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Abstract

The evolution of galaxies is shaped by feedback from Active Galactic Nuclei (AGN) and

massive stars, however there is little observational insight into feedback within individ-

ual galaxies which are typical of the general galaxy population. The majority of previous

studies have instead focused on more extreme systems with higher star formation rates

(SFRs) and/or more luminous AGN, or rely on stacking methods to enhance the rela-

tively weak (and thus hard-to-detect) galactic wind signatures from typical systems. In

order to advance our understanding of the impact of feedback on galaxy evolution, we

must further complement our empirical studies with theoretical models where feedback

e�ects are appropriately accounted for, given that our observations only provide an

instantaneous snapshot of the state of the galaxy during its evolution.

This thesis takes a two-pronged approach to investigate feedback in normal galaxies.

First, feedback is directly probed through an investigation of out�ows (a display of

feedback in action) within individual galaxies in the nearby Universe. Second, feedback

is indirectly probed though the development of an analytical model of galaxy forma-

tion which produces a population of galaxies with properties consistent with what is

seen typically in the Universe, whilst accounting for ejective and preventative feedback

e�ects.

In the `direct approach', I investigate the ionized and neutral gas phases of galactic

winds launched from (z ∼ 0.04) galaxies in the MaNGA survey, which are probed

using the ionized line-emission and neutral sodium absorption features in the galaxy

spectra. I �nd ∼ 12% of line-emitting MaNGA galaxies show evidence for ionized

out�ows, and ∼ 5% show evidence for neutral gas out�ows, where this o�set can be

at least partially attributed to the fact that neutral winds are preferentially seen in

galaxies with dustier central regions. By looking at the warm, ionized component, I

quantify strong correlations between mass out�ow rates and the mechanical drivers of

the out�ows, and show low-luminosity AGN and star formation contribute jointly to

the observed out�ow phenomenology in MaNGA galaxies. By comparing to the neutral

phase, I show the ionized out�ow kinematics to be in line with what we measure in

the neutral phase, demonstrating that, despite their small contributions to the total

out�ow mass budget, there is value to collecting empirical measurements of the ionized

wind phase to provide information on bulk motion in the out�ow. I further investigate

the geometry of the winds, providing estimates for the radial extent of the out�ows and

showing evidence for out�ows typically having a biconical structure.
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For the `indirect approach', I construct the Bath Tracing Underachieving Baryons

(BathTUB) model. The key feature distinguishing this model from previous analytic

models, is that BathTUB traces the size growth of galaxies. I �nd that in order to re-

produce the shapes of empirically-derived galaxy scaling relations in the literature, both

preventative and ejective feedback mechanisms need to be incorporated into the model,

where the mass-loading of the ejective out�ow scales negatively with stellar mass, and

the preventative term reduces the e�ciency of cold gas accretion onto galaxies with an

amplitude that scales positively with halo mass.

Overall this thesis provides new insights from both an observational and theoretical

perspective into the e�ects of feedback in typical, nearby galaxies.
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Chapter 1

Introduction and Motivation

1.1 The Big Picture

The most widely accepted fundamental theoretical framework for the evolution of the

Universe, and the basis to most Astrophysical studies (including my own), is the

Lambda-CDM model of cosmology. In this framework, the recipe for the energy content

of the Universe is ∼ 70% Dark Energy, which is mysteriously responsible for the acceler-

ated expansion of the Universe, ∼ 25% Dark Matter (DM), and ∼ 5% baryonic matter,

which, unlike DM, interacts with electromagnetic radiation making it directly observ-

able to us. Importantly, the Lambda-CDM cosmology provides a coherent narrative

for the formation of many mind-boggling phenomena including the Cosmic Microwave

Background (CMB), the large-scale structure, and the matter content of the Universe.

The observational pillars on which the model is built further extend to type 1a super-

novae (SNe 1a), which were used to measure distances out to high redshifts leading to

the discovery of the accelerated expansion of the Universe (Riess et al., 1998; Schmidt

et al., 1998; Perlmutter et al., 1999). Although there are still open questions, such as

the tension in constraining the Hubble constant (H0, e.g. Freedman, 2021 versus Brout

et al., 2022), the nature and mass of DM particles (with direct detection experiments

thus far unsuccessful) and the question of whether dark energy corresponds to a cos-

mological constant (e.g. Peebles & Ratra, 2003), the Lambda-CDM cosmology is the

consensus starting point for studies of galaxy formation and evolution.

A short account of our coming to existence within the Lambda-CDM cosmology might

go something like this. In the primordial setting, the Universe existed in an extremely

hot dense state, often described as a soup of subatomic particles. Thanks to quantum
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physics, there is an uncertainty in the positions of fundamental particles introducing

anisotropy to the distribution of matter. The physical scales of these anisotropies were

only ∼ 10−28 cm but, at 10−33 seconds after the Big Bang, in�ation happened and

the Universe expanded at an exponential rate. These tiny �uctuations in the matter

distribution blew up, and where dark matter existed in a more dense state gravitational

e�ects took hold causing clustering of matter. At around 380,000 years after the Big

Bang, the Universe had expanded and cooled enough for photons to decouple from

matter. As a result, photons could �y freely across the Universe and baryonic matter

could move under the in�uence of gravity without being re-distributed via constant

collisions with photons. Furthermore, neutral hydrogen was assembled as protons and

electrons combined. Baryonic matter fell into the gravitational potential wells formed by

the network of DM and a web-like structure of DM and baryons formed on a cosmological

scale. By around one billion years after the Big Bang (z ∼ 7), the neutral contents of

the Universe had become re-ionized as a result of the energetic radiation emerging from

the �rst luminous objects which formed in the earliest sites of galaxies formation (e.g.

Gnedin & Ostriker, 1997).

The sequel to this story describing the formation and growth of galaxies is a complicated

one with many unknowns. On an individual galaxy scale, the following, simple picture

can be painted: in the denser clumps of DM, due to conservation of angular momentum

(AM), infalling hydrogen gas forms a central rotating gas disk (e.g. Fall & Efstathiou,

1980). As this gas cools and condenses, stars are formed, and in their interiors the

process of nucleosynthesis creates new atomic nuclei. These structures of gas and stars

are what we call galaxies. In the centers of more massive galaxies, super-massive black

holes (SMBHs) grew as the galaxies evolved. The clumping of galaxies into clusters,

superclusters and �laments on scales of tens of megaparsecs comprises the large-scale

structure of the Universe.

1.2 Feedback

1.2.1 The origin of feedback

Massive (& 8 M�), hot stars live for only a few million years before they explode in

supernovae explosions (SNe), and throughout their lifetimes they eject radiation and

strong winds which interact with the interstellar medium (ISM) within galaxies. For

context, SNe are capable to releasing ∼ 1051 erg instantaneously into the ISM, and the

most massive stars can inject up to a comparable amount into the ISM over the course of

their lifetimes (Fierlinger et al., 2016). The energy and momentum injected into the ISM
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from massive stars can act to heat gas in the surrounding medium and drive gas away

from the galaxy (Chevalier & Clegg, 1985; Heckman et al., 1990; Leitherer et al., 1992),

an e�ect which is visible in the form of galactic out�ows (Lynds & Sandage, 1963). Such

star formation-driven out�ows are widespread at low (e.g. Rupke et al., 2005b; Rubin

et al., 2014; Concas et al., 2017), intermediate (e.g. Weiner et al., 2009; Rubin et al.,

2010; Newman et al., 2012; Förster Schreiber et al., 2019) and high redshifts (e.g. Ginol�

et al., 2020). Furthermore, ionizing radiation and radiation pressure from massive stars

can disrupt surrounding giant molecular clouds (e.g. Gritschneder et al., 2009; Lopez

et al., 2011; Kim et al., 2018), which are the formation sites of stars themselves.

Active Galactic Nuclei (AGN) are formed when SMBHs, which are thought to exist in

the nuclei of most massive galaxies (e.g. Ho, 2008), grow via the accretion of material

which is within their close proximity (Salpeter, 1964). AGN are extremely powerful

phenomena and are capable of releasing enough energy (∼ 1047 erg s−1 from the most

luminous quasars) to outshine their entire host galaxy containing hundreds of billions

of stars (e.g. Matthews & Sandage, 1963). AGN are capable of expelling jets which

extend well into the intergalactic medium (IGM, e.g. Uchiyama et al., 2006), and

driving massive, fast (> 1000 km s−1) out�ows (e.g. Ganguly et al., 2007). AGN-driven

jets can heat the medium surrounding the galaxy, preventing gas from cooling onto the

disk (Somerville et al., 2008), and the galactic winds can plausibly remove substantial

amounts of gas from the galaxy (Silk & Rees, 1998; Somerville et al., 2008).

Cold gas can be supplied to the galaxy disk via cold gas streams penetrating the DM

halo (e.g. Kere² et al., 2009). Given that star formation relies on a supply of cold gas, re-

plenishment of this supply leads to an enhancement of star formation and, consequently,

an increase in the energy output from massive stellar evolution. Likewise, the `switch

on' of AGN activity requires gas to be funnelled towards the central SMBH, and when

the magnitude of this e�ect is increased, we expect an increased accretion rate onto the

SMBH leading to a higher energy output from the AGN. This energy output can act

to modulate the amount of cold gas within the galaxy through heating e�ects and by

expelling some fraction of the gas in out�ows. For this reason, the energy released from

star formation and SMBH growth is referred to as feedback, where feedback creates a

self-regulating system in�uencing the growth paths of galaxies. At the SMBH level, it

is thought that this self-regulation gives rise to the tight relationship observed between

black hole mass and galaxy bulge mass (Kormendy & Richstone, 1995; Magorrian et al.,

1998; Ferrarese & Merritt, 2000).
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Figure 1-1: Figure from Bullock & Boylan-Kolchin (2017). Empirically-derived stellar
mass functions (square and star data points) compared to the simulated DM halo mass
function (solid line).

1.2.2 Feedback and the galaxy mass function

A galaxy mass function is de�ned as the relationship between the number density of

galaxies, or DM haloes, and their mass (or equivalently for galaxies; their luminos-

ity). The mass function of DM haloes is found to follow a power-law functional form

(e.g. Reed et al., 2003), in contrast to the galaxy stellar mass function which shows an

exponential drop-o� above a characteristic stellar mass, captured with a Schechter func-

tional form (Schechter, 1976). One could imagine that in the simple picture of galaxy

formation described in Section 1.1, the process of converting gas to stars occurs at some

constant e�ciency εSF and the star formation rate (SFR) goes as ∼ εSFfbMh, where

fb is the Universe baryon fraction and Mh is the halo mass. However, adopting such

an assumption in simulations of galaxy growth leads to a modelled galaxy population

that is incompatible with the one observed. This e�ect is illustrated in Fig. 1-1 from

Bullock & Boylan-Kolchin (2017) where we can see a de�cit of galaxies in observations,

compared to the simulated galaxy population, which is pronounced at the low-mass and

high-mass extremes. A vital additional ingredient is required in galaxy models in order

to regulate the e�ciency of galaxy growth to reconcile the low- and high-mass ends of

the mass function: feedback.

It is widely accepted that stellar feedback is the primary mechanism responsible for re-
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solving the discrepancy of the low-mass end of the mass function. In this mass regime,

gas can more easily escape in galactic winds due to the shallower potential wells com-

pared to those of massive galaxies (e.g. White & Frenk, 1991; Benson et al., 2003).

At high masses, the more powerful output from AGN is required to regulate galaxy

growth (e.g. Croton et al., 2006; Puchwein & Springel, 2013). Various feedback mech-

anisms, including ejective out�ows and preventative mechanisms such as the heating

of gas via out�ows or AGN jets, for example, have been invoked to regulate the star

formation e�ciency to correct the mass function, however their relative importance is

up for debate.

1.2.3 Further implications of feedback

Feedback shapes the growth and evolution of galaxies in many ways other than just

preventing gas from rapidly cooling, leading to an overproduction of stars. For example,

feedback removes low angular momentum material (Brook et al., 2011) and metals

(e.g. Chisholm et al., 2018) from galaxies via out�ows. Without feedback adequately

accounted for, simulations �nd that the high e�ciency of gas cooling at early times leads

to the rapid collapse of gas clouds resulting in bulge dominated, rather then disk-like,

morphologies with low AM (an e�ect known as `the angular momentum catastrophe',

e.g. Navarro & Steinmetz, 2000). Galactic out�ows are further found to have the e�ect

of redistributing metals formed within the galaxy to the circumgalactic medium (CGM)

and IGM (e.g. Aguirre et al., 2001; Melioli et al., 2015). In addition, out�ows are used

to explain the relationship between galaxy stellar mass and metallicity, where metals

are more readily ejected from low-mass galaxies (Tremonti et al., 2004).

So far, this introduction has focused on examples of `negative feedback' where the

feedback from massive stars and AGN acts to modify the gas content of galaxies in

a way which is likely to inhibit further growth of the galaxy via star formation and

SMBH growth. In recent times, increasing amounts of evidence have been uncovered

for `positive feedback' scenarios where the feedback acts to compress gas and promote

the on-set of star formation (e.g. Cresci et al., 2015a; Shin et al., 2019; Luisi et al., 2021).

Out�ows themselves may provide optimal environments for star formation (Gallagher

et al., 2019), and potentially lead to stars being ejected into galaxy haloes (e.g. Yu

et al., 2020), however the amount of star formation as a result of positive feedback is

likely to be a tiny fraction compared to the stars formed in-situ within the galaxies.
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Figure 1-2: Examples of extreme feedback phenomena. Left: Star formation-
driven feedback within the M82 galaxy seen in multiple wavelengths. The hot (T
> 106K) X-ray emitting gas is shown in blue, the warm (T ∼ 104K) Hα emit-
ting gas is shown in orange, the cool gas and dust is shown in red, and the op-
tical light is shown in yellow/green. Right: AGN-driven feedback within Centau-
rus A at multiple wavelengths. The jet expelled from the central AGN and shock-
heated gas can been seen in the radio and X-ray emission, respectively. Image cred-

its: Left: 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. Right:

X-ray: NASA/CXC/SAO; optical: Rolf Olsen; infrared: NASA/JPL-Caltech; radio:
NRAO/AUI/NSF/Univ.Hertfordshire/M.Hardcastle.

1.3 Current challenges in feedback studies

Although plenty of evidence exists in favour of feedback playing an important role in

regulating galaxy growth from simulations, a complete consensus of how feedback im-

pacts the evolution of galaxies is lacking. Simulating feedback from �rst principles

is extremely challenging due to the complex interaction of the energy expelled from

supernovae, stellar winds and AGN with the multiphase ISM consisting of a cocktail

of gas at di�erent densities, temperatures and elements (see e.g. Hopkins et al., 2012;

Smith et al., 2018). Cosmological simulations which model the growth of huge num-

bers of galaxies simultaneously, are unable to resolve individual star-forming regions or

accretion disks meaning that the detailed physics describing the transfer of energy and

momentum from the wind drivers to the surrounding medium needs to be implemented

using `subgrid' recipes (e.g. Springel & Hernquist, 2003; Oppenheimer & Davé, 2008;

Dalla Vecchia & Schaye, 2008). These subgrid implementations are usually guided by

results from observational studies. In analytic and semi-analytic models, often an ap-

proach is taken where unknowns are �ne-tuned such that broad properties of the output

galaxy population are in line with what we expect based on observations, e.g. by �t-

ting the model output to empirically-derived scaling relations between global galaxy
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properties (e.g. Somerville & Primack, 1999; Lilly et al., 2013).

From an observational standpoint, detailed quantitative measurements of the properties

of feedback within individual galaxies are di�cult to obtain. Only a small handful of

relatively nearby galaxies with extreme feedback phenomena, such as M82 and Cen-

taurus A (pictured in Fig. 1-2), have been studied extensively in multiple regimes of

the electromagnetic spectrum (e.g. Shopbell & Bland-Hawthorn, 1998; Strickland &

Heckman, 2009; Roussel et al., 2010; Leroy et al., 2015 investigate M82 in the visible,

X-ray, IR and sub-mm regimes, respectively). This is necessary to obtain measurements

of the full mass-budget of out�owing gas, given that spectral tracers of the di�erent gas

phases which make up the multiphase ISM are in di�erent wavelength regimes. The lim-

ited sensitivity of current telescopic instruments means that relatively weak, or distant

feedback phenomena, such as the low surface brightness out�ows, are di�cult to detect.

Furthermore, limited sensitivity and spatial resolution is detrimental to resolving the

detailed wind geometry which is required given that calculations of mass out�ow rates,

for example, rely on an assumed wind structure. Modelling of key spectral features

is further limited by the access to speci�c wavelength regimes due to atmospheric ab-

sorption (depending on the redshift of the targeted galaxy), and the �nite resolution of

observing instruments. In order to understand how feedback impacts the galaxy growth

in general, measurements of feedback in large galaxy samples containing systems which

are more representative of the general galaxy population are required. To achieve this,

stacking techniques are often employed where the light from multiple objects is com-

bined to increase the overall signal-to-noise ratio. However, spatially resolved studies

of these typical galaxies are also essential to constrain geometric properties of out�ows

which are required to retrieve accurate measurements of the energy and mass ejected

in the gas �ow.

1.4 Thesis outline

This thesis investigates galaxy feedback among the normal galaxy population using two

distinct approaches:

1) Direct probes of feedback

In chapters 2 and 3, I present a unique empirical study of out�ows among typ-

ical galaxies in the nearby Universe. To do this, I use data from the MaNGA

spectroscopic galaxy survey (Bundy et al., 2015). This survey sample consists of

thousands of galaxies in the nearby Universe with an approximately �at stellar

mass distribution in the range M? ∼ 109 − 1011 M� (Wake et al., 2017). Using
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careful analysis techniques, I am able to characterise out�ow properties within

individual galaxies. By exploring the incidence of out�ows among di�erent types

of galaxies, and quantifying relationships between out�ow properties and host

galaxy properties in MaNGA galaxies, in both the warm (Chapter 2) and cool

(Chapter 3) wind phases, I expose a deeper insight into the properties of feed-

back in typical nearby galaxies. Chapter 3 includes an analysis comparing the

properties of warm and cool out�ows within the same set of galaxies, given that

empirical out�ow studies often focus on one gas phase only. In both chapters,

I investigate wind structure and provide estimates for the physical extent of the

out�ows.

2) Indirect probes of feedback

In Chapter 4, I expand on previous analytic `gas regulator' models of galaxy for-

mation which take into account feedback e�ects to reproduce a galaxy population

with properties consistent with typical galaxies in the real Universe. The model is

optimized by �tting the properties of the output galaxy population to �ve scaling

relations from the literature, considering also their scatter and redshift evolution.

Each scaling relation characterises the empirically-derived relationship between

speci�c physical properties of star-forming galaxies (SFGs). We consider the size-

mass, SFR-mass, Kennicutt-Schmidt, stellar mass-halo mass, and the metallicity-

mass relations. The bene�t of using a simplistic model, as opposed to a highly

complex cosmological simulation, is that it provides transparency between the

input physics and output results. From this, we are able to gain insight into the

impact of ejective and preventative feedback mechanisms on galaxy growth and

their role in reproducing observed galaxy scaling relations in our simple model.

This study builds on the work presented in Chapters 2 and 3 by allowing inves-

tigation into the potential impact of feedback on the host galaxies. Further to

this, the model uses a prescription for ejective out�ows which leave the galaxy en-

tirely, allowing us to gain insight into the potential importance of escaping winds

compared to wind launching in general which is explored from an observational

standpoint in Chapters 2 and 3.

Finally, in Chapter 5, I review the future of observational-based feedback studies. Huge

advances in the �eld of feedback have been made thanks to the ground-breaking ad-

vancements in telescopic instrumentation. With many exciting telescopes expected to

be coming online over the next couple of decades, I anticipate their potential impact

in opening our eyes to a better understanding of feedback and its role in the story of

galaxy formation.
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As a �nal remark; it is important to note that although galaxies have been observed

in very dynamic systems, for example, undergoing collisions with other galaxies, or

interacting with the `hot' galaxy clusters in which they reside, this thesis predominantly

considers systems which are relatively isolated and where extreme external forces have

not been in�uential in the recent past. Such external factors have been recognised as

being potentially important in `switching on' AGN (e.g. Di Matteo et al., 2005), and

facilitating negative feedback e�ects, such as ram pressure stripping where a galaxy is

stripped of its gas when it fall into a hot galaxy cluster (e.g. Gunn & Gott, 1972), for

example.



