters of galaxies, e.g. the stellar mass function, together with predicting the
ubiquitous presence of outflows in local galaxies. This poses a tension between simula-
tions and observations since such outflows are observed only in special types of galaxies,
exhibiting above-average activity of star formation (e.g. McQuinn et al. 2019) and/or
activity of the central black holes (e.g. King et al. 2015), while for most of the population
they remain without direct proof of existence. The main reason for this may connect with
the fact, that due to the small scales at which the driving mechanisms operate, they cannot
be easily implemented in the simulations without signi�cant shortcuts and simpli�cations.

Many studies focused on tracing the warm ionized gas in the outflows (e.g. Concas
et al. 2017). Due to the multi-phase nature of the gas in the outflows, these results do
not represent a complete picture of the process. In this thesis, we study the statistical
characteristics of the molecular gas phase of outflows in a sample of local galaxies. The
main goals are to investigate if the outflows are ubiquitous as simulations predict, and their
properties.

To achieve this, we have combined stacking and disc decomposition techniques, as
proposed in Concas et al. 2022, and applied them to a sample of nearby galaxies. This
allows us to more reliably distinguish between the emission originating from the gaseous
disc of the galaxy and that of the outflow, in contrast with other widely used techniques.
Individual galaxies are modeled using physically derived models and their spectra are then
extracted, mocking observation. Observations and models are compared and the mock
best representing the observation is used for stacking of the spectra. The stacking step is
applied to create a spectrum representing a given group of galaxies. Finally, �tting that
spectrum using disc-only and disc+Gaussian models helps us assess the potential presence
of perturbed motions (e.g. outflows).
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Chapter 1

Galactic outflows

Figure 1.1: Composite image of galaxy M82, presenting multi-wavelength view using data
from three of NASA's Great Observatories: Hubble Space Telescope (optical represented
by yellow-green color and hydrogen in orange), Spitzer Space Telescope (cool gas and dust
in red) and Chandra (X-rax in blue). What in optical looks like a normal galaxy is, in
reality, a star-burst galaxy, creating stars around 10 times faster than our Galaxy. The rapid
star formation drives massive outflows, driving gas and dust out of the galaxy. Due to its
proximity, it is the best-studied example of such phenomena, serving us as a lab for testing
our theories.
Credit: X-ray: NASA/CXC/JHU/D.Strickland; Optical: NASA/ESA/STScI/AURA/The
Hubble Heritage Team; IR: NASA/JPL-Caltech/Univ. of AZ/C. Engelbracht
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Current state-of-the-art galaxy evolution models and cosmological simulations based
on LCDM cosmology can very closely reproduce observed large-scale structures in the
universe (e.g. Springel et al. 2006). To reproduce the evolution and dynamics of individual
galaxies, a feedback mechanism that can regulate star formation, either by preventing the
gas from forming stars or removing it from star formation regions, is needed. Galactic
outflows can represent this mechanism based on both theoretical predictions (Tomisaka
et al. 1988) and actual observations (Heckman et al. 1990).

1.1 Driving mechanisms of outflows

Two main mechanisms can drive galactic-scale outflows: star-formation activity (SF feed-
back) and active galactic nuclei (AGNs). These two processes can inject enough energy
into the interstellar medium (ISM) to allow it to escape the disc of the galaxy and create
outflows.

Star formation activity plays a major role in dwarf galaxies withlog(M� =M� ) . 10:5
(e.g. Hopkins et al. 2014), where the energy injected into the interstellar medium by stellar
winds and supernovae overcomes the shallow potential well of the galaxy and allows the
gas to escape.

In higher mass systems, the accretion of matter in the vicinity of the central super-
massive black hole (SMBH) can result in an active galactic nuclei (AGN), releasing large
quantities of energy and sometimes driving jets. This powerful mechanism can drive gas
out of larger and heavier systems and is usually invoked when shaping the high mass end
of the galaxy mass function (King et al. 2015).

1.2 Observations: Multi-phase nature of outflows

The interstellar medium (ISM) involves different gas phases (neutral atomic, molecular
and ionized) of different temperatures and densities and dust, and they all can get expelled
in the form of galactic winds.

Many existing studies are carried out with optical observations, which allow one to trace
primarily the ionised phase of the gas (Ha, Hb) together with some lines probing the neutral
phase (e.g. NaD). When the results of these studies were compared with cosmological
observations, it was found that only a small fraction of the mass predicted by simulations
is carried in the ionized phase (e.g. Concas et al. 2022). While optical observations can
provide valuable information about galactic outflows, to get a comprehensive understanding
of their multiphase nature, multiwavelength studies are necessary. Only a few studies were
carried out probing all the possible phases.