Chapter 2

Warm out�ows in MaNGA:

incidence, scaling relations and

physical conditions

2.1 Preamble

Warm ionized gas produces strong rest-optical emission features in galaxy spectra, where

the shape of these spectral features is dependent on the kinematic properties of the gas.

Typically, the bulk of the gas will be associated with a galaxy disk component, its

motions imprinting a probe of the gravitational potential well. If a gaseous out�ow is

present, this can lead to a broad-velocity component being superposed on the emission

line pro�le. Line pro�le decomposition in galaxy spectra can thus be used to extract

information about out�owing gas.

The MaNGA galaxy survey contains spatially-resolved spectroscopic information for

thousands of galaxies in the nearby Universe. The target selection was based on absolute

magnitude and redshift alone, such that MaNGA well samples galaxies which can be

considered ordinary in nature, at low-redshift.

By analysing the ionized emission features in the MaNGA spectra, we investigate which

galaxies feature detectable out�ows, and evaluate their strength, physical conditions and

geometry, where present within the typical galaxy population.
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2.2 Abstract

In this work, we investigate the strength and impact of ionized gas out�ows within

z ∼ 0.04 MaNGA galaxies. We �nd evidence for out�ows in 322 galaxies (12% of the

analysed line-emitting sample), 185 of which show evidence for AGN activity. Most

out�ows are centrally concentrated with a spatial extent that scales sublinearly with

Re. The incidence of out�ows is enhanced at higher masses, central surface densities

and deeper gravitational potentials, as well as at higher SFR and AGN luminosity. We

quantify strong correlations between mass out�ow rates and the mechanical drivers of

the out�ow of the form Ṁout ∝ SFR0.97 and Ṁout ∝ L0.55
AGN. We derive a master scaling

relation describing the mass out�ow rate of ionized gas as a function of M?, SFR, Re

and LAGN. Most of the observed winds are anticipated to act as galactic fountains,

with the fraction of galaxies with escaping winds increasing with decreasing potential

well depth. We further investigate the physical properties of the out�owing gas �nding

evidence for enhanced attenuation in the out�ow, possibly due to metal-enriched winds,

and higher excitation compared to the gas in the galactic disk. Given that the majority

of previous studies have focused on more extreme systems with higher SFRs and/or

more luminous AGN, our study provides a unique view of the non-gravitational gaseous

motions within `typical' galaxies in the low-redshift Universe, where low-luminosity

AGN and star formation contribute jointly to the observed out�ow phenomenology.

2.3 Introduction

The e�ciency of galaxy formation is low given the amount of available baryons in the

Universe. This is evident from studies matching the abundances of galaxies and their

dark matter halos which reveal peak stellar-to-halo mass ratios of only ∼ 20% of the

cosmic baryon fraction at halo masses of log(Mh/M�) ∼ 12. Below and above this

mass the e�ciency drops steeply (e.g., Moster et al., 2013; Behroozi et al., 2013). At

low stellar masses, this ine�ciency has been widely attributed to feedback induced by

the energetic processes associated with massive star evolution, most notably supernova

explosions (Dekel & Silk, 1986; Efstathiou, 2000), although stellar winds and radiation

e�ects are also found to be important (Murray et al., 2005; Hopkins et al., 2014; Tollet

et al., 2019). At high masses, feedback from accreting central supermassive black holes

is thought to be required to drive gas out of the deep potential wells and/or to sus-

tain heating of the halo (see, e.g., the review by Fabian, 2012 and references therein).

The energy and momentum injected by star formation and nuclear accretion into the

surrounding interstellar medium (ISM) gives rise to galactic-scale winds. These can
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lead to fountains that re-accrete or they can expel gas from the gravitational potential

altogether.

Although major advances in numerical modelling have allowed studying such out�ow

phenomena within the context of cosmological hydrodynamical simulations (Nelson

et al., 2019b; Mitchell et al., 2020), the detailed physics describing their driving and

coupling to the multi-phase ISM requires sub-grid processes that cannot yet be imple-

mented from �rst principles. Higher resolution simulations (e.g., Hopkins et al., 2014;

Tanner et al., 2017) provide complementary insights, but lack the cosmological context

or statistics to evaluate the impact of large-scale winds across the galaxy population.

Observational guidance on how out�ow properties and out�ow strength scale with star

formation and/or AGN activity, or with properties of the host galaxy more generally,

thus remain invaluable to inform galaxy formation models.

Quantifying the impact of winds on galaxy evolution based on observational data has

been an active area of research for over a decade. At low redshift, studies of star-forming

galaxies (SFGs) have found the out�ow velocity to correlate with stellar mass (M?), SFR

and circular velocity in the cool neutral (Rupke et al., 2005b), low-ionisation (Chisholm

et al., 2015; Heckman & Borthakur, 2016) and warm ionized gas phases (Arribas et al.,

2014; Cicone et al., 2016, see also recent reviews by Rupke, 2018 and Veilleux et al.,

2020 for overviews of results on these, and other wind components such as those traced

by molecular gas and dust). By and large, these pioneering e�orts have focussed on

more `extreme' objects, such as starbursting outliers above the main sequence of SFGs

or luminous AGNs (e.g., Rupke & Veilleux, 2011; Harrison et al., 2018), or relied on

stacking of large numbers of (single-�bre) galaxy spectra. Further examples of how

extreme a feedback can be induced by luminous AGNs are provided by, e.g., Farrah

et al. (2012), Cicone et al. (2012) and Borguet et al. (2013).

Out�ow studies have also been pushed to higher redshifts, around 1 . z . 3 when

the cosmic star-formation history peaked (Madau & Dickinson, 2014) and both star

formation and AGN activity were elevated by over an order of magnitude compared to

typical nearby galaxies. Here, out�ows are found to be ubiquitous among SFGs, espe-

cially where star formation or star formation surface densities are enhanced (Shapley

et al., 2003; Weiner et al., 2009; Rubin et al., 2010; Genzel et al., 2011; Kornei et al.,

2012; Newman et al., 2012; Rubin et al., 2014; Davies et al., 2019; Förster Schreiber

et al., 2019; Swinbank et al., 2019). In active galaxies, correlations between AGN-driven

winds and stellar mass, central concentration (Genzel et al., 2014; Förster Schreiber

et al., 2019) and AGN luminosity have further been recorded (Harrison et al., 2016;

Leung et al., 2019; also at low redshift in Cicone et al., 2014 and Lutz et al., 2020).
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For recent reviews on out�ow phenomenology at high redshift, we refer the reader to

Förster Schreiber & Wuyts (2020) and Veilleux et al. (2020).

For galaxies in the nearby Universe, a new generation of highly multiplexed �bre bundle

spectrographs, most notably SAMI (Croom et al., 2012) and MaNGA (Bundy et al.,

2015), are now enabling a more systematic assessment of wind scaling relations with a

robust understanding of the relation to the underlying galaxy population. The samples

covered by the SAMI and MaNGA surveys span over two orders of magnitude in stellar

mass and amass several thousands of objects (Green et al., 2018; Wake et al., 2017).

Other than sheer number statistics, these integral-�eld unit (IFU) surveys introduce

several key advantages to study the physics of out�ows by merit of their combined spa-

tially and spectrally resolved information. These include a better ability to measure

out�ow properties by measuring the spatial extent of out�ows (Roberts-Borsani et al.,

2020), and by removing the large-scale rotational velocity �eld of gas in the disk, which

may otherwise contribute to broadening of line pro�les and thus inhibit the detection

of weak out�ow signatures in galaxy-integrated spectroscopy. Furthermore, IFU ca-

pabilities allow the localisation of the launching sites of out�ows (Rodríguez del Pino

et al., 2019) and identi�cation of the presence of low-luminosity AGN activity. This

can be achieved by extracting nuclear line diagnostics that may otherwise be diluted

by line emission excited by star formation in galaxy-integrated spectra. The relative

contributions of star formation and AGN to the driving of galactic-scale out�ows and

their impact on galaxy evolution remains heavily debated. The ability to detect weak

AGN activity and identify launching sites is important to understand the relative wind

driving contributions.

Among other applications, these unique strengths have been exploited to assess the

low coupling e�ciencies (measured as the kinetic power of the out�ow divided by AGN

luminosity) of ionized gas out�ows driven by low-luminosity AGN (Wylezalek et al.,

2020), the geometry of galactic-scale winds (Bizyaev et al., 2019), their ionisation state

(Ho et al., 2014), and even the presence of star formation occurring in the out�owing

gas (Gallagher et al., 2019).

Here, we exploit the exquisite MaNGA data set to systematically investigate the in-

cidence and scaling relations of ionized gas out�ows among typical local galaxies via

the broad velocity components seen in their strong optical emission lines. We critically

make use of the resolved information to remove the large-scale velocity �eld, to mea-

sure the extent of galactic winds, and to identify low-luminosity AGN which are only

dominant in light over star formation (SF) in the very central region of galaxies. We

consider the combined e�ects of both SF and AGN, and investigate out�ow strength
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as well as physical conditions inferred from broad-component line ratio information.

We provide �tting formulae describing the relation between out�ow properties and the

internal properties of their host galaxies.

The chapter is organised as follows. After laying out the methodology and sample

de�nition in Section 2.4, we present results on the incidence of out�ows across the

MaNGA sample in Section 2.5.1, quantify out�ow scaling relations with internal galaxy

properties in Section 2.5.2, and address the out�ow geometry and physical conditions

in Sections 2.5.3 and 2.5.4, respectively. We discuss the results obtained in Section 2.6

and summarize our key �ndings in Section 2.7.

Throughout the chapter, we adopt a Chabrier (2003) IMF and a �at ΛCDM cosmology

with ΩΛ = 0.7, Ωm = 0.3 and H0 = 70 km s−1 Mpc−1.

2.4 Method and sample selection

2.4.1 Parent sample

We use the data cubes from the SDSS-IV MaNGA galaxy survey (Bundy et al., 2015;

Blanton et al., 2017) which is part of the �fteenth data release of SDSS (Aguado et al.,

2019). The IFU capabilities of MaNGA provide spectra over the 2D �eld of view

of hexagonally bundled arrangements of 19-127 �bres (corresponding to 27′′ − 36′′ in

diameter) which are fed into the BOSS spectrographs (Drory et al., 2015). The MaNGA

�bre bundles cover galaxies out to a radius of 1.5−2.5Re for the primary and secondary

samples (Wake et al., 2017), respectively. MaNGA galaxy data have a typical spatial

resolution of 2.′′5 FWHM, corresponding to 1.8 kpc at the median redshift z ∼ 0.04.

This work makes use of the objects in the primary, secondary and ancillary target

samples. We make use of the outputs from the MaNGA Data Analysis Pipeline (DAP;

Westfall et al., 2019), which provides 2D maps of the stellar and gaseous kinematics, and

emission-line properties extracted from the data cubes reduced by the data reduction

pipeline (Law et al., 2016).

The spectral resolution is wavelength dependent with a typical value of R ∼ 2000

(increasing to R ∼ 2300 at 8500Å). The large wavelength coverage of 3,600Å- 10,000Å

provides data on the nebular emission lines Hβ, [OIII]λ4959, 5007, [NII]λ6548, 6583, Hα

and [SII]λ6717, 6731 which can be used to investigate gas excitation mechanisms using

the BPT diagnostic diagrams (Baldwin et al., 1981). The BPT diagnostic uses speci�c

line ratios to determine whether gas is predominantly photoionized by star-forming

regions or some other form of excitation, such as the central AGN, shocks or evolved
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stellar populations. The [SII] doublet further allows us to place constraints on the local

electron density (Osterbrock, 1989).

We cross-match the MaNGA DR15 sample to the MPA-JHU database (Kau�mann

et al., 2003; Brinchmann et al., 2004; Salim et al., 2007), from which we extract total

galaxy stellar masses and star formation rates and their associated error estimates.

There are a total of 4239 MaNGA objects successfully analysed by the MaNGA DAP

with corresponding MPA-JHU data.

2.4.2 Methodology

We take advantage of the IFU capabilities of MaNGA to distinguish out�owing gas and

disk gas. Out�ows are typically identi�ed by their kinematic signature, in particular

through telltale high velocity wings on emission lines (e.g., Veilleux et al., 2005).

2.4.2.a Spectral stacking

High signal-to-noise ratio (S/N) spectral data are required to separate out�ows from

the (typically dominant) galaxy disk. This is achieved by the following careful stacking

analysis.

We stack spaxels within elliptical apertures with major axes equal to 0.5Re, Re, and

1.5Re for individual objects.1 The large-scale velocity gradient, which would otherwise

contribute to the broadening of line pro�les during stacking, is removed from each

data cube using the emission line velocity �elds provided by the DAP. The resulting

velocity shifted spaxels are interpolated over a common velocity grid. Poor quality

pixels and spaxels with poorly de�ned velocity measurements were excluded from the

stacking process using the mask �ags provided. The remaining spaxels were combined

to create an average spectrum for each of the three aperture sizes, while keeping note

of the normalisation factor to later determine total line �uxes. Errors were combined

following Equation 9 of Law et al. (2016) in order to account for covariance between

spatially adjacent pixels.

To reliably retrieve underlying broad components to nebular emission lines, the following

methodology steps are taken on the 2744 stacked spectra with S/N > 10 in the Hβ,

[OIII]λ5007, [NII]λ6583 and Hα emission lines. We will refer to these 2744 objects

1The motivation to consider di�erently sized apertures, rather than a single aperture size in units
of Re, stems from the fact that out�ows may in principle span a range in spatial extents depending on
nature and location of their drivers, and serves to optimise the robustness of out�ow detection, which
depends on a balance between S/N of the data and minimising the addition of spaxels at large radii
that may dilute the relative broad-component signal in some of the stacks.
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as the `analysed MaNGA sample' throughout this chapter. The majority of MaNGA

DR15 objects weeded out by this S/N criterion on line emission belong to the class

of quiescent galaxies. We �nd that our stacking procedure is successful in producing

high quality data, with typical S/N ∼ 65, 38, 208, 94, in the Hβ, [OIII]λ5007, Hα and

[NII]λ6583 lines respectively for objects within the analysed sample.

The stellar continuum is subtracted from each individual stacked spectrum using ppxf

(Cappellari, 2017) with the following set-up. Two Gaussian components were used to �t

the emission lines, each with two kinematic moments which were tied between spectral

lines. The MILES library of stellar spectra was used to �t the stellar continuum with

4 moments in the line-of-sight velocity distribution. The line ratios [OIII]λ5007/4959

and [NII]λ6583/6548 were �xed to their theoretical values, Balmer line ratios were tied

to their intrinsic values whilst the gas reddening was left as a free parameter in the �t

and [SII] doublets were limited to their physically allowed range. In this step, the act of

simultaneously �tting the gas emission and stellar continuum was to simply achieve a

good continuum �t to the stacked spectra. From the ppxf results, we adopt the best-�t

stellar continuum model to generate continuum-subtracted emission line spectra. The

resulting gaseous emission line pro�les are next fed into our custom-made line pro�le

analysis scripts.

The error on the resulting gas spectrum is given by the sum in quadrature of the error

on the stacked spectrum and the error on the continuum �t. The continuum �t error

is estimated by masking the emission lines and taking the RMS of the residuals of the

ppxf �t in the continuum regions.

2.4.2.b Line pro�le �tting

We extract the following four line-emitting regions: the Hβ line, the [OIII]λ4959, 5007

doublet, the [NII]λ6548, 6583/Hα complex, and the [SII]λ6716, 6731 doublet from the

continuum subtracted stack using a ∼ 2000-4000 km s−1 window for each emitting

region as appropriate2. We normalise each spectral window to its strongest line while

keeping note of the normalisation factor to allow for further analysis of line ratios and

absolute �ux values. We �t a �rst-order polynomial to the continuum about the emission

features to account for any poorly subtracted stellar continuum in the ppxf subtraction.

We use mpfit (More et al., 1980, updated for Python by Sergey Koposov) to perform

2Exact rest-frame wavelengths for the spectral features considered in this chapter are
taken in vacuum as follows. Hβλ 4862.721Å; [OIII]λλ 4960.295, 5008.239Å; Hαλ 6564.614Å;
[NII]λλ 6549.86, 6585.27 Å; [SII]λλ 6718.29, 6732.68Å (SDSS-III, 2003). Throughout this Chapter
rounded values are quoted for consistency with the literature.
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Figure 2-1: Double-Gaussian decomposition of the strong optical emission lines for
one of the galaxies in our out�ow sample. Constraints on which parameters are �xed
and/or tied are detailed in Section 2.4.2.b. The observed gas spectrum is constructed
by stacking spaxels within the out�ow radius as described in Section 2.4.2.f.

a single Gaussian and double Gaussian decomposition of the nebular emission lines.

We �nd that in a number of cases the stacked spectra are signi�cantly better �t when,

in addition to a narrow Gaussian component (N) with velocity dispersion σN, a broad

Gaussian component (B) is added with a velocity o�set (from the N component) ∆VB

and a velocity dispersion σB. All kinematic moments are tied between the di�erent

emission lines during the �tting. We require σB > σN + 50 km s−1 to ensure a signif-

icantly broader B component. [OIII]λ5007/4959 and [NII]λ6583/6548 line ratios are

�xed to 3; their values set by atomic physics, and the [SII]λ6731/6716 �ux ratio is

limited to [0.2, 2], encompassing the physically allowed range. An example line pro�le

decomposition is illustrated in Fig. 2-1.

Intrinsic gas kinematics are recovered from the stacked spectra by �tting a Gaussian

model of width σobserved = (σ2 + σ2
LSF)1/2; i.e. the sum in quadrature of the intrinsic

σ and the instrumental broadening σLSF. The wavelength-dependent spectral line-

spread function (LSF) is provided for each spaxel in the cube as part of the MaNGA
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data reduction pipeline. Here, σLSF refers to the total stack σLSF which is obtained

by combining the individual spaxel LSF measurements following Equation 3 of Westfall

et al. (2019). Measurement errors in the LSF are on the order of a few percent (Westfall

et al., 2019).

2.4.2.c Out�ow sample de�nition

After processing the 0.5Re, Re, and 1.5Re stacks of all 2744 objects in the MaNGA

analysed sample through the line pro�le �tting scripts outlined in Section 2.4.2.b, we

investigate for the presence of out�ows. We take the following conservative selection

criteria on the �tted line pro�les as robust evidence for out�ows.

(i) The double Gaussian decomposition must provide an improved �t compared to the

single Gaussian �t according to the Bayesian Information Criterion (BIC) statistic,

where we take ∆BIC > 10 as evidence for an additional broad component required

in the �tting. This approach is the same as taken by Swinbank et al. (2019).

(ii) σN + 50 km s−1 < σB < 500 km s−1, where the upper limit is imposed to avoid

the broad component �tting any stellar continuum residuals that may not be

subtracted properly.

(iii) |∆VB| < 500 km s−1 to avoid �tting of noise.

(iv) The amplitude of the Hα broad component must be greater than 3 times the RMS

of the continuum around the Hα line.

(v) The broad-to-narrow �ux ratios (BNR) in all BPT lines must be greater than zero

and the BNR > 0.05 in Hα and [OIII]λ5007.

For a galaxy to enter our `out�ow sample', the above criteria need to be met within at

least one of the apertures considered. The number of objects from our original sample of

2744 line-emitting galaxies remaining after application of the cumulative criteria (i) to

(v) is 1315, 872, 835, 603 and eventually 376. We point out to the reader that in Section

2.4.2.g we further reduce this `out�ow sample' to 322 objects in order to mitigate the

contribution of di�use ionized gas (DIG) to the broad component emission.

2.4.2.d SF & AGN subsamples

The out�ow sample is subdivided into galaxies with evidence for nuclear activity (AGN)

and those without (SF) based on the Kau�mann et al. (2003) separation curve on the

[NII]-BPT diagnostic diagram. Here we leverage the spatially resolved nature of the
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MaNGA dataset by evaluating the narrow-component line ratios within the central

0.25Re stack, hence minimising the diluting e�ect of line emitting gas excited by HII

regions which are located further away from the galaxy centre. For the few objects where

the signal-to-noise ratio was too low to allow for a BPT diagnostic within 0.25Re a larger

aperture size was adopted. We present the BPT positions of the nuclear spectra in Fig.

2-2. We highlight to the reader that a signi�cant fraction of our AGN out�ow sample

falls within the composite and LIER regions of the BPT diagram. We expect the nuclear

regions of objects that fall in the composite region to have a mixture of star formation,

AGN and shock ionisation whereas LIERs are more di�cult to interpret. Nevertheless,

we assign these objects to the `AGN' subsample given their emission line ratios are

higher than the theoretical limit for ionisation from star-forming regions indicating

some contribution from an alternative excitation mechanism to star formation. The

SF and AGN out�ow subsamples count 139 and 237 objects, respectively. The two

types are labelled separately in all of our analysis, and distinctions in their out�ow

phenomenology are commented on where relevant. The subsets of our AGN subsample

(i.e. composites, LIERs and `true' AGN) are indicated in �gures presenting relationships

between out�ow and host galaxy properties.

2.4.2.e AGN luminosity

In order to understand relationships between out�ow properties and their physical

drivers, we estimate the AGN luminosity (LAGN) for galaxies within the AGN sub-

sample as follows. We use the MaNGA DAP line �ux maps, produced through single

Gaussian �tting, to identify BPT-AGN spaxels (Kau�mann et al., 2003), taking only

spaxels with S/N > 5 in all BPT lines to ensure reliable BPT line ratios. Using these

BPT-AGN spaxels, we calculate the total luminosity of AGN-photoionized [OIII] emit-

ting gas in each object. We then correct the [OIII] luminosity for extinction using Eq. 1

of Lamastra et al. (2009) before applying an interpolated version of the Lamastra et al.

(2009) bolometric correction to convert L[OIII] to a measure of the bolometric LAGN.

Eddington ratios were computed by dividing LAGN by the black hole mass as inferred

from the MBH − σ relation by Kormendy & Ho (2013).

We note that one issue with this method is that we assume all spaxels with line ratios

too strong for pure HII photoionisation are considered BPT-AGN leading to a potential

overestimation of the luminosity of AGN-photoionized [OIII] emitting gas. We therefore

also derive an estimation of LAGN using mixing models described in Davies et al. (2014).

We adapt this method assuming that for each object the spaxel with lowest [OIII]/Hβ,

and the spaxel with highest [OIII]/Hβ have associated AGN fractions fAGN of 0% and
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Figure 2-2: BPT positions of the out�ow sample determined within the central 0.25Re

apertures. The nuclear BPT line ratios of all line-emitting MaNGA objects are shown
in greyshades.
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100% respectively, again considering only spaxels with S/N > 5 in all BPT lines. We

then calculate the total [OIII] luminosity using an AGN fraction weighting: the spaxels

with S/N > 5 in all BPT lines are assigned an AGN fraction which is given by their

normalised projected distance along a straight line on the BPT diagram joining the

spaxels with 0% and 100% AGN fractions. For objects where the 0% or 100% fAGN

extremes do not fall below the SF-composite boundary or above the composite-AGN

boundary, respectively, we extrapolate the mixing sequence such that the 0% or 100%

fall at the relevant boundary. Despite the numerous assumptions used in both models,

we �nd that the derived LAGN values are in good agreement with each other with no

systematic o�set and a scatter of 0.5 dex. Furthermore, we re-run our analysis using

the LAGN derived using the Davies et al. (2014) mixing model and �nd no signi�cant

changes in the �nding of this chapter. For simplicity and reproducibility, we use the

former derivation of LAGN in the work presented in this chapter. We further note that

Lamastra et al. (2009) did also not apply a mixing sequence approach to the [OIII]

luminosity measurements that served as basis for their bolometric correction recipe.

2.4.2.f Spatial Extent of the Out�ows

To determine the spatial extent of the out�ow in each object, the data cubes of galaxies

in the out�ow sample were binned in elliptical annuli 3 of width 0.25Re from the galactic

centre out to 1.5Re, with a �nal outer bin containing spaxels beyond 1.5Re. The spaxels

within each annular bin were stacked, and the resulting stack continuum subtracted,

according to the method outlined in Section 2.4.2.a. The continuum subtracted annular

bins were then �t with double Gaussian components (Section 2.4.2.b), and non-zero

broad component �uxes were assigned to the annuli provided criteria (i) - (iii) from

Section 2.4.2.c were met.4

From this, we construct the radial curve of growth of the broad-component Hα �ux

FB(Hα) for each object by interpolating between annuli. We quantify Rout,90 as the

radius enclosing 90% of the galaxy-integrated FB(Hα). Fig. 2-3 shows that for the ma-

jority of objects the bulk of broad-component emission is contained within the galaxy's

e�ective radius Re, quanti�ed on the optical broad-band NASA-Sloan Atlas (NSA;

Blanton M. http://www.nsatlas.org) image. A positive correlation between Rout,90 and

Re is evident, with a sub-unity slope such that out�ow signatures within larger galaxies

are more centrally concentrated. The best-�t linear regression to the out�ow sample in

3Petrosian ellipticities and position angles are provided as part of the MaNGA DAP products.
4Given the lower S/N of stacked spectra constructed from annuli, relative to the 0.5/1/1.5 Re

elliptical apertures, we drop the more conservative criteria on broad component detection to construct
a `more complete' curve of growth of FB(Hα).
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Figure 2-3: Spatial extent of the ionized gas out�ows, de�ned by the radius containing
90% of the broad Hα �ux (Rout,90), plotted as a function of the e�ective radius of
galaxies in the out�ow sample. Diamonds denote galaxies hosting an active nucleus
(AGN), whereas objects for which only star formation has been identi�ed as a possible
driver of out�ow activity are shown as circles (SF). Subdivisions of the AGN out�ow
sample (LIERs/`true AGN'/Composites) are marked using di�erent colours in line with
Fig. 2-2. The median error bar of the data points is shown in the bottom right. The
black dashed line and grey-shaded region mark the best-�t linear regression to the
out�ow sample as a whole and the associated central 68th percentile on the posterior
distribution, respectively. The Spearman's rank correlation coe�cient and associated
p-value are indicated. For reference, the one-to-one line is shown in green.
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Fig. 2-3 is adopted to de�ne the `out�ow radius' Rout as a measure of the spatial extent

of the out�ow within an object of e�ective radius Re:

log(Rout) = (0.65± 0.11) log(Re) + (0.17± 0.08). (2.1)

The formal uncertainties on the best-�t coe�cients of the linear relation of Eq. 2.1

(obtained using linmix; Kelly, 2007) may be regarded as lower limits given potential

surface brightness limitations at large radii and resolution limitations at small radii in

constructing the broad-component curve of growths. We note that a substantial scatter

is present around the relation, estimated by linmix to be intrinsically at the level of

∼ 0.2 dex once accounting for measurement uncertainties.

In order to include as much of the out�ow emission as possible whilst minimising the

addition of noise within the stack, we re-stack the individual objects making up our out-

�ow sample within elliptical apertures of radius Rout. We repeat the methods outlined

in Sections 2.4.2.a and 2.4.2.b, and check that our multi-component �tting are reliably

tracing the out�ow features within each Rout stack using the criteria outlined in Section

2.4.2.c. For a minority of objects, the broad Gaussian component extracted within this

aperture did not satisfy all the criteria outlined in Section 2.4.2.c. For these objects

we adjust Rout to the closest aperture size for which a broad component is required in

the �t such that all criteria in Section 2.4.2.c were satis�ed (considering apertures of

either 0.25, 0.5, 0.75, 1, 1.25 or 1.5 Re, or the galaxy-integrated spectrum). We base the

inferences of out�ow strength and properties presented in the remainder of this chapter

on the resulting Rout stacks.

2.4.2.g Removing DIG from the Out�ow Sample

We are wary of Di�use ionized Gas (DIG) emission components within galaxies which

may be kinematically o�set from the large-scale galaxy disk component (e.g., Levy

et al., 2019), and could plausibly contribute to broad component emission or even be

mistakenly identi�ed as out�owing gas. Given that the out�ow properties estimated in

this work are based on spectra constructed from spaxels within the Rout aperture, we

remove any objects from our out�ow sample where DIG dominates the emission within

Rout. We identify such objects using the Hα equivalent width (EW) MAP output from

the MaNGA DAP, where we recognise DIG dominated objects as having Hα EW < 3

(Lacerda et al., 2018) in more than half the spaxels within Rout. These amount to 54

objects, 40 of which fall in the LIER region in Fig. 2-2. This cut reduces our out�ow

sample to 322, of which 137 and 185 fall in the SF and AGN subsamples, respectively.
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We point out that 80% of the galaxies now entering the out�ow sample have at least

90% of their spaxels with Hα EW > 3Å, and only ∼ 1% of the out�ow galaxies have

> 30% of their spaxels with Hα EW < 3Å. We therefore expect contributions from

DIG to be insigni�cant. It is important to note, however, that a more conservative

threshold in Hα EW would be taken at Hα EW = 14Å, where in the 3 − 14Å regime

there is expected to be some mixed contribution to the line emission from DIG and

other processes (Lacerda et al., 2018). Although it may be the case that some of the

ionized emission has a DIG contribution, the velocity dispersion of ionized gas arising

from DIG is expected to be smaller then the minimum requirement on σB in criterion

(ii) in Section 2.4.2.c (see, e.g., Figs. 6 and 7 in den Brok et al., 2019, for velocity

dispersions measured for DIG). This favours the out�ow interpretation of the broad

components over DIG.

2.4.2.h De�nition of out�ow properties

To quantify the physical characteristics of out�ows across the galaxy population, we

consider the parameters de�ned in this section. The following de�nitions assume that

the narrow emission line component is associated with gas in the disk, predominantly

coming from star-forming HII region gas, whereas the broad component traces gas in

the out�ow exhibiting non-gravitational motions.

We follow Genzel et al. (2011) and Davies et al. (2019) in de�ning the out�ow velocity

as:

vout = |∆VB − 2σB|. (2.2)

vout represents one of the ingredients to compute the mass out�ow rate Ṁout, which

is an important parameter quantifying the amount of gas driven away from its launch

site by winds. We follow the approach of Newman et al. (2012) and quantify the mass

out�ow rate as:

Ṁout [M� yr−1] = 1.586× 10−26 1.36 mH

γHα ne

vout

Rout
LHα,B (2.3)

where γHα = 3.56×10−25 erg cm3 s−1 is the Hα emissivity at T = 104 K5, and ne is the

electron density of the out�owing gas in cm−3 assuming the same temperature6. The

5We note that the variation of γHα across di�erent temperatures is very small (γHα ∝ T−0.91;
Osterbrock, 1989) compared to the overall error on our measured values of Ṁout.

6Kewley et al. (2019b) investigate the impact of dependence between ne and electron temperature
(here we assume T = 104 K). They derive an associated uncertainty of ∼ 47% due to potential
temperature variations. We discuss this e�ect further in Section 2.5.4.b.
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temperature assumption is motivated by the expectation that out�ows either originate

from HII regions or AGN where, in the latter case, gas from the narrow-line region

(NLR) gas is likely to be swept up in the out�ow. T = 104 K is a good assumption

for HII regions and the NLR (e.g. Bradley et al., 2004). Rout is the maximum radial

extent of the out�ow in km and is estimated as described in Section 2.4.2.f. LHα,B is

the Hα broad component luminosity in erg s−1. The �rst term converts the units of

Ṁout from g s−1 to M� yr−1. This equation assumes that the out�ow velocity and

mass out�ow rate are constant with radius. As discussed further in Section 2.5.4.b,

we adopt a constant value of ne = 192 cm−3 for the broad-component gas as inferred

from double-Gaussian decompositions of the [SII] line doublet. The parameters vout,

Rout and LHα,B are measured for each galaxy individually, where vout and LHα,B are

extracted from the Gaussian decomposition of the Rout stacked spectra.

The mass loading factor η is de�ned as the out�ow rate normalised by the star formation

rate:

η ≡ Ṁout

SFR
. (2.4)

An estimate of the SFR can be obtained from the narrow Gaussian component of Hα

tracing the ongoing star formation activity in the galaxy disk:

SFR [M� yr−1] = 2.1× 10−41 LHα,N [erg s−1], (2.5)

This equation is taken from Kennicutt (1998) assuming a Chabrier (2003) IMF (see

also Davies et al., 2019). Through combination with Eq. 2.3 boils down to the following

dependency on the Hα broad-to-narrow �ux ratio BNRHα:

η = 2.1× 1041 1.36mH

γHα ne

vout

Rout
BNRHα. (2.6)

This parameter quanti�es the relative rate at which gas is expelled versus consumed

by star formation, and in the case of star-formation driven out�ows can be thought of

as a diagnostic of out�ow e�ciency. Here we add the caveat that Ṁout in our analysis

captures speci�cally the warm ionized gas component, and that the observed winds do

not necessarily escape from the gravitational potential of the galaxy altogether. Both

aspects complicate the comparison to galaxy formation models, and we return to these

points in Section 2.6.

We further note that, whereas by default we assume any dust correction factors to be

divided out in Eq. 2.6, a dust correction factor based on single-component Gaussian �ts

of the Balmer decrement (Hα/Hβ) is applied in computing LHα,B in Eq. 2.3. Possible
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adjustments to this approach and its impact on the results obtained are discussed in

Section 2.5.4.c.

2.5 Results

With the results of the emission line decomposition and inferred physical properties of

out�ows based thereupon in hand, we now transition to presenting our key �ndings.

We do this in a three-pronged approach: considering �rst the incidence of out�ows

among the entire sample of line-emitting MaNGA galaxies analysed (Section 2.5.1),

focussing next on the out�ow sample itself to address how out�ow properties scale

with internal galaxy properties (Section 2.5.2), and �nally evaluating more closely the

geometry and physical conditions of the broad-component gas (Sections 2.5.3 and 2.5.4).

Further considerations of out�ow detectability, driving mechanisms and ultimate fate

are discussed in Section 2.6.

2.5.1 Incidence of out�ows among the MaNGA sample

2.5.1.a Most MaNGA out�ows are centrally concentrated

Fig. 2-3 demonstrates that the spatial extent of broad-component line emission, inter-

preted to be relatively high-velocity ionized gas associated with a large-scale galactic

wind, shows a positive trend with galaxy size, yet one with a slope that is shallower

than unity. Moreover, for a galaxy of typical size, the bulk of the broad-component

line emission, 90% as quanti�ed by the parameter Rout,90, emerges from within the

galaxy's e�ective radius (see also Eq 2.1). Spatially within MaNGA galaxies, out�ows

are centrally concentrated with ∼ 67% of out�ow galaxies showing the bulk of their

broad-component wind signature encompassed within Re. Roberts-Borsani et al. (2020)

�nd neutral gas out�ows in MaNGA galaxies also to be centrally concentrated within

∼ 1Re. This �nding is further in line, at least at a qualitative level, with galaxy for-

mation models which invoke feedback to expel low angular momentum gas from galaxy

centres in order to produce galactic disks of realistic size (e.g., Dutton & van den Bosch,

2009).

2.5.1.b Which galaxies show out�ow signatures?

As outlined in Section 2.4, MaNGA DR15 counts 4239 galaxies with counterparts in the

MPA-JHU database, of which 2744 objects feature line emission at a level signi�cant

enough that they entered our `analysed MaNGA sample' to which single- and double-

Gaussian line pro�le �tting was applied. Of these, just 322 objects feature signi�cant
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Figure 2-4: Distribution of internal galaxy properties for galaxies exhibiting signa-
tures of out�ow activity (black open histograms) and the subpopulations with (red) and
without (blue) AGN. The underlying full MaNGA sample is shown as the grey-dashed
distribution, and the MaNGA analysed (i.e., line-emitting) sample for which line pro-
�le �tting was carried out is indicated as the grey-shaded distribution. Inset numbers
denote the Kolmogorov-Smirnov and Anderson-Darling test values comparing out�ow
galaxies to the underlying sample. Highlighted values indicate tests with p-values <
0.05. More detail on the internal galaxy properties considered is provided in the text.
AGN luminosities (LAGN) and Eddington ratios (λEdd) are shown only for those galax-
ies with identi�ed AGN. Likewise, the comparison of inclinations (cos(i)) is restricted
to a secure morphological disk sample for which axial ratios provide a sound measure of
inclination. Note that the black, red and blue distributions are normalised to the black
open distribution, and that both grey distributions are normalised to the grey-shaded
histogram.
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evidence for broad-component line emission that can be interpreted as a signature of

large-scale winds being driven from the galaxy (see criteria in Section 2.4.2.c) whilst

ruling out a signi�cant DIG contribution (Section 2.4.2.g). At 12% of the analysed sam-

ple of line-emitting MaNGA galaxies (and 8% of the full underlying MaNGA sample),

out�ows are thus only detectable within a small portion of the nearby galaxy sample

considered here, even with the high-S/N resolved information o�ered by MaNGA. For

reference, out�ow fractions reported for higher redshift samples are typically higher by

factors of several, with exact numbers varying from ∼ 20 − 30% to � 50% depending

on tracer and sample de�nition, despite the overall lower S/N and resolution of typi-

cal high-z observations complicating the detection of faint out�ow signatures. Out�ow

incidence is directly related to out�ow strength (as stronger out�ows are more eas-

ily identi�ed), and the higher incidence at higher redshift is in line with the stronger

star-formation and AGN activity around the epoch of cosmic noon (1 . z . 3).

In Fig. 2-4, we show for the analysed MaNGA sample and for the sample of galaxies

with signi�cant evidence for out�ow activity, the logarithmic distributions of a set of key

internal properties of the host galaxies. In blue and red histograms, we further highlight

the distribution of galaxy properties for the SF and AGN subsets of our �ducial out�ow

sample separately. Speci�cally, we consider their stellar mass (M?), star formation

rate (SFR), speci�c star formation rate (sSFR ≡ SFR/M?), star formation rate surface

density (ΣSFR ≡ SFR/2πR2
e), size (Re), stellar surface density within the central 1 kpc

(Σ?1) or within 1Re (Σ?e ≡M?/2πR
2
e), the stellar velocity dispersion within 1Re (σ?Re),

the rotational velocity taken from the Hα velocity �eld and corrected for inclination

on the basis of the galaxy's axial ratio (Vrot), and a kinematic measure which adds the

gaseous velocity dispersion in quadrature, which we dub S0.5 =
√

0.5V 2
rot + σ2

Hα,Re
.7

To test for the signi�cance of di�erences between galaxy properties in the analysed

MaNGA sample compared to the out�ow sample and SF/AGN subsamples, we perform

a two-sample Kolmogorov�Smirnov (K�S) test and a two-sample Anderson�Darling

(A�D) test on each pair of histograms using the ks_2samp and anderson_ksamp (Scholz

& Stephens, 1987) scipy.stats Python packages, respectively. These test the null

hypothesis that the two samples are drawn from the same parent sample, where a

higher value of the statistic can be interpreted as the distributions being di�erent (and

signi�cantly di�erent if greater than the critical p-value). Relative to the K-S test,

7The S0.5 parameter is calculated using the DAP entries HA_GVEL_HI_CLIP and HA_GVEL_LO_CLIP

(with additional inclination correction) and HA_GSIGMA_1RE, which is di�erent from the local disk
velocity dispersion. Although adopting its name from Weiner et al. (2006) because of its similarity in
functional form, the quantity may not be directly comparable to the values reported by these authors
due to di�erent de�nitions of the velocity dispersions used.
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the A-D test assigns more weight to the tails of the distribution. The K-S test is

primarily sensitive to the centres of the distributions (see e.g. Engmann & Cousineau,

2011). Values of both statistics are shown in each panel, and highlighted in yellow if

the corresponding p-value is less than 0.05 indicating that the null hypothesis that the

two samples are drawn from the same distribution is �rmly rejected.

In all galaxy properties, except for sSFR, we �nd that the objects with evidence for

out�ow activity exhibit signi�cantly di�erent host galaxy properties when compared to

the underlying MaNGA sample.

Of notable interest is the enhanced incidence of out�ows at the massive (high M?) end,

and in the regime of high (central) stellar surface densities (Σ?1, Σ?e) and/or deep grav-

itational potentials (M?/Re, σ?Re). All these trends of incidence are more pronounced

for AGN out�ows. The increased incidence of AGN out�ows at high mass and high

central mass concentrations echoes �ndings at higher redshifts (Förster Schreiber et al.,

2019).