The relative mass contributions of the different phases in the outflows are still an open
question. Some studies suggest that the majority of the gas in outflows is carried in the
molecular phase, e.g. Fluetsch et al. 2021. This study was conducted using local ultra-
luminous infrared galaxies, galaxies undergoing starburst events, limiting the possibility
of generalizing the �ndings for the bulk of the local population.
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Galaxy sample

2.1 Tracing cold gas

The most abundant molecule in the universe is the H2 molecule. It is unfortunately chal-
lenging to directly observe since it is a highly symmetric molecule that lacks a permanent
electric dipole moment. This makes it a weak rotational emitter. The lowest permitted
rotational transition is� 510K above the ground state, which is too high for the bulk of
cold molecular interstellar medium, making its intensity relatively low.

The second most abundant molecule is CO. Its excitation temperature for its lowest
rotational line is� 5K, typical for molecular clouds. This results in strong millimeter
rotational lines, making it an ideal tracer of the molecular gas. The most common line
CO(1-0) has frequency offCO10 = 115:3GHzand rest wavelength ofl CO10 = 2:6mm.

To convert the observed flux of the CO(1-0) line to the equivalent mass of H2, the
understanding of the CO-to-H2 conversion factor, usually denotedaCO, is an important
part of interpreting the results of observations. Thanks to modern instruments like e.g.
ALMA, we get robust estimates of this conversion factor together with its dependence on
the environment (see Chiang et al. 2024 for a comprehensive overview of the derivation of
aCO from a sample of local galaxies).

2.2 xCOLD GASS survey

The xCOLD GASS ("eXtended COLD GASS") survey is a combination of two large
programs carried out at the IRAM 30m telescope, providing measurements of CO (1-0)
line emission for 532 galaxies in the local universe (see Saintonge et al. 2017). The
main goal of these surveys was to collect a statistically signi�cant sample of local galaxies
chosen homogeneously across a given mass range, making it well-suitable for characterizing
different scaling relations and their scatter. It also serves as a great reference point for
studies of molecular gas content ofz � 0 galaxies.

The initial program is called COLD GASS (CO Legacy Database for GASS), covering
galaxies withM� > 1010M� and0:025< z< 0:050. 366 galaxies were chosen at random
from the complete parent sample of SDSS galaxies lying in the ALFALFA survey footprint.

{ 5 {
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Figure 2.1: xCOLD GASS galaxies sample in M� -SFR plot, color-coded by the signal-to-
noise ratio (S/N), galaxy parameters from Saintonge et al. 2017, main sequence (MS) from
Popesso et al. 2023

This makes this sample of galaxies unbiased and representative of the local population of
galaxies.

The follow-up program COLD GASS-low targeted galaxies withM� > 108M� and
0:01< z < 0:02, accounting for a lower expected CO luminosity of such galaxies. This
program observed 166 galaxies randomly chosen from the SDSS parent sample containing
764 galaxies ful�lling the aforementioned criteria.

The combination of these two programs provides measurements of CO (1-0) emission
for 532 local galaxies (overview of the sample is available in Figure 2.1). The CO mea-
surements together with global galaxy properties derived from photometry were compiled
in a catalog and were used in a scaling relations study by Saintonge et al. 2017. Cata-
log, together with spectra for individual galaxies, is available from the surveys website
http://www.star.ucl.ac.uk/xCOLDGASS/ .

2.3 Our sample

We base our study on a set of local galaxies observed by the xCOLD GASS survey. The
study by Saintonge et al. 2017 provides observed sub-mm spectra of CO(1-0) line for 532



Chapter 2. Galaxy sample 7

galaxies with 333 detections, serving as a great sample of local galaxies for statistical
studies.

Because our method is based on the assumption of non-interacting galaxies, we flagged
(based on visual inspection) all galaxies with deformed morphology and with close com-
panions (e.g. Figure 2.2), to avoid observed spectra that are a combination of emission
from two galaxies. After we removed these galaxies, we identi�ed spectra with a signal
that was strong enough for our study: more speci�cally, we required the spectra to have
the mean flux within the W50 range (speci�ed in the Saintonge et al. 2017 catalog) above
a certain value, speci�cally with:

mean( fW50) � 1:5

This value ensures that the mean flux of the line lies above most of the surrounding
noise, increasing con�dence in model �tting.