We �nd that out�ows are detected relatively uniformly across a wide range in sSFR, and

the o�set in the sSFR distribution between the AGN and SF out�ow subsamples is pri-

marily re�ecting the distribution of the underlying SFG and AGN-hosting populations

across the SFR-M? diagram. This is evident by comparing the SFR-M? distribution of

AGN and SF out�ows in MaNGA (Section 2.5.2.b) to Fig. 1 in Leslie et al. (2016).

Unsurprisingly, the incidence of SF out�ows is strongly tied to signatures of elevated

star formation activity (SFR, sSFR and ΣSFR). This connection is anticipated (see, e.g.,

Ho et al., 2016), as by lack of detectable nuclear activity the energy and momentum

injection associated with the late stages of massive stellar evolution counts as the most

plausible physical driver of large-scale winds. Analysing the Na D λ5889, 5895 Å

neutral gas absorption pro�les of a set of 405 inactive star-forming galaxies in MaNGA,

Roberts-Borsani et al. (2020) likewise �nd an enhanced out�ow incidence (and strength)

at higher ΣSFR (and Σ?). We do note that SF out�ows are observed at galaxy-averaged

star formation surface densities well below ΣSFR ∼ 0.1 M� yr−1, proposed by Heckman

(2002) as an empirical threshold for so-called `superwinds' and interpreted by Ostriker

& Shetty (2011) as the point where the energy from supernovae and galactic winds can

overcome the gravity of the galaxy disk. This may either be because surface densities

local to the star-forming regions which act as the wind launching sites are higher than

the total galaxy ΣSFR measured for the MaNGA galaxies in this work, or simply because

the MaNGA spectra allow probing more sensitively into galaxies of more moderate star

formation surface density, with associated weaker levels of feedback (see also Ho et al.,
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2016; Roberts-Borsani & Saintonge, 2019a; Davies et al., 2019 and Roberts-Borsani

et al., 2020). We characterise dependencies on star formation activity among the out�ow

sample more quantitatively in Section 2.5.2. Finally, it is noteworthy that in absolute

SFR, the sample of AGN out�ows is also skewed to higher values than the underlying

population (yet the opposite is seen for speci�c SFRs). One possible reason for this is

that a correlation between SFR and stellar mass (the so-called main sequence of SFGs)

introduces an indirect imprint of the aforementioned trend of AGN out�ow incidence

with mass. One should further keep in mind that our AGN out�ow sample spans a

signi�cant range in AGN luminosity (LAGN), down to low LAGN where the energetics

contributed by star formation and nuclear activity are on a par. We therefore refrain

from labelling the AGN out�ow sample as a whole as AGN-driven out�ows, and merely

adopt the term AGN out�ow to indicate the presence of an active nucleus. For similar

reasons, Section 2.5.2.d establishes a master scaling relation for SF and AGN out�ows

jointly.

Turning to the bottom row of Fig. 2-4, the �rst two panels present for galaxies with

evidence for AGN activity (Section 2.4.2.d) the logarithmic distributions of the AGN

luminosity LAGN and the Eddington ratio λEdd. We �nd evidence for out�ows to be

more prevalent among those AGN that have higher Eddington ratios and especially

higher AGN luminosities. A closer look at the distribution of AGN luminosities and

accretion rates, as well as the relation between out�ow rate and each of these AGN

characteristics within the out�ow sample is presented in Section 2.5.2.c.

Lastly, our analysis reveals only a minor hint of an inclination dependence of out�ow

signatures. Here, the comparison is compiled for a subsample of star-forming galaxies

(log(sSFR) > -11) with disk morphologies8 drawn from the out�ow and underlying

MaNGA samples, such that an estimate of inclination can reliably be derived from the

axial ratio:

cos(i) =

√
(b/a)2 − thickness2

1− thickness2 , (2.7)

where b/a represents the galaxy's semi-minor to semi-major axis ratio. A characteristic

disk thickness (i.e., ratio of scale height over scale length) of 0.15 is assumed, appropriate

for thin nearby disk galaxies (e.g. de Grijs & van der Kruit, 1996; Patra, 2020, Fig. 10).

We return to the absence of strong inclination dependencies in Section 2.5.3 when

discussing the physical conditions of winds with an eye on out�ow geometry.

8Disk morphologies are de�ned as Sérsic indices < 2 and visual morphologies which are not classi�ed
as �odd looking� according to the Galaxy Zoo 2 classi�cation by Willett et al. (2013).
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Figure 2-5: Spearman's rank correlation coe�cients quantifying the strength of corre-
lations between out�ow and host galaxy properties. Black outlined boxes indicate a
statistically signi�cant correlation, i.e., p-value < 0.05. The dependence on inclination
is only investigated for the subsample of morphological disks, and the dependence on
LAGN and λEdd only for the out�ow galaxies with AGN. Strong correlations are iden-
ti�ed, most notably between the observed out�ow rate (Ṁout) and the intensity of its
potential drivers: the star formation rate and AGN luminosity.

2.5.2 Out�ow scaling relations

The presence of out�ow activity should not be considered as a binary �ag, since a con-

tinuum of out�ow strength and physical conditions exists, with a detectability threshold

cutting through it. To this end, we focus in the remainder of this Section on the out-

�ow sample of 322 objects featuring broad-component line emission, and address their

broad-component characteristics in light of the internal physical properties of the galax-

ies themselves.

2.5.2.a How out�ow strength scales with internal galaxy properties

In Fig. 2-5 we present the Spearman's rank correlation coe�cients quantifying the

strength of correlations between out�ow properties and host galaxy properties. Sta-

tistically signi�cant correlations with p-values < 0.05 are denoted by a black-edged

square.9 Table 2.1 lists the corresponding best-�t parameters of a linear regression

to the relationships between host galaxy properties and the mass-loading factor, mass

out�ow rate and out�ow velocity, respectively. Fits are performed using linmix (Kelly,

9The vast majority (90%) of correlations with p < 0.05 remain signi�cant if adopting a more
stringent threshold for signi�cance of p < 0.01.
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2007) which takes into account errors on both x and y values. Appendix 2.A sum-

marises the results from a linear regression applied to the SF and AGN out�ow samples

separately.

A �rst observation from Fig. 2-5 is that strong trends are present between mass out�ow

rate and a number of galaxy properties, most notably and importantly, with SFR and

LAGN, i.e., the strength of the physical wind drivers. With the functional form for Ṁout

given by Eq. 2.3, we note that these relations stem predominantly from a strong tie

between the strength of the physical driver and the observed broad-component lumi-

nosity LHα,B, more so than from a relation to the observed out�ow velocity (which is

insigni�cant in the case of SFR).

When normalising the mass out�ow rate by the SFR, i.e., considering the �ducial mass

loading factor η as computed using Eq. 2.6, the strong trend with SFR vanishes and

even reverses sign, and the trend with LAGN weakens. For AGN-hosting galaxies it

should further be noted that a portion of the (centrally emitted) narrow-component Hα

�ux within the Rout aperture will not trace star formation but be excited by the AGN,

hence rendering the values of η as a lower limit to the actual mass loading. Other e�ects

that could lead to η values that are underestimates of the true mass loading include

out�ow contributions in other phases than the warm ionized gas, and the possibility

that dust attenuation factors do not divide out in Eq. 2.6. The latter is hard to pin

down observationally, but a motivation to account for additional attenuation to the

broad-component gas, using the broad-component Balmer decrement (Hα/Hβ)B, is

discussed in Section 2.5.4.c and implemented in the alternative mass loading estimate

labelled ηdust corr.

A second observation from Fig. 2-5 is that most out�ow-related observables or physical

parameters based thereupon show signi�cant positive correlations with galaxy stellar

mass, or equally the central stellar velocity dispersion.

We �nd that these observations hold when considering just the SF or AGN subsets

separately as shown in �gures 2.A.1 and 2.A.2 (Appendix 2.A). In particular, the strong

correlation between SFR and Ṁout holds also for galaxies with AGN, which emphasises

the idea that the energetic processes associated with star-formation and nuclear activity

can both contribute signi�cantly to the galactic out�ow (see also Talia et al., 2017).

In the next sections, we examine a few of the relevant single-parameter dependen-

cies more closely, before formulating a master scaling relation in Section 2.5.2.d which

captures the joint dependence of out�ow strength on a few of the most critical host

properties.
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(a) Variation of [OIII] (left) and Hα (right) BNR across the SFR-M? plane assuming the same
dust correction for disk/out�ow.
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(b) Variation of mass out�ow rate across the SFR-M? plane assuming the same (left) and
separate (right) dust correction for disk/out�ow.
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(c) Variation of mass loading across the SFR-M? plane assuming the same (left) and separate
(right) dust correction for disk/out�ow.

Figure 2-6: Variation in out�ow properties across the SFR - M? diagram. Galaxies
from the out�ow sample are colour-coded using an LOESS-smoothing on the out�ow
properties indicated in subcaptions. Where we drop the default assumption that disk
and the out�owing gas are attenuated by the same amount (middle right & bottom right

panels), we compute the mass out�ow rate and mass loading using a dust correction
to the broad Hα component based on the Balmer decrement of the broad component.
This is as opposed to the default approach of adopting the Balmer decrement quanti�ed
from a single-Gaussian �t to the Hα and Hβ line pro�les (middle left & bottom left

panels). Out�ow galaxies with AGN are marked with a diamond symbol and extend
further below the star-forming main sequence (dashed line; Renzini & Peng 2015). The
underlying MaNGA sample for which a line pro�le analysis was carried out is depicted
in grey shades.
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2.5.2.b Scaling with stellar mass and SFR

Stellar mass is arguably one of the most fundamental parameters de�ning a galaxy. Im-

portantly, it also represents the most robustly measurable product of stellar population

modelling, available for many reference samples (with total M? in our case taken from

the MPA-JHU database) and to out�ow studies spanning wide ranges in lookback time.

We therefore consider it �rst, despite not being the best predictor of out�ow strength

revealed by our analysis. As illustrated in �gures 2-4 and 2-6, the dynamic range in

stellar mass sampled by our out�ow sample covers over two orders of magnitude, with

SF objects probing further down below log(M?) < 10 whereas AGN objects are more

prevalent at log(M?) & 10.5.

The strongest correlation of out�ow properties with M? is found for the [OIII] BNR.

Whereas this observable does not enter directly into any of the equations detailed in

Section 2.4.2.h, the relative strength of the broad-component feature to [OIII] relative

to that seen in the Balmer lines helps characterise the out�owing gas component as the

kinematic moments of the di�erent optical emission lines are tied in the �tting proce-

dure. Assessed over the full out�ow sample, we �nd BNR[OIII] to be on average∼ 3 times

higher than BNRHα, with object-to-object variations varying from BNR[OIII]/BNRHα

near unity to a factor ∼ 10.

Linear regression of the Ṁout−M? relation returns a positive trend with power-law slope

of 0.37 ± 0.06 (Table 2.1), but with substantial scatter (∼ 0.51 dex). Evaluating the

variation in mass out�ow rate across the SFR - M? plane, Fig. 2-6 furthermore reveals

that the mass dependence of Ṁout largely re�ects an indirect imprint of a much stronger

relation between Ṁout and SFR, where the latter is broadly related to stellar mass for

galaxies in the out�ow sample. That is, at �xed SFR little evidence for variations in

out�ow rate with galaxy mass is found. All out�ow properties displayed in Fig. 2-6 are

adaptively smoothed using the two-dimensional locally weighted regression (LOESS)

method (Cleveland & Devlin, 1988; Cappellari et al., 2013). The projection of the SFR

- M? diagram along stellar mass, showing mass out�ow rate as a function of SFR is

presented in Fig. 2-7, featuring a power-law slope of 0.97 ± 0.07 and scatter of ∼ 0.48

dex. Slopes of linear relations �t to the SF and AGN subsamples individually are both

consistent with unity (when accounting for the slope error at the 2σ level), with the

AGN extending to lower SFR values and in the regime of low star-formation activity

counting more outliers above the linear relation, re�ected in a larger scatter (0.33 dex

for SF out�ows versus 0.60 dex for AGN out�ows; see tables 2.A.1 and 2.A.2). Arribas

et al. (2014) �nd a similar yet slightly steeper slope of Ṁout ∝ SFR1.11 for a sample

of low-redshift luminous and ultra-luminous infrared galaxies without AGN activity.
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Figure 2-7: Mass out�ow rate versus star formation rate where our SF and AGN out�ow
subsamples are shown using circular and diamond shaped markers, respectively (Plot
style as in Fig. 2-3).

Using Hα-based SFR estimates they �nd a somewhat higher zero point of the relation,

possibly associated with their (U)LIRGs being signi�cantly more compact at �xed SFR,

and the adopted Rout (0.7 kpc) being smaller. We further note that a higher ne,B

(315 cm−3) is found for their compact (U)LIRGs. Additionally, as illustrated in their

paper, the Hα-based SFRs they adopt do not recover the full amount of star formation

revealed bolometrically via far-infrared measurements, an e�ect commonly expected

from saturation of dust attenuation probes in the regime of large column densities

(see, e.g., Wuyts et al., 2011). When adopting the SFR(LIR) they provide instead,

their sample shifts to lie closely along our inferred Ṁout - SFR relation, extending the

dynamic range to the higher SFR regime. A comparison to the more luminous samples

presented by Arribas et al. (2014) and Fluetsch et al. (2019) is presented in Appendix

2.B.

In terms of mass loading of the winds, the LOESS regression on our �ducial estimates

of η reveal systematic variations in the 5 - 30% range across the SFR - M? plane with
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moderate mass galaxies occupying the upper half of the star-forming main sequence

featuring the lowest mass-loading factors, and AGN out�ows located below the main

sequence the highest ones.10 The dependence of η on SFR is negative, with a power-law

slope of −0.12±0.08. Of particular interest to theory (e.g., Lilly et al., 2013; Davé et al.,

2017) is the dependence of η on M? in star formation feedback. We �nd no signi�cant

correlation, but discuss in Section 2.6.4 why the mass loading factor quanti�ed here may

not be directly related to the e�ective mass loading which enters these gas regulator

models.

Finally, we note that when dropping the default assumption that gas belonging to the

disk and wind components are attenuated by the same amount, a signi�cantly di�erent

pattern of and range in mass loading factors as well an overall increase in the mass

out�ow rate is observed. As discussed in Section 2.5.4.c, broad-component gas in some

of the galaxies may su�er enhanced levels of attenuation, raising the estimated ηdust corr

accordingly, although the e�ect is challenging to quantify on an individual object basis.

This di�culty is primarily due to the uncertainly in quantifying the broad component

Balmer ratio for individual objects, where the weakness of the Hβ line can make the

broad component di�cult to detect.

2.5.2.c Scaling with nuclear activity

We measure the (normalised) strength of nuclear activity and the energy injection rate

associated with it via the Eddington ratio and AGN luminosity, respectively. The top

panel in Fig. 2-8 illustrates the incidence of out�ows among active galaxies in a diagram

of λEdd versus LAGN. As hinted already in Fig. 2-4, we �nd that out�ows are more

prevalent at higher AGN luminosities, and, more subtly, at higher λEdd.

In the middle and bottom panels of Fig. 2-8, we show mass out�ow rates contrasted

to the [OIII]-based AGN luminosity and Eddington ratio. Linear regression of the

Ṁout−LAGN relation gives a positive trend with a power-law slope of 0.55± 0.04, with

an intrinsic scatter of ∼ 0.43 dex (Table 2.1). The relation with λEdd has a power-law

index of 0.64 ± 0.14, and features a larger scatter (∼ 0.58 dex). We again emphasise

that our sample extends down to low luminosity AGN, some of which would not be

identi�able as such from their galaxy-integrated spectrum, and varying contributions

10We remind the reader that the mass-loading factor η is derived entirely based on the MaNGA
spectrum extracted within an aperture of size Rout whereas the galaxy-integrated SFR throughout this
chapter is adopted from the MPA-JHU database. The latter include a multi-band photometry-based
aperture correction to account for star formation happening outside the SDSS �bre, and for galaxies
with AGN signatures in the SDSS spectra adopt the D4000 break rather than Balmer emission lines
as SFR diagnostic.
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Ṁ

ou
t
[M

⊙
yr

−1
])

LIER
̇GN
⊙omposite

Figure 2-8: Top: Incidence of out�ows (coloured diamonds) among MaNGA AGNs (all
diamonds) in the λEdd - LAGN plane. Signi�cant evidence for out�ows is more prevalent
at higher AGN luminosities. Middle and bottom: Mass out�ow rates contrasted to the
[OIII]-based AGN luminosity and Eddington ratio (plot style as in Fig. 2-3).
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of other, star formation related drivers may contribute to the observed scatter and sub-

unity trendline. We see a hint of this e�ect in Fig. 2-8, where we �nd that composites

feature enhanced out�ow rates compared to AGN/LIERs at a given AGN luminos-

ity. This is most plausibly interpreted by their out�ow driving having relatively more

signi�cant contributions from star formation feedback motivating the master scaling

approach in Section 2.5.2.d which aims to encompass the di�erent driving mechanisms

simultaneously. When considering the AGN and LIER population solely, the best-�t

linear relation between out�ow rate and AGN luminosity becomes steeper with a slope

of 0.62± 0.04 and a tighter scatter of ∼ 0.37 dex.

Measurements by Fluetsch et al. (2019) of mass out�ow rates in the molecular phase

show a slightly steeper dependence on LAGN, of slope 0.68, which can possibly be

attributed to enhanced relative contributions of the molecular phase to the out�owing

gas at high LAGN, as reported by the same authors. In line with our results, Fluetsch

et al. (2019) �nd substantially more scatter in the relation with λEdd (compared to

LAGN), despite the fact that this quantity is fundamental in the energy-driven and

radiation pressure-driven scenarios often invoked for AGN out�ows (King & Pounds,

2015; Ishibashi et al., 2018). Uncertainties in the estimates of black hole mass, based

on the MBH − σ relation in our case and entering in the denominator of λEdd via the

Eddington luminosity, may contribute to the observed scatter.

We also estimate the momentum and energy ratio of the ionized AGN winds, de�ned as

ṗout/(LAGN/c) and Ėout/LAGN, respectively, where the out�ow momentum �ux ṗout =

Ṁoutvout and LAGN/c represents the AGN radiative momentum rate. The kinetic power

of the out�ow is given by Ėout ≡ 1
2Ṁoutv

2
out. We �nd signi�cant correlations between

the out�ow momentum �ux and LAGN/c and between kinetic power and LAGN. Typical

inferred momentum ratios of the ionized gas winds are of order unity, but objects in

our AGN out�ow sample are found to span the full ∼ 0.1 − 20 range. Energy ratios

computed based on the ionized gas phase alone typically fall below ∼ 10−1.5, and reach

two to three orders of magnitude further down from there, consistent with the low

kinetic coupling e�ciencies reported by Wylezalek et al. (2020).

2.5.2.d An all-encompassing out�ow scaling relation

Fig. 2-5 presents a number of strong correlations between out�ow properties, in partic-

ular mass out�ow rate, and host galaxy properties. Given that many internal galaxy

properties correlate with one another, an observed scaling with one parameter does

however not necessarily reveal any form of causation. In this section we therefore aim

to construct an `all-encompassing out�ow scaling relation' where the mass out�ow rate
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Galaxy property Aη Bη ∆η AṀout BṀout ∆Ṁout Avout Bvout ∆vout x0

Full out�ow sample
log(M? [M�]) 0.01± 0.06 −1.04± 0.03 0.48 0.37± 0.06 −0.75± 0.04 0.51 0.05± 0.02 2.62± 0.01 0.14 11.0
log(SFR [M� yr−1]) −0.12± 0.08 −1.00± 0.04 0.48 0.97± 0.07 −1.28± 0.04 0.48 −0.02± 0.03 2.61± 0.01 0.14 0.0
log(sSFR [yr−1]) −0.14± 0.09 −1.06± 0.03 0.48 0.51± 0.10 −0.82± 0.03 0.53 −0.09± 0.03 2.58± 0.01 0.14 −10.0
log(ΣSFR [M� yr−1 kpc−2]) 0.03± 0.07 −1.05± 0.03 0.48 0.26± 0.08 −0.97± 0.04 0.53 −0.05± 0.02 2.61± 0.01 0.14 −2.0
log(Re [kpc]) −0.20± 0.10 −1.11± 0.04 0.47 0.80± 0.11 −0.63± 0.04 0.50 0.06± 0.03 2.62± 0.01 0.14 1.0
log(Σ?1 [M� kpc−2]) 0.20± 0.07 −1.07± 0.03 0.47 0.26± 0.08 −0.94± 0.03 0.53 0.07± 0.02 2.59± 0.01 0.14 9.0
log(Σ?e [M� kpc−2]) 0.26± 0.08 −0.90± 0.05 0.47 −0.21± 0.09 −1.00± 0.06 0.53 0.02± 0.02 2.61± 0.01 0.14 9.0
log(M?/Re [M� kpc−1]) 0.20± 0.09 −1.03± 0.03 0.47 0.29± 0.11 −0.88± 0.03 0.53 0.07± 0.03 2.60± 0.01 0.14 10.0
log(σ?Re [km s−1]) 1.44± 0.30 −1.13± 0.03 0.48 2.38± 0.31 −1.05± 0.04 0.53 0.30± 0.09 2.58± 0.01 0.15 2.0
log(Vrot [km s−1]) −0.03± 0.06 −1.03± 0.04 0.48 0.04± 0.07 −0.91± 0.04 0.54 −0.00± 0.02 2.60± 0.01 0.14 2.0
log(S0.5 [km s−1]) 0.04± 0.08 −1.05± 0.04 0.48 0.13± 0.08 −0.94± 0.04 0.54 0.02± 0.02 2.59± 0.01 0.14 2.0

Disks
cos(i [deg]) −0.97± 0.22 −1.54± 0.11 0.38 −0.05± 0.25 −0.92± 0.13 0.46 0.27± 0.08 2.71± 0.04 0.15 2.0

AGN
log(LAGN [erg s−1]) 0.19± 0.05 −0.88± 0.04 0.47 0.55± 0.04 −0.78± 0.03 0.43 0.05± 0.01 2.64± 0.01 0.14 43.0
log(λEdd) 0.13± 0.12 −0.95± 0.04 0.48 0.64± 0.14 −0.99± 0.05 0.58 0.04± 0.04 2.62± 0.01 0.15 −3.0

Table 2.1: Scaling relations between ionized gas out�ow properties and internal
galaxy properties including mass, star formation activity, structure, orientation (for
star-forming disks only) and AGN luminosity and Eddington ratio (for active galax-
ies only). With the exception of cosine inclination, linear regression of the form
log(outflow property) = A[log(galaxy property) − x0] + B is carried out in log− log
space with errors representing the central 68th percentile of the posterior distribution
on slope and intercept. Standard deviations of residuals from the best-�t linear relation
are denoted as ∆. Fit parameters are determined using linmix (Kelly, 2007).

of the ionized gas in MaNGA galaxies is described with the least possible scatter by

expressing its dependence on a number of galaxy properties jointly.

Here we explore three forms of such a master out�ow scaling relation of increasing

complexity from Eq. 2.8 to Eq. 2.10.

log(Ṁout) = a + b log

(
M?

5× 1010 M�

)
+ c log

(
SFR

SFRMS

)
(2.8)

log(Ṁout) = a +

b log
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)
+

c log
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)
+

d log

(
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5 kpc

)
(2.9)
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log(Ṁout) = b log
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d log
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5 kpc

)
+

log

[
10a

(
SFR
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)c
+ 10e

(
LAGN

1× 1043 erg s−1

)f]
(2.10)

Here, SFRMS refers to the star formation rate of a galaxy residing on the star-forming

main sequence relation as parameterised by Renzini & Peng (2015):

log(SFRMS) = 0.76 log(M?/M�)− 7.64 (2.11)

While facilitating a more straightforward reading of the mass dependence of out�ow

rates for typical (i.e., main sequence) SFGs, the use of SFRMS as a normalisation factor

does imply that mass implicitly enters in two of the terms in Eqs. 2.8-2.10. We therefore

also explore an equivalent to Eq. 2.10 in which the role of mass and star formation are

fully decoupled:

log(Ṁout) = b log

(
M?

5× 1010 M�

)
+

d log

(
Re

5 kpc

)
+

log

[
10a

(
SFR

3 M� yr−1

)c
+ 10e

(
LAGN

1× 1043 erg s−1

)f]
(2.12)

Furthermore, we test for a formulation of Ṁout depending on the drivers alone:

log(Ṁout) = log

[
10a

(
SFR

3 M� yr−1

)c
+ 10e

(
LAGN

1× 1043 erg s−1

)f]
(2.13)

The above equations incorporate between two and four physical parameters describing

the host galaxy: M?, the o�set from the star-forming main sequence SFR/SFRMS

(or alternatively the absolute SFR), Re, and LAGN. We express Ṁout as having a

power-law dependence on each physical parameter with power-law indices b, c, d and f
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respectively, leaving two parameters (a and e) to set the normalisation for the SF and

AGN drivers. Having the SF and AGN driving terms appear in additive rather than

multiplicative form makes sense physically, and prevents divergence for objects with

SF out�ows where LAGN is taken to be zero. Similar considerations were followed by

Fluetsch et al. (2019), although we point out these authors do not allow for di�erent

power-law indices quantifying the dependence on SFR and AGN luminosity.

The motivation for Eq. 2.8 is not so much that it is the pairing of two input parameters

that yields the smallest dispersion (that would involve the two drivers, star formation

and AGN activity, as captured in Eq. 2.13), but rather that it may be of use as a

reference to other studies that have less rich datasets to work with, for example those

at high redshift where measurements of LAGN or Re are more challenging due to limited

depth or spatial resolution.

We use the emcee Monte Carlo Markov Chain implementation to derive the best-�t

parameters in Eqs. 2.8 - 2.13 and we compare these functional forms as descriptors

of the observed out�ow rate by measuring the scatter between the predicted and the

observed Ṁout. The results are presented in Table 2.2. We �nd that the dispersion

of residuals around the best-�t relation reduces as the additional dependence on Re is

accounted for. The scatter is ultimately reduced further to ∼ 0.35 dex by including

an AGN term, and remains equally small when formulating the scaling relation using

absolute SFR or main sequence o�set in the `out�ow driver' term. Fig. 2-9 shows

the posterior distributions from emcee for the six �t parameters of Eq. 2.12. Fig. 2-

10 presents the corresponding Ṁout predicted using Eq. 2.12 versus the empirically

observed mass out�ow rate. By removing the dependence on galaxy mass and size from

Eq. 2.12, we �nd only a small increase in the scatter showing that Ṁout is heavily

in�uenced by the strength of its physical drivers.

Introducing additional galaxy properties such as redshift or inclination only yielded a

marginal further reduction in scatter (0.34 dex) and reduced chi-square statistic (1.5).

We thus conclude that the mass out�ow rates inferred from broad components to the

ionized gas line emission can be reproduced to within a factor ∼ 2 starting from mea-

surements of the galaxies' mass, size, star formation rate and AGN luminosity. The

same relation performs equally well for SF and AGN winds within our total sample of

322 objects whose spectra exhibit out�ow features.
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Figure 2-9: Corner plot showing the emcee sampling of the posterior probability dis-
tribution for the parameters in the out�ow scaling relation of Eq. 2.12, describing a
mapping from internal galaxy properties to the observed mass out�ow rate.

Fit a b c d e f scatter [dex] χ2
red

Eq 2.8 -0.855 (0.019) 0.572 (0.034) 0.789 (0.044) - - - 0.405 2.145
Eq 2.9 -0.855 (0.019) 0.361 (0.049) 0.779 (0.044) 0.488 (0.081) - - 0.394 2.037
Eq 2.10 -0.933 (0.023) 0.276 (0.051) 0.789 (0.046) 0.371 (0.081) -1.215 (0.047) 0.634 (0.048) 0.348 1.567
Eq 2.12 -0.930 (0.022) -0.235 (0.052) 0.790 (0.046) 0.399 (0.080) -1.166 (0.049) 0.715 (0.050) 0.345 1.540
Eq 2.13 -0.915 (0.020) - 0.754 (0.041) - -1.197 (0.051) 0.743 (0.050) 0.355 1.618

Table 2.2: Power-law indices of galaxy stellar mass (b), star formation activity (c),
galaxy size (d), AGN luminosity (f) and normalisation factors (a, e) derived using
emcee following the functional forms of out�ow scaling relations described by Eqs. 2.8,
2.9, 2.10, 2.12 and 2.13. The corresponding scatter and reduced chi-squared values are
listed in the two right-most columns.
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Figure 2-10: Observed mass out�ow rates for galaxies in the MaNGA out�ow sample,
contrasted to the out�ow rate predicted based on the best-�t out�ow scaling relation
of Eq. 2.12, taking galaxy stellar mass (M?), size (Re), star formation rate (SFR) and
AGN luminosity (LAGN) as inputs. SF and AGN galaxies are denoted by circles and
diamonds, respectively. The black line indicates the one-to-one relation and a histogram
of residuals, with a scatter of 0.35 dex, is shown in the inset panel.
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2.5.3 Out�ow geometry for star-forming disks

In order to investigate the dependence of out�ow properties on galaxy inclination, we

extract a Disks subsample comprised of star-forming disk galaxies with log(sSFR) >

−11, Sérsic indices n < 2, and visual morphologies which are not classi�ed as �odd

looking� according to the Galaxy Zoo 2 classi�cation (Willett et al., 2013). The latter

two criteria are to ensure that the projected axial ratio can be reliably used as a proxy for

galaxy inclination. As shown in the bottom-right panel of Fig. 2-4, we �nd a marginal

di�erence in the cos(i) distribution of Disk galaxies with out�ows compared to the

underlying MaNGA Disk population for which line pro�le �tting was carried out, at least

according to the A-D statistic, which is more sensitive to the tails of the distribution.

We do not �nd signi�cance in the K-S statistic which is primarily based on the peak

of the distributions. The Disk subsample criteria cuts the out�ow sample to only 67

objects. Using a less conservative cut on the Disk subsample by dropping the Sérsic

index criterion, and assuming that the Petrosian axial ratio still serves as an adequate

inclination indicator for systems that host signi�cant bulge components, we increase the

number of out�ows in star-forming disk galaxies (i.e., not irregular/disturbed/merger

or otherwise odd-looking) to 177 objects. With this less conservative cut, we �nd

a signi�cant di�erence between the cos(i) distributions of the out�ow Disks and the

parent Disks samples according to both the K-S and A-D statistics.

The main distinct feature is the lack of out�ow objects seen edge on. To derive a basic

inference on what the inclination distribution implies about the out�ow geometry, we

consider a simple toy model in which a bi-conical out�ow is oriented orthogonally to

the disk plane. In this model, a wind of opening angle θ is only detected if the galaxy

is viewed within an angle of θ/2 from face-on. The toy model is summarised as follows:

1. We assume the distribution of out�ow opening angles among galaxies to be char-

acterised by an average opening angle θ̄ and a Gaussian dispersion about the

average σθ.

2. By assuming that the underlying parent sample is viewed from random angles,

we infer a mapping between the projected axial ratio and the intrinsic inclination

(where we use the b/a values of the Disks sample including n > 2 systems). This,

unlike Eq. 2.7, allows us to take into account the fact that the surface brightness

distribution of galaxies viewed face-on may not be perfectly round, but consistent

results are obtained when adopting Eq. 2.7 instead.

3. Assuming random viewing angles for galaxies that intrinsically are driving out�ow

activity (whether detectable or not), we infer the fraction of out�ow galaxies at
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each inclination that will be detectable for a given θ̄ and σθ, and by adopting the

mapping derived in (ii) we obtain the predicted normalised cumulative distribution

of projected b/a values of galaxies in the out�ow sample.

4. We derive the values of θ̄ and σθ for which the predicted normalised cumulative

distribution of projected b/a values best matches the observed distribution in our

Disks out�ow sample, by using a least-squares Levenberg-Markwardt minimisa-

tion (mpfit), and independently by minimising the K-S or A-D statistics.

All three ways of optimisation yield consistent results, namely that the opening angle

is wide, of order 162 ± 10 deg, corresponding to roughly 84% of all out�ow galaxies

being detectable thanks to an orientation su�ciently away from an edge-on viewing

angle. Similar results are obtained when using the more conservative Disks sample,

albeit su�ering from poorer number statistics. Arguably, the inclination dependence

may be consistent with a somewhat smaller opening angle if a broad base is invoked

instead of an out�ow origin from a small region near the centre as assumed in our toy

model. The inclination dependence of out�ow detectability for such a geometry would

be non-trivial to determine and is beyond the scope of this section.

As well as �nding a signi�cant di�erence in the inclination distribution of the out�ow

and underlying MaNGA samples, we �nd a number of strong correlations between

out�ow properties and galaxy inclination (Fig. 2-5) which are consistent with the results

from the toy model. For out�ows with some typical opening angle, at orientations close

to edge-on the velocity-extent of the broad component would be reduced, and would be

smallest for small opening angles. We can imagine this would be the case for a highly

collimated AGN out�ow or chimney-like features. This signature is evident in the top

panel of Fig. 2-11 where we see a positive correlation between σB and cos(i) which

follows through to the relation with Vout (Eq. 2.2).

Furthermore, in the bottom panel of Fig. 2-11 we �nd a strong correlation between Hα

BNR and inclination. We expect two e�ects come into play here: (i) the fraction of light

from the galaxy disk captured by the aperture is expected to be lower at orientations

close to edge-on due to intervening dust along the line-of-sight through the disk (thus

increasing the BNR), (ii) the fraction of light from the out�ow captured by the aperture

is expected to be higher at orientations close to edge-on where we are more likely to

see both the red- and blue-shifted out�ow components. The strong relation between

inclination and Hα BNR carries forward to the strong correlation with η. We note that

the relation with [OIII] BNR is signi�cantly weaker than with Hα BNR although it is

observed to some degree (Fig. 2-5).
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Figure 2-11: Top: Width of the broad component and out�ow velocity versus inclina-
tion. Bottom: Hα BNR and mass loading factor η versus inclination.

We considered the impact of choosing an elliptical aperture shape on out�ow detection

using our methodology, given that elliptical apertures may not capture the extraplanar

gas as well as, say, circular apertures if the out�ow is expelled along (or close to)

the minor axis of the galaxy in an inclined system. As a sanity check we re-ran our

experiment consistently adopting circular (rather than elliptical) apertures throughout

our analysis, where we used circular apertures of radius 0.5Re, Re and 1.5Re to identify

galaxy out�ows. By using circular apertures, we do not �nd a signi�cant increase in

the number of galaxies with detected out�ows, in particular a lack of detection in high

inclination systems is common to the two methods di�ering in aperture shape. In

addition, overall, the results from our experiment remain largely the same when using

circular apertures. This includes the inclination dependent trends presented in Fig.

2-11.

2.5.4 Physical conditions of the out�owing ionized gas
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Figure 2-12: [NII]-BPT (top) and [SII]-BPT (bottom) diagnostic diagrams displaying
the excitation patterns for the broad- and narrow-component gas, as quanti�ed from
spectral extractions within an elliptical aperture of size Rout. Dashed curves delim-
iting regions with excitation patterns characteristic for star formation (SF), AGN or
low-ionisation emission line regions (LIERs) are taken from Kau�mann et al. (2003)
and Kewley et al. (2001) respectively. Left-hand (right-hand) panels show those ob-
jects whose narrow-component line ratios in nuclear spectra, extracted within a 0.25Re

aperture, are consistent (inconsistent) with HII-region-like excitation. In both SF and
AGN wind galaxies, the broad-component gas exhibits elevated line ratios compared to
the narrow-component gas, consistent with shock excitation within the out�owing gas.
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2.5.4.a Excitation pattern

The BPT diagnostic diagrams use emission line ratios ([OIII]/Hβ, [NII]/Hα and [SII]/Hα)

to determine the ionisation mechanisms exciting the gas. Using our Gaussian decom-

position, we determine these ratios for the narrow component tracing the disk gas and

the broad component tracing the out�ow separately and present the diagnostics for

the di�erent components in Fig. 2-12. We show that the out�owing gas component

exhibits harder excitation than the disk gas in both inactive and active galaxies, where

the presence of AGN activity is determined by the narrow component line ratios in

the 0.25Re stacks as described in Section 2.4.2.d. We �nd cases where the gas exci-

tation is dominated by the harder radiation from the central AGN within 0.25Re, but

by HII regions within Rout (right panel of Fig. 2-12). We also �nd a few cases where

photoionisation by HII regions was the primary ionisation mechanism within 0.25Re,

but narrow components show up in the composite region of the BPT diagram within

Rout potentially resulting from narrow-line region relics from the time varying nature

of AGN (Wylezalek et al., 2020, see also).

One plausible explanation for the higher excitation of the broad component gas is an

origin from shocks experienced by the out�owing gas, compressing the gas, and causing

the elevated line ratios (see, e.g., Ho et al. 2014). We see further evidence for this in

the velocity widths of the broad components (∼ 120− 310 km s−1) found in this work

which are consistent with the star-formation shock sequence in D'Agostino et al. (2019),

whereas the narrow velocity widths (σN ∼ 40 − 100 km s−1) are consistent with the

star-formation-AGN mixing sequence in comparison.

2.5.4.b Electron density

We estimate the electron density of the disk and wind gas from the [SII]λ6716/6731

doublet ratio using the relationship in Osterbrock (1989). Fig. 2-13 presents the [SII]

doublet ratio R as a function of the S/N of the [SII] doublet for individual objects in

the out�ow sample. Due to the small separation of the weak [SII] emission, the doublet

becomes heavily blended especially when there is a broad component superimposed at

the base of the emission pro�le making the double Gaussian decomposition challenging.

We �nd a wide range in the S/N of R down to values < 3 and substantial uncertainties

on individual measurements, particularly in the broad-component [SII] ratio. We there-

fore opted not to compute out�ow properties based on ne measurements of individual

objects, but calculate characteristic values for the electron density of the wind gas (and

the disk gas) estimated as the median [SII]λ6716/6731 ratio of the broad (and nar-

row) components over objects where S/N of the [SII] doublet > 8 (similar to Ho et al.,



2.5 Results 58

Figure 2-13: [SII] doublet ratio (R) used to determine electron density versus the signal-
to-noise ratio of the [SII] doublet. [SII] ratios for narrow and broad components are
shown in blue and yellow, respectively. The histogram on the right shows the distribu-
tion of R values which have S/N > 8 for narrow and broad components in the out�ow
sample. Horizontal lines indicate the median of the histograms. Surrounding shading
shows the formal error on the median. Error bars show the median error for individual
measurements of R.

2014).11 This mitigates noise inducing e�ects on our derived out�ow scaling relations

that may otherwise come from `poor' [SII] emission line �tting. We �nd median values

ne = 192± 61 cm−3 for the wind gas and ne = 48± 10 cm−3 for the disk gas, the latter

consistent with the R = 1.4 obtained from a stacking analysis of nearby SAMI galaxies

by Davies et al. (2021). Similar electron densities (〈ne〉 ∼ 150 cm−3) were used in de-

riving the out�ow scaling relations presented by Rupke et al. (2017). Elevated electron

densities for the wind gas compared to the disk gas have been reported previously for

both low- and high-redshift out�ow samples (Perna et al., 2017; Kakkad et al., 2018;

Förster Schreiber et al., 2019), albeit quantitatively with substantially larger values,

possibly related to a more extreme nature (in terms of out�ow strength, star formation

11Consistent electron densities are obtained when taking the median statistic over all objects, irre-
spective of the S/N of R.
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and/or nuclear accretion, and compactness) of the targets studied. Complicating the

situation further, not only do ne measurements of individual objects in the literature

span a wide range, Kakkad et al. (2018) also show evidence for order-of-magnitude spa-

tial variations in ne within galaxies, observed for both the disk gas and the out�owing

medium, which places a cautionary note to the assumption of uniform density on which

our and most analyses rely. The validity of the [SII] doublet as a density tracer in

(luminous) AGN out�ows has also been questioned (Davies et al., 2020).