Our �nal sample contains 226 galaxies, with9:0 � M� � 11:5. The sample is visualized
in Figure 2.4, while an example of the included galaxies is in Figure 2.3, containing the
SDSS image and spectrum from xCOLD GASS survey, all taken from Saintonge et al.
2017. A list of all included galaxies together with model parameters are in Appendix
section A.

(a) Example of interacting galaxy in the xCOLD GASS sample

(b) Example of the galaxy with a close companion in the xCOLD GASS sample

Figure 2.2: Example of galaxies flagged due to the merger/companion criterium. Each
�gure shows SDSS image and CO(1-0) spectrum from xCOLD GASS survey corrected
for SDSS redshift. The blue dashed line corresponds to the redshift of CO(1-0) line, the
blue dotted line shows theW50 range. Similar �gures for all the galaxies in xCOLD GASS
sample are available from Saintonge et al. 2017
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(a) Example of galaxy with high signal-to-noise factor,S=N = 13:4

(b) Example of galaxy with low signal-to-noise factor,S=N = 1:6

Figure 2.3: Example of galaxies included in our study. Each �gure shows SDSS image
and CO(1-0) spectrum from xCOLD GASS survey corrected for SDSS redshift. The blue
dashed line corresponds to the redshift of CO(1-0) line, the blue dotted line shows theW50
range. Similar �gures for all the galaxies in our sample are available from Saintonge et al.
2017
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Figure 2.4: SFR-M� diagram of our �nal sample, color-coded by the S/N as described in
section 2.3, limited to the maximum of 10 (only a few galaxies lie above this threshold).
Vertical grey lines are dividing the mass range into 3 bins, later used for the stacking of
spectra.





Chapter 3

Searching for outflows

Depending on the type of observed data, different methods are commonly used to search for
galactic outflows. With spatially resolved observations, individual deviating flux sources
can be identi�ed, while in the case of integrated (e.g., aperture) spectroscopy, we only have
the integrated kinematic properties of the galactic target. In the latter case, which is used
in our study, we have to de�ne a way how to separate the emission of the ISM that is bound
to the galaxy from the potential outflow.

A widely used method (as found in e.g. Genzel et al. 2014) is based on the assumption
that the spectral line of the galaxy can be divided into two distinguishable components
- a narrow Gaussian component, tracing the rotation and turbulent motion inside the
galaxy, and a broad Gaussian component, representing the non-circular motion. The
main advantage of this method is its simplicity and quick applicability, the �tting is not
constrained by any physical parameters of the observed galaxy but depends only on the
assumption made for the limits of FWHM of the individual components. This also presents
one of the main disadvantages of the method: since there is no straightforward way how
to select the width criteria, it varies in different studies, which brings inconsistency in the
process and leads to possible misinterpretation of the results.

A closer look at the spectra of individual galaxies reveals that the assumption of a
strictly Gaussian-like shape of the line is not applicable in general. In Figure 3.1, it can be
seen that the shape of the line is dependent on the inclination and stellar mass of the galaxy.
In case of a high inclination and high stellar mass, the single Gaussian-like shape splits
into two distinct peaks connected by a 'valley', creating the so-called double horn pro�le,
unobtainable by the simple Gaussian model. Moreover, when spectral lines with different
widths and shapes are stacked, the resulting shapes may look like being composed of two
Gaussian-like pro�les, suggesting falsely the presence of an outflow.

3.1 Disc decomposition method

To overcome the dif�culties connected to the use of double Gaussian decomposition when
searching for outflows in galaxy-integrated spectra, we use the physically motivated disc
decomposition technique combined with spectral stacking recently proposed by Concas
et al. 2022. The basis of the method is to create a model of the emission of a rotating
disc component, make mock observations of the simulated emission line, and compare

{ 11 {
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Figure 3.1: Examples of spectral pro�le shapes corresponding to different inclinations and
masses of the galaxy. Going to higher inclination (right) and higher masses (up) reveals
a double-horn pro�le, clearly not representable by the simple double-Gaussian method.
Taken from Concas et al. 2022.

it with the observed spectrum. To produce statistical results, as well as to improve the
signal-to-noise ratio (S/N) in the wings of the line, stacking multiple spectra is incorporated.

We employ this method in our study, with minor changes to the individual steps, to
adapt it to our dataset. The description of the precise methodology follows in this chapter.