Given the spread in the broad-component [SII] ratios shown in Fig. 2-13, R could

potentially vary by a factor of 2 between di�erent galaxies. The relationship between

R and ne is approximately linear in the regime 1.2 & R & 0.6, and at higher and lower

values R becomes approximately constant with varying ne. Considering a galaxy with

an [SII] ratio R = 0.6, this translates to an electron density which is a factor ∼ 15

smaller than the value of ne assumed in our calculations of Ṁout. Consequently, the

`true' value of Ṁout for this galaxy would be ∼ 1 dex lower than the value estimated

in this work. For out�ows that have a value of R outside the 1.2 & R & 0.6 regime,

this issue becomes more severe, and a 10% change in R could result in change in the

measured Ṁout value by over 2 dex.

Systematic uncertainties in Ṁout can further arise from the temperature dependence of

the relationship between R and ne. In this work we assume an electron temperature

of T ∼ 104K. Kewley et al. (2019b) estimate an error of ∆ne ∼ 47% based on the

values taken by ne for electron temperatures in the range 103.5 − 104.5K. Taking this

into account and assuming a 47% error, the error on the median ne would increase to

±90cm−3.

We conclude that electron density measurements remain a source of signi�cant sys-

tematic uncertainty in constraining the strength of feedback processes via ionized gas

tracers. Sensitive integral-�eld spectrographs with high spatial resolution and su�cient

spectral resolution, such as VLT/MUSE+AO for low-z and ELT/HARMONI+AO for

high-z studies, are required to make progress in this area.

2.5.4.c Dust attenuation

As outlined in Section 2.4.2.h, the �ducial Hα attenuation corrections we applied

when computing out�ow parameters were based on line ratio diagnostics inferred from

single-Gaussian �ts. Speci�cally, the Balmer decrement, with an intrinsic ratio of

(Hα/Hβ)int = 2.86 for Case B recombination and T = 104 K (Osterbrock & Ferland,

2006), serves as the diagnostic of nebular attenuation. Here, we explore the Balmer
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Figure 2-14: Top: Comparison of Balmer decrement measurements for the broad-
and narrow-component gas. A tail towards larger Balmer decrements for the broad-
component gas may imply enhanced attenuation by dust entrailed in the out�owing
gas. Bottom: On average larger systematic blueshifts of the broad Gaussian component
are observed for galaxies with larger narrow-component Balmer decrements, consistent
with a scenario in which the back side of a bi-conical out�ow is attenuated by enhanced
levels of dust within the disk.
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decrements obtained via double-Gaussian �tting and consider the relation between ob-

served out�ow kinematics and dust richness of the galaxies in our sample.

The top panel of Fig. 2-14 presents the results from a double-Gaussian decomposition

of the Hβ and Hα emission lines, contrasting the Balmer decrements of the broad- and

narrow-component emission. For a large number of objects, the level of obscuration

inferred for the broad-component gas is consistent within the errors with the better

constrained narrow-component attenuation. However, a tail of the distribution extends

to signi�cantly enhanced Balmer decrements for the wind gas (and provided similar Case

B conditions and temperatures apply thus elevated attenuation levels). This feature is

seen both among SF and among AGN out�ows. Whereas all objects shown in Fig.

2-14 satisfy the criteria for signi�cant out�ow signatures outlined in Section 2.4.2.c, one

should bear in mind that at the highest (Hα/Hβ)B, the broad-component contribution

to the Hβ line pro�le becomes increasingly small and a precise inference of attenuation

therefore becomes more sensitive to any residual systematics in the preparatory step

where the stellar continuum with underlyingHβ absorption is subtracted. Nevertheless,

when taken at face value accounting for the additional attenuation would sensitively

increase the inferred out�ow rates and mass loading factors, by factors of several, and

can even alter patterns across SFR-M? space as the implied correction is not uniform

across the sample (see Fig. 2-6). Speci�cally, the observed (Hα/Hβ)B increases more

rapidly with stellar mass than (Hα/Hβ)N, leading to a stronger mass dependence of

ηdust corr ∝ M0.42
? compared to η ∝ M0.01

? . This could potentially hint at out�ows in

these more massive galaxies expelling preferentially metal-enriched material from the

disk ISM. At the same time, it should be noted that those systems feature stronger

underlying Hβ stellar absorption, making them more sensitive to the accuracy of the

ppxf spectral decomposition. Detailed individual object (Perna et al., 2019) and sample

studies of AGN out�ows (Villar Martín et al., 2014; Rodríguez del Pino et al., 2019) have

reported evidence for enhanced attenuation of the wind gas relative to the ambient gas

before, although unlike what we observe in Fig. 2-14, Rodríguez del Pino et al. (2019)

do not �nd a systematic excess of (Hα/Hβ)B for their SF out�ows, merely a broad

range.

In the bottom panel of Fig. 2-14, the broad-component velocity o�set relative to the

narrow component is shown as a function of the Balmer decrement measured for the

disk gas. A signi�cant negative correlation between ∆VB and (Hα/Hβ)N is present for

galaxies with nuclear activity. This suggests that dust in the disk could be responsible

for the blue-shifted o�sets, with thicker dust columns within the disk's ISM blocking

more of the receding out�owing gas, thus causing larger blueshifts. This interpretation
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seems plausible when also considering the indication of an inclination dependence of

the wind gas as discussed in Section 2.5.3, implying that out�ow detection is weakly

favoured in more face-on objects or at least less likely for edge-on systems (see also

discussion by Veilleux et al., 2005). This e�ect may contribute to the enhanced atten-

uation of the out�owing gas, as shown in the top panel of Fig. 2-14. However, given

that the ∆VB − (Hα/Hβ)N relation is not statistically signi�cant for star-formation

driven out�ows, the tail towards high Balmer decrements for the out�owing gas (seen

among both SF and AGN out�ows) may more plausibly be caused by dust entrailed in

the out�owing gas itself. In this context, we note that direct tracers of dust are also

increasingly used to augment multi-phase gaseous datasets on galactic out�ows (see the

review by Rupke 2018).

2.6 Discussion

In this section, we discuss in more depth four aspects of our out�ow analysis and their

associated implications: Section 2.6.1 re�ects on the interpretation of broad velocity

components as galactic-scale winds. Section 2.6.2 addresses the universality of our

derived out�ow scaling relation, Section 2.6.3 considers the driving mechanisms and

multi-phase perspective, and in Section 2.6.4 we re�ect on the fate and impact of the

observed winds.

2.6.1 Justifying the out�ow interpretation

Given the nature of the out�ow detection and characterisation used in this work, it is

important to justify the interpretation of these broad velocity components as out�ow-

ing gas from a quantitative and qualitative standpoint, and show that this rationale

holds when considering other e�ects which could plausibly produce broad component

emission.

From a kinematic standpoint, we �nd typical σB ∼ 120 − 310 km s−1, with a median

at 183 km s−1 (vout ∼ 240 − 670 km s−1 with a median of 399 km s−1). This is

consistent with broad component kinematics measured from studies focusing on star

formation driven out�ows at higher redshifts (e.g. Newman et al., 2012; Davies et al.,

2019; Freeman et al., 2019; Swinbank et al., 2019), with measurements of AGN driven

out�ows at higher redshift extending from similar to larger > 1000 km s−1 velocities

(e.g. Genzel et al., 2014; Leung et al., 2017; Leung et al., 2019). We also compare

our results to the low redshift out�ow studies of Cicone et al., 2016 and Concas et al.,

2019, where we measure the width of the entire emission line pro�le using Equation
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6 of Cicone et al., 2016. We �nd total line-of-sight velocity dispersions of ∼ 70 −
150 (80 − 250) km s−1 for our SF (AGN) subsample. This is of the same order as

the out�ows found in SFGs and AGN in Cicone et al., 2016 and Concas et al., 2019,

respectively. Furthermore, in Fig. 2-14 we see a tail towards negative ∆VB, with 70% of

out�ow objects featuring systematic blueshifts in their broad velocity component. This

is evidence for the preferred detection of blue-shifted emission and is expected when

probing out�ows in emission, where emission from the receding part of a bi-conical

out�ow is diminished by the dust within the intervening galaxy disk (at orientations

away from edge-on). Other studies such as Davies et al., 2019 and Newman et al., 2012

�nd out�ow components which are on average blue-shifted relative to the systematic

gas component with o�sets consistent with those found in this work. Arribas et al.,

2014 �nd evidence for stronger blue-shifted o�sets in systems that are more extreme

in terms of their SFR (ULIRGs versus LIRGs), therefore it may be unsurprising that

we �nd a slightly lower median o�set (∆VB ∼ 27 kms−1) in our sample. Furthermore,

Arribas et al., 2014 �nd broad component shifts of ∆V & −100 kms−1 for a signi�cant

fraction of objects, not too dissimilar from our results. Such consistency with ULIRG

studies in this manner is particularly noteworthy given that there is extensive evidence

for out�ows observed in the form of broad emission lines in well-resolved observations

of ULIRG galaxies (e.g., Rupke & Veilleux, 2013 among many others). We note that

we �nd ∆VB & 0 km s−1 in a non-negligible fraction (30%) of MaNGA out�ows also,

where we expect a combination of a favourable galaxy orientation and/or (asymmetric)

out�ow geometry may be at play, however further investigation would be required to

draw such conclusions which is beyond the scope of this chapter.

Other clues supporting an out�ow interpretation can come from tracers of di�erent gas

phases, such as blue-shifted NaID absorption as a probe of neutral gas �ows which we

present in Chapter 3.

We considered the possibility of broad components arising as an artifact from beam

smearing of the central gas velocity �elds due to the limited spatial resolution of the

IFU observations. We followed the approach by Gallagher et al. (2019) and compared

the velocity dispersion of the broad-component gas to the stellar velocity dispersion

quanti�ed within the same aperture of size Rout, which is a�ected by the same beam

smearing. We �nd σB � σ? for most objects, with ∼ 95(86)% of galaxies featuring

σB that exceed σ? at the 1(3)σ level (typical σ? ∼ 60 − 160 km s−1). Moreover, for

star-formation driven winds the two show no signi�cant correlation where we record

a correlation coe�cient Rs = 0.0 and p-value p = 0.9. This is unlike what would be

expected if broad gas components resulted from beam-smeared gravitational motions
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of gas within the disk, rather than out�owing motions.

As additional indications of a genuine out�ow nature, in Section 2.5.4 we show that the

physical conditions (excitation, ne, dust attenuation) of the broad component emission

are distinctly di�erent to the narrow component emission which probes the galaxy disk

arguing against broad velocity components arising from beam smearing of disk gas

moving at a range of velocities. Furthermore, we �nd trends with inclination (Section

2.5.3) and between blue-shifts of broad-component velocities and the amount of dust in

the disk (Section 2.5.4) which are all consistent with the feedback scenario.

An example of an e�ect which could plausibly contribute to the broad emission is DIG

emission. Speci�cally, where di�use extraplanar gas is present in the form of co-rotating

(rather than out�owing) material, as found in some literature studies (Bizyaev et al.,

2017; Jones et al., 2017; Marasco et al., 2019), its lag in rotation with respect to the

disk itself may lead to a modestly broadened and even skewed velocity component, but

of a width that would normally not be picked up by our imposed minimum criterion

on σB. Furthermore, we remove systems from our out�ow sample where DIG emission

dominates within the out�ow radius (Section 2.4.2.g). We �nd that most of these

systems fall in the LIER region of the BPT diagram and at the lower end of the SFR

distribution (SFR . 0.3M� yr−1). To determine the impact of this sample cut on our

results, we re-run our analysis whilst including these DIG dominated objects in our

out�ow sample. We �nd that the best-�t trends presented in this chapter remain the

same within error and the overall conclusions drawn from this work are unchanged.

Like DIG emission, merging systems could also complicate our analysis by appearing

as kinematically disturbed components to the emitting gas. We therefore estimate the

number of merging systems in our out�ow sample which could potentially disturb the

gas kinematics. We identify potential mergers as objects which have a greater than 50%

probability of being identi�ed as a merger in the Galaxy Zoo 2 classi�cation scheme.

Merger galaxies identi�ed in this way amount to only 2% of the out�ow sample which

have associated Galaxy Zoo 2 classi�cations.

We note that other than galactic scale winds, the broad components observed in this

work may probe the feedback that is localised to star-forming regions in the extended

disk (chimneys; see, e.g., Ceverino & Klypin 2009). The assumptions involved in cal-

culating the mass out�ow rate and mass loading of the out�ow may not be directly

applicable to such localised `chimneys'. In particular, these parameters depend on an

estimate for the out�ow radius which we take as radius containing 90% of the broad

component emission. This would be an overestimation for say, localised star formation
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feedback being driven from outer regions of the disk. As the Rout parameter appears

in the denominator of Eq. 2.3, this could consequently lead to an underestimation of

the mass out�ow rates.

2.6.2 A universal master scaling relation?

Galaxies with out�ow signatures are not drawn randomly from the underlying MaNGA

population (Section 2.5.1). Among those objects featuring a galactic wind, its strength

relates tightly to physical characteristics of the host such as the intensity of star for-

mation and nuclear accretion, as well as its stellar mass and size (Section 2.5.2). A

dependence on inclination is comparatively weak, albeit present in the sense expected

from bipolar out�ows with wide opening angles (Section 2.5.3).

We now tie these �ndings together and ask the question: If the master scaling relation

derived from our out�ow sample (Section 2.5.2.d) were to hold universally, does it

explain why we did not detect signi�cant out�ow signatures in ∼ 90% of the analysed

MaNGA sample?

To address this, we apply Eq. 2.12 to all 2744 objects to which line pro�le �tting was

applied, and thus infer their anticipated mass out�ow rates Ṁout,expected. The median

Ṁout,expected of the 2368 galaxies without identi�ed out�ow signatures is ∼ 0.5 dex lower

than that obtained for the out�ow sample itself. Objects missing from the out�ow

sample are thus also anticipated to feature, on average, weaker out�ow signatures.

Since the criteria applied in constructing the out�ow sample (Section 2.4.2.c) do not

correspond to a simple threshold in Ṁout, extra steps are required to evaluate in detail

whether the wind gas would be detectable. To this end, we estimate Rout using Eq. 2.1

and the wind velocity by randomly sampling a normal distribution with median and

width characterised by the vout values found in this work to infer, from Ṁout,expected,

the anticipated luminosity of the Hα broad component using Eq. 2.3. Paired with the

object's observed narrow-line Hα luminosity we estimate the expected Hα broad-to-

narrow line ratio, and using the broad component width (estimated from the anticipated

vout) we estimate the amplitude at the line centroid for the broad Hα component. If the

estimated broad-component width does not exceed the width of the narrow component

by 50 km s−1, if the Hα broad amplitude at the broad line centroid does not exceed the

RMS continuum noise surrounding Hα by a factor 3, or BNRHα,expected < 0.05, then

the object would fail meeting at least one of selection criteria (ii), (iv) or (v) of Section

2.4.2.c and thus not make it into the sample.

Of the 2368 analysed objects that did not meet the criteria outlined in Section 2.4.2.c,
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we �nd that the lack of detection is consistent with expectations from a universal wind

scaling relation following the above rationale for ∼ 26% of the cases. If additionally

accounting for viewing angle e�ects adopting the inferred wide opening angles from

Section 2.5.3, this percentage rises to ∼ 32%.

As for what to make of the remaining ∼ 68% of objects for which we would have

expected to have su�ciently strong Hα broad components to be detected above the

noise, a number of conjectures may explain why they did not end up in the out�ow

sample. For example, given the weakness of the Hβ line, the broad component in Hβ

can be very di�cult to detect especially when reddening e�ects from dust extinction

in the out�owing gas are signi�cant. This limitation may result in the object failing

criterion (v) in Section 2.4.2.c where we require non-zero �ux of the broad component

in all BPT lines in order for the object to be considered as an out�ow candidate. In this

context, we point out the importance of the stellar continuum subtraction for out�ow

detection since any slight oversubtraction of the stellar light could prevent the broad

component being visible in the resulting gas spectrum, especially when the width of the

broad component is similar to the width of the stellar absorption features.

More generally, the BIC statistic may not deem a two-component Gaussian decomposi-

tion statistically preferred over a single-Gaussian �t if the out�ow is su�ciently weak.

This failing of criterion (i) may be further exacerbated if the kinematic properties of the

winds, if present, di�er from the selection criteria applied in Section 2.4.2.c. A broad

component that is only marginally broader than the narrow component would be hard

to disentangle, whereas at very high velocities the amplitude of the broad component is

reduced, rendering detection more di�cult in the presence of any residuals from stellar

continuum subtraction.

Finally, for a given Ṁout, the observable signature could be reduced if the electron

density of the out�owing medium were lower, although we note that the ne,B we adopt

is already on the lower end of values reported in the literature.

Alternatively, it may of course be that the out�ow strength in those objects is gen-

uinely lower than what we inferred on the basis of Eq. 2.12, either because of a hidden

dependency on a physical parameter we did not consider in our analysis, or as a con-

sequence of bias by �tting the scaling relation to those galaxies with wind signatures

strong enough to make it into the out�ow sample.
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Figure 2-15: Top: kinetic power of the out�ow versus kinetic power generated by super-
novae. The dashed lines indicate coupling e�ciencies of 1, 10 and 100 per cent. Bottom:

relation between out�ow momentum rate and the total momentum output from star-
formation and AGN. Galaxies with evidence of AGN activity are shown colour-coded
by their AGN luminosity as a fraction of the bolometric luminosity. These plots are
inspired by Fluetsch et al. (2019).
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2.6.3 Driving mechanisms and multi-phase perspective

To further investigate the wind driving mechanisms, we now consider the energy and

momentum properties of the observed out�ows. The top panel in Fig. 2-15 presents the

kinetic power of the out�ow, given by 1
2Ṁoutv

2
out, compared to the kinetic power which

is expected to be generated by supernovae; PK,SF [erg s−1] = 7× 1041 SFR [M� yr−1]

(Veilleux et al., 2005). From this we show that the majority of ionized gas out�ows

in our sample can be accounted for by star formation with coupling e�ciencies . 1%.

High-resolution hydrodynamical simulations suggest that, while large portions of the

combined supernova energy is rapidly radiated away, coupling e�ciencies to the gas

of this order can easily be achieved (Creasey et al., 2013). Coupling e�ciencies of

. 1% have also been reported for nearby SF out�ows observed in the molecular phase

(Fluetsch et al., 2019). Based on ionized gas measurements of SF out�ows at higher

redshifts, Swinbank et al. (2019) report coupling e�ciencies of 0.7 - 3%, and similarly,

coupling e�ciencies in the range ∼ 0.4− 2% are extracted from Förster Schreiber et al.

(2019).

In Fig. 2-15, we colour-code objects by the relative contribution of the AGN to the

total bolometric luminosity Lbol which is taken as the combined energy output from

star-formation (LSF ∼ SFR × L�/1.09 × 10−10; adjusted from Kennicutt 1998 for a

Chabrier 2003 IMF) and AGN (LAGN). In a fraction of systems, where the AGN

contribution is high, we �nd that coupling e�ciencies up to ∼ 10% and above are

required in order for star formation to drive the winds. It is therefore likely that the

central AGN is at least partly responsible for the high out�ow kinetic power observed.

The bottom panel of Fig. 2-15 shows the relation between the out�ow momentum rate,

given by Ṁoutvout, and the total photon momentum output of the galaxy from both

star-formation processes and AGN, estimated as Lbol/c. We �nd a strong correlation

between the out�ow momentum rate and the total momentum output of the galaxy

as expected. Given that all objects in our MaNGA out�ow sample lie on or below

the 1:1 line, we conclude that the out�ow momentum can be accounted for by the

presently observed energy output from star formation and nuclear accretion, where for

a large fraction of galaxies the out�ow momentum rate is . 0.1Lbol/c. Consideration

of the momentum budget of the ionized gas phase alone therefore does not prompt

us to invoke so-called fossil out�ows resulting from stronger AGN activity in the past

(see Fluetsch et al. 2019 for context). However, we do �nd relatively large out�ow

dynamical times compared to the characteristic timescales probed by our [OIII] AGN

luminosity indicator: tAGN =
R50,[OIII]BPT−AGN

c , where the numerator corresponds to the

half-light radius of the AGN-excited [OIII] emitting gas which we take as the radius
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containing 50% of the total [OIII] emission measured from the BPT-AGN spaxels (see

also Section 2.4.2.e). We �nd values in the range tAGN ≈ 103.3 − 104.5 yr (and possibly

extending to ∼ 105 yr when accounting for �nite decay times), more than an order

of magnitude shorter than the typical dynamical timescale of the out�owing wind gas

tdyn,out = Rout
Vout
≈ 106.6−107.4 yr. This may hint at AGN variability being a contributor

to the scatter between observed out�ow properties and the presently observed strength

of its potential drivers.12

The kinetic energy and the momentum rate of the out�owing gas are interesting physical

parameters to compare to feedback models. We emphasise though that a major caveat

of our work is that we only probe one phase of the multi-phase out�owing medium,

namely the ionized gas. This is likely to a�ect more any conclusions relying on nor-

malisation of out�ow strength (such as those presented in this section) rather than

conclusions drawn from incidence and/or the relative scaling with galaxy properties

(Section 2.5). However, the latter may not be free of mono-phase biases either. For

example, Fluetsch et al. (2019) �nds the ratio of molecular to ionized gas out�ow rates

to vary systematically with AGN luminosity, from order unity for SF out�ows to values

2 orders of magnitude higher for LAGN ≈ 1045 erg s−1, with possible evidence for a

turnover beyond this regime presented by Fiore et al. (2017). As illustrated in Fig. 2-8,

the most extreme objects in our sample reach LAGN ∼ 1045 erg s−1, but the median

AGN luminosity is substantially lower: 〈LAGN〉 ∼ 1043 erg s−1. The plots shown in Fig.

2-15 adopt the same style as in Fluetsch et al. (2019) noting that the out�ow energy and

momentum rates measured for our MaNGA sample fall signi�cantly below those found

by these authors. This is likely related to the fact that their work considers di�erent

gas phases and their sample is more biased towards more extreme objects with higher

SFRs and LAGN (see also Appendix 2.B).

We conclude that multi-phase observations of out�ow activity, for the same set of objects

with a sound understanding of how they relate to the underlying galaxy population,

remain critical to achieve a meaningful interface with feedback models. Conversely,

while major strides forward have been made in incorporating and analysing stellar

and AGN feedback in numerical simulations of galaxy formation that follow the full

cosmological context (see, e.g., Nelson et al., 2019b; Mitchell et al., 2020), much work is

still ahead in bridging the gap to the observational realm in terms of radiative transfer

and mock observations, and more fundamentally the multi-phase treatment of the ISM

and out�owing medium, presently the domain of sub-grid modelling for cosmological

12The scatter due to AGN �ickering may be further enhanced if adopting an X-ray AGN luminosity
diagnostic as done by Fluetsch et al. (2019), which probes the immediate vicinity of the black hole and
thus shorter characteristic timescales.
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simulations that adopt a 104 K cooling �oor.

2.6.4 Fate and impact of observed winds

There is strong evidence from a theoretical perspective that feedback plays an extremely

important role in the growth and death of galaxies. On the observational side, the direct

impact of galactic winds is very much debated. In order to gain insight into the e�ect

of galactic winds in `typical' nearby galaxies, we calculate the fraction of out�ows that

have su�cient energy to escape the gravitational potential well in which they reside.

We calculate the escape velocity of a galaxy using Eq. 3 from Swinbank et al. (2019):

vesc = [2v2
rot ln(1 + log(Rvir/Rout)]

1/2 (2.14)

where the halo virial radius Rvir is computed for each object individually using the

stellar-to-halo mass relation of Moster et al. (2013), and halo mass - halo size relation

given by cosmology. From this, we �nd that 86 of the 322 galaxies (∼ 27%) in the

MaNGA out�ow sample host winds that have vout > vesc, i.e., out�ow velocities high

enough to escape their host halo. It thus seems that the out�ows studied in this work

predominantly act as galactic fountains rather than fully expelling the gas reservoirs

entrained in the out�owing gas (see, e.g., Li & Tonnesen, 2020). These winds could

potentially still contribute to heating the circum-galactic medium and hence reducing

the rate at which gas can cool and form stars. Although out�ow activity is often invoked

as a mechanism to suppress star formation, we emphasise that in an instantaneous

sense what is observed across our sample is a signal of enhanced star formation activity

promoting out�ow activity, not a direct imprint of negative feedback in the form of an

anticorrelation with star formation activity.

As for the ∼ 27% of galactic winds with vout > vesc, roughly half of the galaxies hosting

these winds show evidence for AGN activity in their central regions. We �nd that the

distribution of star-formation driven winds which escape the halo peaks at slightly lower

masses M? ∼ 1010.1 M� compared to M? ∼ 1010.6 M� for winds which have AGN as

their potential driving mechanism. Splitting the out�ow sample into two halves, below

and above the median M? (σ?Re), we �nd the fraction of out�ows that escape to be

higher among those objects with shallower potential wells (20% for the lower M? half

and 22% for the lower σ?Re half) compared to those objects with deeper potential wells

(7% for the upper M? half and 5% for the upper σ?Re half).

We conclude that in the more typical low-redshift galaxies studied in this chapter,

star-formation processes are at least equally important in driving winds out of the host
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galaxy as central accreting supermassive black holes. Our analysis further highlights the

critical distinction between on the one hand the e�ective out�ow rates and mass loading

factors implied by gas regulator models on the basis of metallicity scaling relations (Lilly

et al., 2013; Peng & Maiolino, 2014; Trussler et al., 2020, quantifying the amount of

material lost from the galaxy system altogether), and on the other hand the out�ow

scaling relations directly observed on the basis of broad-component line emission, as

presented in this chapter. The latter primarily assess the amount of warm ionized wind

material that is launched. Between the spatial extent reached by the out�ow as observed

and its parent halo's estimated virial radius lie factors of ∼ 30 to 140, during which

a host of complex interaction processes in the circum-galactic medium can a�ect the

coasting wind material (e.g., Fraternali, 2017). The inference in this section on wind

fate should thus be taken with a grain of salt, and serves predominantly to caution the

reader against an interpretation of the observed wind phenomenology as fully ejective

out�ows.

2.7 Summary

In this work, we have taken advantage of the spatially resolved, high spectral resolution

IFS data from the public data release of the MaNGA galaxy survey (z ∼ 0.04) to

determine the incidence, strength and scaling relations, as well as physical conditions

of out�ows among galaxies spanning a wide range of physical properties. We �nd

out�ows within 322 galaxies evident as non-gravitational components to the kinematics

of the line-emitting gas. The spatially resolved information allows us to identify nuclear

activity, predominantly at a modest level, in 185 of these objects. We consider the e�ects

of both star formation and AGN activity as wind drivers in low-redshift galaxies. We

summarise our main �ndings below.

� Only a minor fraction (∼ 10%) of MaNGA galaxies exhibits evidence of ionized gas

out�ows, with their incidence becoming more prevalent among systems of higher

star formation activity, stellar mass and surface density, and AGN luminosity.

Within the out�ow objects, the winds are centrally concentrated and detected

over a spatial extent that scales with a sub-unity power-law slope with galaxy

size.

� We �nd strong correlations between the mass out�ow rate and the strength of the

mechanical drivers, namely SFR and LAGN, where Ṁout ∝ SFR0.97 and Ṁout ∝
L0.55

AGN.

� Given the strong correlations found between the mass out�ow rate and numerous
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galaxy properties, which themselves correlate with one another, we narrow down

the key ingredients in�uencing the strength of the out�ow via the derivation of an

`all encompassing out�ow scaling relation', applicable to SF and AGN out�ows

alike. Here, the mass out�ow rate of the ionized gas is described with the least

possible scatter (0.35 dex) by expressing its dependence jointly on stellar mass

(M?), star formation and AGN activity and galaxy size. Although ∼ 90% of

the 2744 MaNGA galaxies considered in our analysis do not show evidence of

out�ows, we use this relation to show that at least ∼ 32% of these objects are

consistent with hosting weak galactic winds with lower mass out�ow rates and

broad component intensities too weak to be detected from our method/data (or

happen to be inclined such that the out�ows are least perceptible in kinematic

signatures used for out�ow identi�cation).

� The physical conditions of the out�owing gas are distinctly di�erent from the gas

within the galactic disks. We show that the out�owing gas component exhibits

elevated line ratios compared to the disk gas in both inactive and active galaxies.

We also �nd evidence for higher dust attenuation in the wind gas, possibly due to

an enhanced metal enrichment of the ejected material compared to the average

conditions of the ISM in the disk. Furthermore, the local electron density of

ionized gas entrailed within the out�ow extends to higher values than the disk gas,

albeit with large error on individual measurements of ne determined on an object-

by-object basis. In terms of geometry, the observed inclination dependencies are

consistent with bi-conical out�ows featuring wide wind opening angles.

� The energy and momentum of the ionized out�ows are consistent with theoreti-

cal models of star-formation driven winds with low coupling e�ciencies (. 1%),

except for a few objects which have high AGN contributions to the bolometric

luminosity. For these systems, additional energy coupling provided by the central

AGN may be required to account for the observed out�ow energetics.

� ∼ 27% of out�ows may have su�cient velocity to escape the halo within which

they reside. Half of these out�ows are purely SF driven, and half are from systems

with central AGN activity. As expected, we anticipate gas preferentially escaping

from systems with shallower potential wells.

Overall, our results highlight the strong ties between out�ow and internal galaxy proper-

ties, and the importance of both star formation and AGN as physical drivers of galactic

winds in galaxies with evidence of moderate nuclear activity. Feedback in `typical'

nearby galaxies comes mostly in the form of galactic fountains, with escaping winds
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being more common among systems with shallower potential wells. The main caveat

of our work is that it is limited to the ionized gas phase alone which makes up only a

fraction of the total out�owing gas.
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Appendix

2.A Correlation coe�cients and linear regression for SF

and AGN out�ows separately

In this Appendix, we provide versions of the grid illustrating correlation strength be-

tween out�ow and internal galaxy properties for the SF and AGN out�ow samples

separately (�gures 2.A.1 and 2.A.2, respectively). Tables 2.A.1 and 2.A.2 present the

corresponding results of linear regression applied to the out�ow - host galaxy relations

for SF and AGN samples separately.
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Figure 2.A.1: Spearman's rank correlation coe�cients quantifying the strength of corre-
lations between out�ow and host galaxy properties for the star-formation driven out�ow
sample. Black outlined boxes indicate a statistically signi�cant correlation, i.e., p-value
< 0.05. The dependence on inclination is only investigated for the subsample of mor-
phological disks. Strong correlations are identi�ed, most notably between the observed
out�ow rate (Ṁout) and the intensity of its driver: the rate of star formation (SFR).

Galaxy property Aη Bη ∆η AṀout BṀout ∆Ṁout Avout Bvout ∆vout x0

SF out�ow sample

log(M? [M�]) −0.03± 0.07 −1.21± 0.05 0.41 0.36± 0.08 −0.69± 0.06 0.43 0.01± 0.02 2.56± 0.02 0.12 11.0

log(SFR [M� yr−1]) −0.03± 0.10 −1.18± 0.06 0.41 0.84± 0.08 −1.29± 0.05 0.33 −0.05± 0.03 2.58± 0.02 0.12 0.0

log(sSFR [yr−1]) 0.05± 0.12 −1.20± 0.04 0.41 0.50± 0.13 −0.93± 0.04 0.45 −0.08± 0.03 2.57± 0.01 0.12 −10.0

log(ΣSFR [M� yr−1 kpc−2]) 0.17± 0.08 −1.10± 0.05 0.40 0.25± 0.09 −0.76± 0.06 0.45 −0.07± 0.02 2.53± 0.02 0.12 −1.0

log(Re [kpc]) −0.37± 0.13 −1.34± 0.06 0.40 0.69± 0.15 −0.63± 0.07 0.44 0.06± 0.04 2.58± 0.02 0.12 1.0

log(Σ?1 [M� kpc−2]) 0.16± 0.09 −1.20± 0.04 0.41 0.34± 0.10 −0.91± 0.04 0.45 −0.01± 0.03 2.56± 0.01 0.12 9.0

log(Σ?e [M� kpc−2]) 0.29± 0.09 −1.03± 0.06 0.40 −0.00± 0.11 −0.89± 0.07 0.47 −0.04± 0.03 2.54± 0.02 0.12 9.0

log(M?/Re [M� kpc−1]) 0.17± 0.11 −1.17± 0.04 0.41 0.38± 0.12 −0.84± 0.04 0.46 −0.02± 0.03 2.56± 0.01 0.12 10.0

log(σ?Re [km s−1]) 1.02± 0.38 −1.23± 0.04 0.42 2.01± 0.33 −0.94± 0.04 0.42 −0.02± 0.12 2.56± 0.01 0.12 2.0

log(Vrot [km s−1]) −0.03± 0.07 −1.19± 0.04 0.41 0.09± 0.08 −0.92± 0.05 0.46 −0.02± 0.02 2.57± 0.01 0.12 2.0

log(S0.5 [km s−1]) −0.01± 0.10 −1.19± 0.05 0.41 0.14± 0.11 −0.94± 0.05 0.46 −0.02± 0.03 2.57± 0.01 0.12 2.0

SF disks

cos(i [deg]) −1.20± 0.35 −1.72± 0.15 0.34 −0.59± 0.35 −1.22± 0.16 0.37 0.24± 0.13 2.65± 0.06 0.13 2.0

Table 2.A.1: Scaling relations between star-formation driven ionized gas out�ow proper-
ties and internal galaxy properties. This table has the same layout as Table 2.1, except
here we exclude objects where we �nd evidence of AGN activity.
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Figure 2.A.2: Spearman's rank correlation coe�cients quantifying the strength of cor-
relations between out�ow and host galaxy properties for galaxies with AGN activity.
Black outlined boxes indicate a statistically signi�cant correlation, i.e., p-value < 0.05.
The dependence on inclination is only investigated for the subsample of morphological
disks. Strong correlations are identi�ed, most notably between the observed out�ow
rate (Ṁout) and the intensity of its potential drivers: the star formation rate and AGN
luminosity.

Galaxy property Aη Bη ∆η AṀout BṀout ∆Ṁout Avout Bvout ∆vout x0

AGN out�ow sample

log(M? [M�]) −0.15± 0.09 −0.96± 0.04 0.48 0.47± 0.11 −0.77± 0.05 0.56 0.06± 0.03 2.64± 0.01 0.14 11.0

log(SFR [M� yr−1]) −0.05± 0.16 −0.91± 0.06 0.49 1.21± 0.14 −1.26± 0.07 0.60 0.09± 0.05 2.60± 0.02 0.15 0.0

log(sSFR [yr−1]) 0.21± 0.21 −1.05± 0.14 0.50 0.94± 0.20 −1.46± 0.14 0.66 −0.00± 0.06 2.63± 0.04 0.15 −11.0

log(ΣSFR [M� yr−1 kpc−2]) 0.15± 0.13 −0.94± 0.04 0.49 0.37± 0.16 −0.93± 0.05 0.59 0.04± 0.04 2.62± 0.01 0.15 −2.0

log(Re [kpc]) −0.26± 0.14 −1.00± 0.05 0.48 0.96± 0.17 −0.62± 0.06 0.54 0.03± 0.04 2.63± 0.02 0.15 1.0

log(Σ?1 [M� kpc−2]) 0.09± 0.11 −0.95± 0.04 0.49 0.20± 0.13 −0.94± 0.05 0.58 0.12± 0.03 2.60± 0.01 0.14 9.0

log(Σ?e [M� kpc−2]) 0.12± 0.13 −0.87± 0.08 0.49 −0.50± 0.15 −1.14± 0.09 0.57 0.08± 0.04 2.67± 0.02 0.14 9.0

log(M?/Re [M� kpc−1]) −0.05± 0.17 −0.92± 0.04 0.49 0.28± 0.20 −0.91± 0.04 0.58 0.17± 0.05 2.62± 0.01 0.14 10.0

log(σ?Re [km s−1]) 1.44± 0.42 −1.05± 0.05 0.50 2.66± 0.48 −1.12± 0.06 0.59 0.40± 0.13 2.59± 0.02 0.15 2.0

log(Vrot [km s−1]) −0.10± 0.09 −0.88± 0.05 0.49 −0.01± 0.10 −0.89± 0.06 0.59 −0.00± 0.03 2.63± 0.02 0.15 2.0

log(S0.5 [km s−1]) 0.00± 0.11 −0.93± 0.06 0.49 0.12± 0.13 −0.94± 0.07 0.58 0.03± 0.03 2.62± 0.02 0.15 2.0

AGN disks

cos(i [deg]) −0.63± 0.31 −0.66± 0.16 0.38 0.42± 0.38 −1.04± 0.20 0.50 0.37± 0.12 2.43± 0.06 0.15 2.0

Table 2.A.2: Scaling relations between ionized gas out�ow properties and internal galaxy
properties for galaxies with AGN activity only. This table has the same layout as table
2.1.
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2.B Comparison to literature samples

In Fig. 2.B.1 we compare the Ṁout−SFR relation derived in our work with the (U)LIRG

sample analysed by Arribas et al. (2014), and the molecular gas out�ows (plus subset

with ionized gas measurements) of the on average more luminous galaxies studied by

Fluetsch et al. (2019). The distribution of star formation rates and AGN luminosities

for the latter are contrasted to our MaNGA out�ow sample and the AGN subset,

respectively, in Fig. 2.B.2. A better agreement with Arribas et al. (2014) is found when

adopting the IR-based SFR values for their (U)LIRGs, with the two samples covering

a complementary dynamic range. Alternatively, adopting their Hα-based SFRs, their

SFR− Ṁout relation may be o�set to higher out�ow strengths because their targets are

more compact, thus featuring higher star formation surface densities at a given SFR.

The ionized gas out�ow rates presented by Fluetsch et al. (2019) lie roughly along the

best-�t linear relation obtained on the basis of our MaNGA out�ow sample, with most

of them extending the dynamic range into the higher star formation activity regime,

whereas the scaling relation for molecular gas out�ows follows a similar slope but is

o�set to higher amplitudes.

Figure 2.B.1: Left: SFR - Ṁout relation from Arribas et al. (2014) overplotted on
the MaNGA relation presented in Fig. 2-7. The grey polygon and dashed black line
reproduce the linear regression to the out�ow sample analysed in this work. Right:

Fluetsch et al. (2019) results of molecular and ionized gas out�ows overplotted on Fig.
2-7.
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Figure 2.B.2: SFR and LAGN distributions of the full out�ow sample (left) and AGN
out�ow sample (right) presented in this work (purple), contrasted to that probed in
the molecular phase (�lled green) and ionized gas phase (open green) by Fluetsch et al.
(2019).



Chapter 3

Cool out�ows in MaNGA: a

systematic study and comparison to

the warm phase

3.1 Preamble

The ISM of galaxies exists as `a cocktail' of gases of di�erent temperatures and thus

it is unsurprising that out�ows are themselves a multiphase phenomenon. In order to

constrain the full mass budget of galactic winds, we need to pursue measurements of

the di�erent gas temperatures which have di�erent spectral tracers. The main caveat

to the work presented in Chapter 2, was that we only studied the ionized wind. In

this chapter we take advantage of the fact that the neutral sodium absorption feature

also appears within the MaNGA wavelength regime. The decomposition of the sodium

absorption feature is relatively di�cult compared to the ionized emission since it is

a heavily blended doublet feature with components from stars and gas. We mitigate

degeneracies between the di�erent components in the decomposition by constraining

the kinematic model of the galaxy disk using the modelling results from our ionized

out�ow study in Chapter 2.

In this chapter, I complement the results from Chapter 2 by presenting an investigation

on the nature of the cool/neutral winds in the same set of nearby MaNGA galaxies.



3.1 Preamble 81

This declaration concerns the article entitled:

Cool out�ows in MaNGA: a systematic study and comparison to the warm phase

Publication status (tick one)

Draft manuscript � Submitted � In review � Accepted � Published X�

Publication
details
(reference)

Avery et al. 2022, Monthly Notices of the Royal Astronomical Society,
511, 4223 DOI: https://doi.org/10.1093/mnras/stac190

Copyright status (tick the appropriate statement)

I hold the copyright for this material X� Copyright is retained by the publisher, but I have
been given permission to replicate the material here �

Candidate's
contribution
to the paper
(provide de-
tails, and also
indicate as a
percentage)

The candidate predominantly executed the work involved to publish
this article.