3.2 Spectra pre-processing

Before the spectra from the xCOLD GASS survey can be used in our method, we have to
carry out two important steps.

First, we have to correct the spectra for redshift, so that we can directly stack them
without introducing any systematic shifts that could be mistaken for outflows. The Sain-
tonge et al. 2017 catalog contains redshift values from the SDSS survey (optical), as well
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as the redshifts derived from �tting the observed CO lines. We used the latter for the red-
shift correction of the observations, as Saintonge et al. 2017 showed a minor discrepancy
between the two redshifts.

The shift to the rest frame was achieved through two steps. First, we used the relation
connecting the observed and rest frequency

frest= ( 1+ z) fobs (3.1)

where z is the redshift of the CO line determined by Saintonge et al. 2017 andc =
299792458ms� 1 is the speed of light. Then we calculated the corresponding velocities
of observation, using the 'radio' Doppler shift convention

vobs= c
�

1�
fobs

frest

�
; (3.2)

where frest= 115:27GHzis the rest frame frequency of the CO (1-0) transition.
For easier stacking of the spectra and creation of the models, we also resampled all

spectra to a common velocity grid. The sampling was selected to beDv = 11kms� 1,
which corresponds to the mean sampling found across the raw data. The resampling was
done using linear interpolation, assuming a linear change of flux between the neighboring
points. An example of the resampling can be seen in Figure 3.2, which shows that this
resampling method may create slight systematic errors within the spectrum. These errors
however lie within the noise of the original spectrum and given the statistical nature of our
approach, their effect on the results is negligible.

As part of the processing of all the spectra we also quanti�ed the RMS of the measured
fluxes (=noise) in close vicinity of the line, in regionsv 2 [� 900; � 600]kms� 1 andv 2
[600;900]kms� 1, and the S/N of the line as the mean flux inside the W50 range from
xCOLD GASS catalog divided by the RMS noise for each galaxy. These values were
saved for later use alongside the values from Saintonge et al. 2017 catalog.

All pre-processed spectra were saved in a machine-readable format, containing a brief
description of the data and velocity and flux values, limited tov 2 [� 2200;2200]kms� 1,
centered onv = 0kms� 1.

3.3 Mock galaxies

The principal step of our method is the creation of mock CO (1-0) galaxy-integrated
spectral lines. To obtain these models, we need to �rst create a spectral cube representing
the CO (1-0) emission of a rotating molecular disc, and then extract an integrated spectrum
from the cube.

Before we can start creating the mock spectral cubes, two pro�les characterizing
rotating discs need to be de�ned { the surface-brightness pro�le (= radial distribution
of the emitting material) and the velocity pro�le. The next two subsections present the
speci�c pro�les used for our modeling, while the third describes the values used in the
calculations for individual galaxies.
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Figure 3.2: Comparison of the observed spectra before (blue line) and after (green line)
resampling. It can be seen that the error induced by the used interpolation lies within the
noise, creating negligible differences in the line shape.

3.3.1 Surface brightness pro�le

The surface brightness pro�le describes the distribution of intensity as a function of distance
from the galaxy center. The most widely used pro�le is the Sérsic pro�le (Sérsic 1963),
a result of the generalization of pro�les used to approximate the surface brightness pro�le
of galaxies. The Sérsic pro�le is typically used in the following form:

I (R) = Ieexp

(

� bn

" �
R
Re

� 1=n

� 1

#)

; (3.3)

whereRe is the so-called 'half-light radius', containing 50% of the total luminosity;Ie is
the intensity achieved atRe, n the Sérsic index controlling the slope of the distribution; and
the coef�cientbn, normalizing the exponential, can be found asg(2n;bn) = 1

2G(2n).
The most widely used Sérsic indexes aren = 1, corresponding to exponential pro�le,

used to approximate spiral galaxies, andn = 4, also known as de Vaucouleurs pro�le
(de Vaucouleurs 1948), used to approximate typical elliptical galaxies. In our case, the
distribution of the CO emission can be approximated by a thin exponential disc (see Bolatto
et al. 2017), corresponding ton = 1.
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3.3.2 Velocity pro�le

Velocity pro�les were calculated by considering the gravitational potentials of individual
components of the galaxy: stellar, gaseous and Dark Matter Halo (DMH). The stellar
component is composed of two parts - a bulge and a disc. An example of this approach
can be seen in Di Cintio et al. 2016.

For the stellar bulge, we use Hernquist potential (Hernquist 1990). The radial density
distributionr (r) is described as

r (r) =
A

4pa3
1

(r=a)(1+ r=a)3 ; (3.4)

whereA is the amplitude of the potential, in our case2Mbulge anda is the scale radius
of the bulge (r1=4). We calculated the circular velocity of the bulge by using thegalpy
package (Bovy 2015,http://github.com/jobovy/galpy ), �rst initializing the potential
by de�ning the amplitudeA = 2Mbulge and scaling radiusr1=4 and then utilizing the
calcRotcurve method (see section B).

The stellar disc is well described by a thin exponential disc potential (Freeman 1970).
The circular velocity of this potential can be calculated as

v2
disc(r) =

2GMdisc

rdisc
y2(I0(y)K0(y) � I1(y)K1(y)) ; (3.5)

whereMdisc is the total mass of the disc,G= 4:3�10� 3pcM�
� 1km2s� 2 is the gravitational

constant,rdisc the scaling radius of the disc,y = r=2� rdisc is the normalized radiusr at
which the velocity is calculated, andIn andKn are the nth-order modi�ed Bessel functions.

For the gaseous disc, we assume a thin exponential disc with a scaling radiusrgas=
2rdisc. The velocity pro�le of the gas disc is calculated using the same equation as for the
stellar disc (3.5).

To account for the DMH, we include a Navarro-Frenk-White (NFW) potential (Navarro
et al. 1996). The circular velocity pro�le of NFW potential can be expressed as

v2
DMH =

 
c200

x

" 

ln(1+ x) �
x

(1+ x)
�

1
ln(1+ c200) � c200

1+ c200

!#!

v2
200 ; (3.6)

wherec200 = 200ccrit is the mean concentration inside the virial radiusr200, x = r=RDMH
is the normalized radius in units of DMH scaling radius andv200 is the circular velocity at
r200.

After the circular velocity pro�les of all individual components were calculated, we
combined them using the relation

v2
circ = v2

bulge+ v2
disc+ v2

gas+ v2
DMH : (3.7)

This gave us the total circular velocity pro�le of the galaxy that takes into account all its
components.



16 Chapter 3. Searching for outflows

3.3.3 Parameters of individual galaxies

To create models representing the galaxies in our sample, we need to characterize each
galaxy with a set of parameters given in Table 3.1.

Parameter Used for
rSB surface brightness scaling radiussurface brightness pro�le

rdisc, stellar scaling radius of stellar disc velocity pro�le
Mdisc, stellar mass of the stellar disc velocity pro�le

rdisc, gas scaling radius of gas disc velocity pro�le
Mdisc, gas mass of the gas disc velocity pro�le
r1=4;bulge scaling radius of bulge velocity pro�le
Mbulge mass of the gas disc velocity pro�le
MDMH mass of the dark matter halo velocity pro�le
inckin inclination of the galaxy direct model input

Table 3.1: Parameters needed for reproducing galaxy during modeling

The values of these parameters can be deduced for each galaxy from quantities available
from three catalogs - Saintonge et al. 2017 (xCOLD GASS), Catinella et al. 2018 (xGASS
- HI survey) and Simard et al. 2011 (bulge+disc decomposition). We cross-matched these
catalogs using the TOPCAT software (Taylor 2005) and exported the parameter values
from the three sources into a new, concise catalog. The individual quantities used to
calculate the parameters from Table 3.1, together with the used relations are summarized
in Table 3.2.

However, the Catinella et al. 2018 and Simard et al. 2011 catalogs do not cover all the
galaxies from our sample. Speci�cally, Catinella et al. 2018 providesMHI for only 191
galaxies from our sample. We therefore had to quantify the gas content of the remaining
35 galaxies using scaling relations for the quantities that are available from the xCOLD
GASS catalog. For all the galaxies with molecular gas content measurements in Saintonge
et al. 2017 (xCOLD GASS) and atomic gas in Catinella et al. 2018 (xGASS), we used a
linear �t to derive a relation for the total gas contentMgasas a function of the stellar mass
in the form

log(Mgas=M� ) = 0:45� log(M� =M� ) + 5:15 ; (3.8)

whereMstellar is the stellar mass available from the Saintonge et al. 2017 catalog. The
relation is shown in Figure 3.3, together with the relation for MHI and MH2 separately. We
decided to use the relation for the total gas contentMgas instead of only quantifying the
MHI and adding it to theMCO, as we are mainly interested in the total gas content and both
methods gave consistent results.

Furthermore, the Simard et al. 2011 catalog covers only 196 galaxies, for the remaining
30 galaxies we had to quantify 4 parameters:(B=T)r , Rd, Re andscale. The �rst mentioned,
(B=T)r , showed a tight relation with the concentration index cindx= R90;r=R50;r available
in Saintonge et al. 2017 catalog (see Figure 3.4). We chose to do a reverse linear �tting, as
the change incindxmay not result from higher(B=T)r . The used relation has the following
form
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Figure 3.3: Relation between the stellar mass M* and the HI (lower left panel), H2 (lower
right panel), and Mgas (upper panel) for the galaxies from the xCOLD GASS survey
(Saintonge et al. 2017) with HI masses available from xGASS survey (Catinella et al.
2018). The factor of 1.33 applied to the HI mass accounts for the Helium content (see Di
Cintio et al. 2016).
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Relation Main source
rSB= r50;kpc=scale r50: Saintonge et al. 2017,

scale: Simard et al. 2011
relation based on results of Bolatto
et al. 2017

rdisc, stellar= Rd=scale both Simard et al. 2011
Mdisc, stellar= Mstellar� (1� (B=T)r ) Mstellar: Saintonge et al. 2017,

(B=T)r : Simard et al. 2011
rdisc, gas= 2� rdisc, stellar

Mdisc, gas= 1:33� MHI + MCO MHI : Catinella et al. 2018,
MCO: Saintonge et al. 2017 ,
factor 1.33 accounts for Helium con-
tent (see Di Cintio et al. 2016)

r1=4;bulge= Re=[(1+
p

2) � scale] Re: Simard et al. 2011
Mbulge= Mstellar� (B=T)r (B=T)r : Simard et al. 2011

MDMH µ Mstellar precise relation from Moster et al.
2013

inckin = arcsinW50CO=(2� vmax) W50CO: Saintonge et al. 2017,
vmax: maximum velocity insider =
20arcsecin velocity pro�le

Table 3.2: Relations used to calculate model parameters for galaxies.r50;kpc is the half-
light radius,scale[arcsec� 1] is the conversion factor from angular to physical units,Rd is
the scale radius of the stellar disc,(B=T)r is the bulge fraction,MHI is the total HI mass,
MCO is the total molecular mass,Re is the scale radius of bulge,W50CO is the FWHM of
the CO line andvmax corresponds to maximum velocity achieved insider = 20arcsecin
velocity pro�le.

(B=T)r =
cindx� 2:17

1:36
: (3.9)

As this relation can return a negative value, in such case it is set to(B=T)r = 0.
Secondly, we quanti�edRd andRe based on their relation withR50 (see Figure 3.5) in

the form

Rd = 1:08� R50 (3.10)

Re = 0:69� R50 (3.11)

Lastly, we calculated the last missing parameter,scale, from the geometric equation
for cosmology. In our case, we used an approximate equation valid forz � 0

scale�
1

deg
�

(1+ z)2

Dlum

�
� 3600

(3.12)
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Figure 3.4: Relation betweencindxfrom Saintonge et al. 2017 andB=Tr from Simard et al.
2011 for xCOLD GASS galaxies covered by both catalogs.

wherezis the redshift of galaxy andDlum luminosity distance of the galaxy from Saintonge
et al. 2017 catalog. We usedDlum in units ofkpc so that we got the resulting scale factor
in units of [kpcarcsec� 1].

The values of the model parameters for individual galaxies are reported in Appendix
section A.

3.3.4 Mock spectral cubes

With the galaxy parameters and pro�les quanti�ed, we were able to create model spectral
cubes simulating integral �eld unit (IFU) observations of the galaxies. To achieve this we
utilizedKinMSpython package inside a custom written Python class (which can be seen in
Appendix section B).

The KinMSpackage (KINematic Molecular Simulation (KinMS) routine of Davis et
al. 2013) is broadly used to model 3D datacubes with two spatial and one spectral axis,
simulating interferometer or IFU observations. The cubes are created based on the surface
brightness pro�le and velocity pro�le. The code also accounts for observational effects
by convoluting the "clean" datacube with the beam/point spread function (PSF) of the
instrument.

The process of a datacube creation has two steps. In the �rst step, the parameters of
the data cube that we want to return are set, speci�cally the physical dimensions, channel
width, and beam size. In our case we used values described in Table 3.3.
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(a) Relation betweenR50 from Saintonge et al. 2017 andRd from Simard et al. 2011 for the xCOLD
GASS galaxies covered by both catalogs.

(b) Relation betweenR50 from Saintonge et al. 2017 andRe from Simard et al. 2011 for the xCOLD
GASS galaxies covered by both catalogs.

Figure 3.5: Relations used to quantify the scaling radius of stellar discRd and bulgeRbulge
for galaxies not covered by Simard et al. 2011
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Parameter Value used
xs 105 px
ys 105 px
vs 881 kms� 1

cellSize 1 arcsecpx� 1

dv 11 kms� 1

beamSize (22� 22) arcsec

Table 3.3: Cube parameters used for creation of all galaxy model data cubes from KinMS,
passed at initialization of the KinMS class. xs and ys are the angular sizes of datacube in
x/y axis, vs is the size of the velocity axis, cellSize is the spatial resolution of the cube, dv
the spectral resolution, beamSize speci�es the beam to convolved the cube with.

In the second step, we initialize the modeling of the datacube by calling theKinMS.model_cube
method. In this step, the surface brightness pro�le and the velocity pro�le, together with
the other parameters of the desired model, are entered as arguments. The list of the used
arguments is available in Table 3.4. We usedrestFreq = fCO(1� 0) = 115:27 GHzand
gasSigma= sCO = 10 kms� 1, consistent with the results of the studies of local galaxies,
e.g. Bacchini et al. 2020.

Argument Description
sbRad radial values array [inarcsec]
sbProf surface brightness pro�le array
velProf velocity pro�le array

inc inclination of the galaxy
posAng position angle of the galaxy

restFreq rest frequency of the observed line
gasSigma velocity dispersion of the gas

Table 3.4: Arguments passed to KinMS.modelcube method to produce datacube repre-
senting galaxy with speci�ed parameters

3.3.5 Integrated spectra extraction

To extract an integrated spectrum from the mock datacube, we utilized the Python package
spectral_cube (see Ginsburg et al. 2019), designed for manipulation and analysis of
spectral datacubes containing two spatial and one spectral axis.

In our case, we needed to create integrated spectra to mimic single-dish observations
carried out during the xCOLD GASS survey. First, we de�ned a circular aperture with the
radiusraperture= 26arcsec, limiting the area that we integrated the flux from. This radius
was chosen based on the fact that the mock cube is already convolved with the beam of
the single-dish telescope, smearing the emission from individual clouds. A single dish
beam withFWHM= 22arcsecreaches its �rst null atrnull � 13arcsec, the majority of the
emission originating from within this circle after convolution will be spread inside an area
with r = 26arcsec.
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After applying the circular aperture mask, the integrated spectrum was extracted as the
sum of all fluxes inside the aperture for each channel. The resulting spectra are saved into
text �les with columns containing velocity channels and corresponding fluxes.

3.3.6 Mocks �tting

After we created each model spectrum we �tted it to the observation. To be able to �t it to
the observations, we usednumpy.interp method to create a function from the modeled
vfluxes, then it was �tted to the observations by thescipy.optimize.curve_fit . We
were �tting two parameters,A the scaling of the model spectrum, since the flux of the mod-
els was not normalized during creation, and the shift in velocityv0 to align the observation
and the mock, negating any possible systematic velocity shift due to uncertainties.

After �tting, each model is assigned achi2 value, based on the equation

chi2 =
N

å
i= 0

( fi;obs� fi;model)2

RMS2
obs

; (3.13)

where fi;obs is the observed flux at i-th channel,fi;model is the flux of the model �t at i-th
channel, and RMSobs is the quanti�cation of the noise surrounding the line, as described
in section 3.2. The value for the model was saved together with the parameters used.

3.3.7 Finding the best mocks

To �nd the best-�t model we created several realizations of the model, changing the
inclination of the galaxy (inc) and the surface brightness scaling radius (rSB) to create
different versions. For the inclination, we decided to create a range of 9 values, centered
on theinckin as the initial guess. We calculated the inclination range such that each step
in inclination represents a change in the width of the linedW = 11kms� 1. This allows us
to create a wide range of inclinations. We achieved it by �rst calculating the range ofsini
since it is linear with the change ofW50. The formula for this is

sinin =
W50+ ndW

2vmax
;n 2 N ; (3.14)

whereW50 is the initial line width, in our case it isW50CO from Saintonge et al. 2017
catalog,dW the desired change in the linewidth,vmax maximum velocity as in Table 3.1
andn 2 [� 4; � 3; :::;0; :::;3;4] to represent the 9 variants. After calculating thesini range
we discarded values outside of the permitted value range ofsini 2 [0;1]. If the border
was crossed we included the border valuesini = 0 or 1 instead of one of the values lying
outside of it. Finally, we calculated corresponding values of inclination by applyingarcsin
on the generated range.

For the surface brightness scaling radiusrSB, we decided to create a range of 4 values
by multiplying the initial value ofrSB (see Table 3.1) by factors of [0.5, 1, 2, 3]. The
initial value is based on the empirical relation between stellar and molecular components
(see Bolatto et al. 2017). In combination with the 9 values of inclination, this creates 36
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variants of parameters for each galaxy. After generating each datacube realization, the
resulting cubes were saved for extraction of the spectra.

During the creation of all variants of the model, each one was �tted to the observations,
allowing amplitude scaling and shifting along the velocity axis. The �rst one is necessary
since the flux of the model is not normalized, the latter because of possible misalignment
due to the redshift uncertainty and rest-frame shifting.

Thechi2 values of all the realizations were then compared, and the model with the lowest
value was considered to be the best-�tting model. We also did a visual inspection of all the
observation-mock comparison plots, looking for possible problems with the representation
of the observed line by the mock. For the majority of the galaxies, residuals de�ned as
res= obs� mockremain under3s threshold imposed by the RMS of observation, mainly
in the wings of the lines. Few exceptions were present, possibly being evidence of massive
non-circular motions in the galaxy we are looking for. Parameters of the best-�tting model
are saved alongside the model parameters in a catalog, which can be seen in Appendix
subsection A.3. The best-�tting model spectra were also saved into �les containing their
velocity-flux values.

3.4 Bringing out outflows

To allow us to probe fainter signals and to receive statistically driven results instead of
results for individual galaxies, we split the sample into three bins according to stellar mass,
and within each bin combined the spectra of the galaxies.

The stellar mass bins were chosen so that they roughly separate galaxies according to
their expected outflow driving mechanisms. The �rst bin withlog(M� =M� ) 2 [9:0;10:0)
corresponds to low-mass galaxies where star formation should be the dominant driver
of outflows. On the other hand, the highest mass bin withlog(M� =M� ) 2 [10:5;11:5)
represents massive galaxies, where the potential well of the galaxy is deep enough that
the energy injected by the star formation activity is not suf�cient and energy of AGN is
needed to drive massive outflows. The middle bin withlog(M� =M� ) 2 [10:0;10:5) serves
as a comparison sample since the galaxies within this range of stellar masses are expected
to be the most ef�cient in converting material into stars, the likely reason being that the
potential well becomes deep enough to suppress part of the star formation feedback while
the central SMBH is mostly not active.

3.4.1 Stacking obs/mock spectra

Stacking was achieved by combining all spectra from the given mass bin and calculation
of "5% trimmed mean" for each channel. It can be expressed as

fi;stack= trmean5(f fig) ; (3.15)

where fi is the flux of i-th channel and trmean5 represents a function, which removes 5
% of the highest and lowest values from the set of flux values of i-th channel of all the
galaxies used for the stackf fig. Removing the ends of the set distribution makes it more
robust regarding outliers while maintaining the sensitivity of the classical mean. While in
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principle other statistical methods can be used to derive representative values, we chose
this for the aforementioned reasons.

Each mass bin has been stacked individually and saved in a standardized velocity-flux
format. An overview of the �nal stacks can be seen in Figure 3.6

3.5 Stack �tting

The last step in our method was the �tting of the observation stack with two models. First,
it was only the stack of mocks, assuming the disc models can represent all the emission.
The second model consists of the disc model with an added Gaussian component, included
to represent the potential outflow.

Fitting was done with the same functions as in subsection 3.3.6 with the difference of
omitting the possibility of velocity shift of the mock stack. To quantify the importance
of the inclusion of Gaussian component, we calculate the reducedchi2 and Bayesian
information criterion (BIC) (Schwarz 1978, see also Liddle 2007) values for both �ts
according to the following formulas

chi2R =
chi2

n
; (3.16)

BIC = chi2 + plnn ; (3.17)

wherechi2 is based on (3.13),n = n� p is the degree of freedom,n is the number of
flux points used for �t andp the number of parameters of the �t. TheRMS of the
observation stacks was calculated in extended velocity rangesv 2 [� 1500; � 600]kms� 1

andv 2 [600;1500]kms� 1 compared to single observations.
Results of our analysis are discussed in the following chapter 4.
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