Formulation of ideas (50%): I worked in collaboration with Prof Stijn
Wuyts to formulate ideas for this paper. We further received guidance
from co-authors.

Design of methodology (75%): I received substantial supervisory guid-
ance from Prof Stijn Wuyts during the design of the methodology.

Experimental work (95%): I am responsible for developing all coding
pipelines underlying this work whilst making use of public repositories
as indicated. Prof Stijn Wuyts developed a minor fraction of the code.
This was a script to calculate the SFR change parameter from MaNGA
data (Section 3.5.1.c).

Presentation of data in journal format (90%): I produced all paper
�gures and tables and wrote the manuscript draft. The manuscript
was then edited by Prof Stijn Wuyts, and the edits were reviewed by
myself. I invited comments from coauthors and implemented relevant
changes based on these comments.

Statement from
Candidate

This paper reports on original research I conducted during the period
of my Higher Degree by Research candidature.

Signed

Date 12/04/2022



3.2 Abstract 82

3.2 Abstract

This study investigates the neutral gas phase of galactic winds via the Na I Dλλ 5890,

5895Å feature within z ∼ 0.04 MaNGA galaxies, and directly compares their incidence

and strength to the ionized winds detected within the same parent sample. We �nd

evidence for neutral out�ows in 127 galaxies (∼ 5% of the analysed line-emitting sam-

ple). Na I D winds are preferentially seen in galaxies with dustier central regions and

both wind phases are more often found in systems with elevated SFR surface densities,

especially when there has been a recent upturn in the star formation activity according

to the SFR5Myr/SFR800Myr parameter. We �nd the ionized out�ow kinematics to be

in line with what we measure in the neutral phase. This demonstrates that, despite

their small contributions to the total out�ow mass budget, there is value to collect-

ing empirical measurements of the ionized wind phase to provide information on bulk

motion in the out�ow. Depending on dust corrections applied to the ionized gas diag-

nostics, the mass out�ow rates (Ṁout) derived using the Na I D feature are ∼ 1.2− 1.8

dex higher, on average, compared to the ionized phase. We quantify scaling relations

between Ṁout and the strengths of the physical wind drivers (SFR, LAGN). Using

a radial-azimuthal stacking method, and by considering inclination dependencies, we

�nd results consistent with biconical out�ows orthogonal to the disk plane. Our work

complements other multi-phase out�ow studies in the literature which consider smaller

samples, more extreme objects, or proceed via stacking of larger samples.

3.3 Introduction

Galaxy feedback is an integral part of galactic evolution and is a necessary ingredient

in simulations to reduce the e�ciency of star formation within galaxies and to recreate

the observed shape of the galaxy stellar mass function (e.g., Benson et al., 2003; Dutton

& van den Bosch, 2009; Davé et al., 2011a; Somerville & Davé, 2015; Naab & Ostriker,

2017). Dominant sources of feedback include the energy injection to the interstellar

medium (ISM) from supernovae explosions (Dekel & Silk, 1986; Efstathiou, 2000; Keller

et al., 2015), stellar winds (Murray et al., 2005; Hopkins et al., 2014; Agertz & Kravtsov,

2015), and centrally accreting supermassive black holes known as Active Galactic Nuclei

(AGN; see Fabian, 2012 for a review on AGN feedback). It is widely accepted that AGN

are particularly important for regulating galaxy growth at high masses. One mechanism

by which AGN `feed back' into their surrounding environment is through the release

of powerful jets which can extend well into the circumgalactic medium heating the

halo gas, thus preventing it from cooling onto the disk. Another observed feedback
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phenomenon comes in the form of out�ows which originate from AGN accretion and/or

actively star-forming regions. These `galactic winds' are an example of an empirical

signature of feedback in action and they can impact the ISM gas by displacing it and

altering its thermal state, potentially impacting its ability to continue forming stars.

Galactic winds are thus thought to be critical in shaping the evolution of galaxies across

cosmic time (see, e.g., review by Veilleux et al., 2005), and many studies have focused

their e�orts towards detecting and quantifying the characteristics of galactic winds from

observations in an attempt to uncover their impact on host galaxy growth.

Traditionally the focus of such studies has been on extreme objects, such as ultralumi-

nous infrared galaxies (ULIRGs) and luminous AGNs, because the signatures of sys-

tematic blueshifts or broad velocity components tend to be most pronounced in them

(e.g., Heckman et al., 2000; Rupke et al., 2002; Schwartz & Martin, 2004; Martin, 2005;

Rupke et al., 2005a, 2017). Where e�orts have been made to access the more normal

low-redshift galaxy population, this has fruitfully been pursued using stacking of single-

�bre SDSS spectra (Chen et al., 2010; Cicone et al., 2016; Roberts-Borsani & Saintonge,

2019b; Concas et al., 2019). However, by construction such measurements are restricted

to the light captured within a single (in the case of SDSS, 3" diameter) �bre which sam-

ples di�erent fractions of the galaxy depending on galaxy distance and size. Moreover,

the galaxy parameter space that is potentially of in�uence to the presence and strength

of out�ow signatures is multi-dimensional and stacking approaches therefore inevitably

average over a distribution of galaxy properties, even if sample statistics are su�ciently

large to bin the population in more than one dimension. Among physical conditions

potentially of relevance are intrinsic properties related to the activity and mode of star

formation, and the presence and strength of any nuclear AGN activity. Dust shielding of

the tracer element1or extinction e�ects may further render observable wind signatures

more or less easily detectable. In addition, observational considerations such as our

viewing angle with respect to the galaxy system or the portion of the galaxy covered

by the spectroscopic observations may a�ect out�ow detection and characterisation.

In Avery et al. (2021), and in Chapter 2 of this thesis, we presented a comprehensive

study of the incidence and scaling relations of ionized gas out�ows in a large sample

of typical nearby galaxies probed by the MaNGA integral-�eld spectroscopic galaxy

survey (Bundy et al., 2015). We made use of the spatially resolved nature of the IFU

observations to (i) identify weak AGNs, (ii) remove the velocity �eld of systemic gas

to better disentangle narrow (disk) and broad (out�ow) components to the ionized line

1The existence of neutral or molecular particles can be challenged when exposed to high-energy,
ionizing photons. Dust grains can act to absorb these photons thus preventing photoionization.
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emission, (iii) estimate the extent of the out�ows, and from this take out�ow mea-

surements within apertures best sampling the extent of the out�ow for each individual

object. The main caveat in our work being that we only probed the ionized gas phase

of the out�ows.

The ionized phase, although being the easiest to constrain empirically, only makes up a

small fraction of the full mass budget of the winds being driven from galaxies. Detailed

multi-phase analyses of galactic out�ows have been achieved in individual well-studied

objects at low redshift (e.g. Feruglio et al., 2015; Leroy et al., 2015; Perna et al., 2019,

2020). Studies of the multi-phase nature of out�ows using larger samples tend to focus

on systems which are at the extreme end in terms of their star formation rates (SFRs;

Fluetsch et al., 2021). Statistical studies for the more typical galaxy population rely

on stacking techniques (Sugahara et al., 2017; Concas et al., 2019; Roberts-Borsani,

2020). We therefore decide to extend the literature by presenting this counterpart to

our ionized gas study in Chapter 2 (Avery et al., 2021). In this chapter we analyse

the incidence of neutral gas out�ows via the Na I Dλλ5890, 5895 Å transition, starting

from the same sample of line-emitting MaNGA galaxies that represent the underlying

population considered in Chapter 2 (Avery et al., 2021).

After outlining the methodology of out�ow identi�cation and characterization in Sec-

tion 3.4, we discuss in Section 3.5 the relative incidence of detectable neutral gas winds

compared to the subset of 322 objects showing evidence for ionized gas out�ows, and

the underlying analysed sample. For the 74 objects which have detectable winds in both

gas phases, we contrast the ionized and neutral wind properties. For the full sample

of 127 galaxies featuring detectable neutral gas out�ows we quantify their strength as

a function of key drivers such as the galaxies' star formation rate. We further con-

sider constraints on the out�ow geometry by mapping the average spatial distribution

of out�ow via a radial/azimuthal stacking procedure, and by considering trends with

inclination. We summarize our �ndings in Section 3.6.

Throughout the chapter, we adopt a Chabrier (2003) IMF and a �at ΛCDM cosmology

with ΩΛ = 0.7, Ωm = 0.3 and H0 = 70 km s−1 Mpc−1.

3.4 Method and Sample Selection

3.4.1 Extraction of galaxy spectra

This work makes use of data cubes from the MaNGA integral-�eld spectroscopic galaxy

survey (Bundy et al., 2015). We refer the reader to Section 2.4.1 (or Section 2.1 in Av-
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ery et al., 2021) for details on the parent sample used for this work. To summarize, we

take the 4239 MaNGA Data Release 15 (DR15) objects which are successfully analysed

by the MaNGA data analysis pipeline and cross-matched to the MPA-JHU database

(Kau�mann et al., 2003; Brinchmann et al., 2004; Salim et al., 2007), providing mea-

surements of total stellar masses and SFRs as well as their associated uncertainties. We

created high signal-to-noise (S/N) spectra by stacking spaxels within elliptical aper-

tures with major axis radii equal to 0.5Re, Re, and 1.5Re for each individual object.2

Here, Re is the galaxy's elliptical Petrosian e�ective radius in the r-band as measured

from the NASA-Sloan Atlas (NSA) imaging and provided as output by the MaNGA

data analysis pipeline. Before spaxel spectra were combined, the gaseous velocity �eld

was removed and spaxel spectra were interpolated over a common velocity grid (see

also Section 2.4.2.a in this thesis, or Section 2.2.1 in Avery et al., 2021). Errors on the

combined spectra were calculated following Equation (9) of Law et al. (2016) in order

to account for covariance between spatially adjacent pixels.

3.4.2 The analysed sample

In Chapter 2 (Avery et al., 2021), the ionized gas emission lines were analysed and

modelled with a narrow Gaussian component tracing the systemic gas associated with

the galaxy disk, and, where present, an additional broad Gaussian component tracing

the out�owing gas. This was done for each spectrum obtained within an elliptical

aperture, if the S/N was found to be greater than 10 in all lines which are used to

perform the [NII]-BPT diagnostic (Hβ, [OIII]λ5007, [N II]λ6583, Hα; see Baldwin et al.,

1981). A total of 2744 galaxies were found to have spectra obtained from at least one of

their elliptical apertures satisfying this S/N criterion. These galaxies were dubbed the

`analysed sample'. When referring in this chapter to the `spectra within the analysed

sample', we thus mean all spectra from the 0.5Re/Re/1.5Re apertures which satisfy the

S/N criterion. Of the galaxies making up the analysed sample, 322 showed evidence

for hosting an ionized out�ow from the presence of a broad-velocity component to the

line emission. We refer the reader to Section 2.4.2 (or Section 2.2 in Avery et al., 2021)

for an in depth description of the methodology used to identify ionized out�ows in the

MaNGA sample. In this chapter, we take the same high S/N spectra which we used

to look for ionized out�ows, to also search for out�ows in the neutral phase using the

Na I D spectral feature. For reference, galaxies in the analysed sample span a mass

range 8 . log(M?) . 12 (median 〈log(M?)〉 = 10.1) and redshift range 0 . z . 0.15

(median 〈z〉 = 0.03).

2For reference, the typical spatial resolution is FWHM ∼ 0.35Re and ∼ 0.55Re for sources in the
Primary and Secondary MaNGA samples, respectively (see Wake et al., 2017).
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We extended our analysed sample to include spectra which were obtained by stacking

spaxels within a radius of 0.25Re (corresponding roughly to the central resolution ele-

ment). Again, we only considered spectra with S/N > 10 in all [NII]-BPT lines. We

choose to only include the spectra with prominent emission line features because, as

explained in Section 3.4.3, we make use of the ionized gas kinematics extracted from a

simultaneous �t to the Hβ, [OIII], Hα, [NII] and [SII] emission lines (as described in

Chapter 2; Avery et al., 2021) to place kinematic constraints on the doublet component

arising from systemic ISM gas in the Na I D feature.

3.4.3 Na I D pro�le �tting

We search for gaseous out�ows in the neutral phase by modelling the Na I D pro�le

with a combination of its constituent components. Where an out�ow is present in front

of the disk along our line of sight, we expect to see a corresponding blue-shifted doublet

in absorption in the Na I D pro�le (see Fig. 1 in Roberts-Borsani & Saintonge, 2019b).

This is due to the out�ow being illuminated by the background galaxy disk.

Although out�owing gas can plausibly re-emit photons at Na I D wavelengths, due to

the isotropic re-emission of photons, any emission that reaches us will be overcome by

the absorption. Furthermore, we expect the re-emitted light from the receding out�ow

to be substantially dimmed by intervening dust in the galaxy disk. For these reasons

we expect any re-emission in the out�ow to be di�cult to detect, and by considering

the noise level in our data we choose not to account for this e�ect in our models. We

therefore search for neutral out�ows solely based on a blue-shifted absorption signature

in Na I D.

Unlike for the ionized emission, where we can use individual unblended lines (e.g., Hβ,

[OIII]λ4959, [OIII]λ5007) to aid the pro�le decomposition into disk (ISM) and out�ow

components (see Section 2.4.2, or Section 2.2 in Avery et al., 2021), the Na I D feature is

a heavily blended line complex: the observed Na I D feature has contributions from an

absorption doublet arising in stellar atmospheres, doublet emission or absorption stem-

ming from gas clouds at systemic velocities in the ISM, and (possibly) a contribution

from wind gas moving at larger velocities. A careful spectral decomposition into stellar

and gaseous components is thus critical for a comprehensive modelling of the Na I D

line complex.

To this end, we make use in this work of the Penalized Pixel-Fitting (ppxf) code by

Cappellari (2017) to �nd a best �tting stellar model for each spectrum in the anal-

ysed sample. We perform the stellar �tting on the full wavelength range provided by
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MaNGA whilst masking the Na I D feature since, as noted above, we expect a signi�-

cant contribution to the Na I D feature from gas in a number of cases, and we do not

want this gas to wrongfully in�uence the stellar models used. We refer the reader to

Section 2.4.2.a (or Sectiumpson 2.2.1 of Avery et al., 2021) for further details on the

ppxf settings used.

For each of the high S/N spectra in the analysed sample, and their associated stellar

models, we extracted the wavelength region containing the Na I D λλ5890, 5895Å dou-

blet feature3. Whilst �tting the Na I D feature, we work in velocity space within a

velocity window of ±2, 000 km s−1 centered on the Na I Dλ5890 line. The size of the

velocity window was chosen to ensure the He I emission feature, all components to the

Na I D absorption feature, and some portion of the stellar continuum on either side of

the feature were included in the window for all galaxies, to allow for all these comprising

features to be modelled simultaneously using the method described below. With the

stellar model in hand, we use mpfit (More et al., 1980, updated for Python by Sergey

Koposov) to perform a decomposition on the Na I D gas component. Given that the He

I λ5876 emission feature is often blended with the Na I D feature, we decided to model

this feature simultaneously with Na I D using a single Gaussian. We �x the kinematics

of the He I line emission to that derived for the strong-line ionized gas emission (Hβ,

[OIII], Hα, [NII], [SII]) and leave the line amplitude (AHeI) free to �t.

To model the Na I D gas component, we follow the �tting procedure outlined by Baron

et al. (2022), which is based on the completely overlapping atoms model scenario for-

mulated by Rupke et al. (2005a). To determine if a neutral gas out�ow is present, each

spectrum in the analysed sample is �t with a simple ISM-only model and an ISM +

out�ow model. To account for the fact that the ISM component of the Na I D feature

can either be emitting or absorbing (e.g., see Concas et al., 2019), we consider four

types of models in total: (i) ISM absorption + out�ow, (ii) ISM emission + out�ow,

(iii) ISM absorption, (iv) ISM emission. We then compare the di�erent models using

the Bayesian information criterion (BIC) statistic. The model was performed on the

observed spectrum in velocity space F (v). Below we describe the details of each model.

Since emission terms are additive and absorption terms are multiplicative, we use the

following equation for model (i):

3Although we refer to the rounded wavelength values of the spectral features throughout this chapter,
in our analysis we use the exact vacuum rest-frame wavelength positions of the red and blue doublet
components of the Na I D feature at 5891.58Å and 5897.56Å, respectively. For the He I emission
feature, which is often blended with Na I D feature, we take the vacuum rest-frame wavelength at
5877.25Å. Exact wavelengths are taken from (Kramida et al., 2021).
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(i) F (v) = [FHeI(v) + Fstars(v) + c]× FNaID, abs(v)

Here, FHeI(v) represents the He I Gaussian model, Fstars(v) the stellar model (deter-

mined using ppxf), and c represents a free constant which can be considered a nuisance

parameter to account for `bad' continuum �tting in the Na I D region. Note that we �nd

typical values of c to be small, at the level of 0.5% of the stellar continuum. FNaID, abs
is the Na I D gas component model, and is given by the following equation:

FNaID, abs(v) = 1 − Cf + Cfexp{−τISM,b(v)− τISM,r(v)

−τB,b(v)− τB,r(v)}
(3.1)

Cf is the covering fraction of the gas. τb(v) and τr(v) are the optical depths of the blue

(NaID λ5890) and red (NaID λ5895) doublet components, where the subscript `ISM'

refers to optical depths associated with the absorbing ISM gas, and `B' refers to the

absorbing gas making up the broad (out�ow) component. The optical depth is given

by the following equation:

τ(v) = τ0 exp(−∆v2/b2) (3.2)

where τ0 is the optical depth at the center of the line, ∆v is the velocity shift of the line

center from the galaxy's systemic velocity, and b is the Doppler parameter. b is related

to the velocity dispersion of the line by b =
√

2σ.

Both ∆v and b are tied between the red and blue line components of the doublet

features arising from the ISM and out�ow absorption. To prevent the ISM model

parameters taking unrealistic values, we place the following constraints on the velocity

dispersion and velocity shift of the Na I D ISM absorption component: σISM ≤ σN and

∆vISM ≤ 2σN, where σN represents the width of the narrow component in the ionized

line emission.

The optical depth at line center for the red doublet component is left to �t freely for

both the ISM (τ0,r,ISM) and out�ow (τ0,r,B) components in the model. We determine

the blue line center optical depths (τ0,b,ISM and τ0,b,B) using the doublet ratio method

(Somerville, 1988).

In total, model (i) has 9 free parameters: AHeI, Cf , τ0,r,ISM, ∆vISM, bISM, τ0,r,B, ∆vB,

bB, c.

To account for galaxies with an emitting ISM gas component we use the following model:

(ii) F (v) = [FHe I(v) + Fstars(v) + c+ FNaID, em(v)]× FNaID, abs(v)
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where the ISM component FNaID, em(v) is described by a Gaussian doublet with kine-

matics �xed by the narrow component model to the ionized line emission. The am-

plitude of the red doublet line Ar,ISM is left as a free parameter and the ratio of the

doublet lines Ar,ISM/Ab,ISM is limited within the range [1,2].

The out�ow component is de�ned as follows:

FNaID, abs(v) = 1− Cf + Cfexp{−τB,b(v)− τB,r(v)} (3.3)

In total, model (ii) has 8 free parameters: AHeI, Ar,ISM, Ar,ISM/Ab,ISM, Cf , τ0,r,B, ∆vB,

bB, and c.

(iii) Same as model (i) except the optical depths associated with the out�ow doublet

component (τB) are removed from the FNaID,abs(v) factor, leaving 6 free parameters:

AHeI, Cf , τ0,r,ISM, ∆vISM, bISM, c.

(iv) Same as model (ii) except the FNaID,abs(v) factor is removed from the model, leaving

4 free parameters: AHeI, Ar,ISM, Ar,ISM/Ab,ISM, c.

Errors on �t parameters were determined from the covariance matrix returned by mpfit,

which took into account the observed error spectrum (see Section 3.4.1) in the �tting

process.

3.4.4 Out�ow criteria

For a galaxy to show evidence for neutral gas out�ows, all of the following criteria need

to be satis�ed in at least one of the aperture sizes considered:

(a) Either model (i) or (ii), in other words a model with an out�ow component, must

provide a signi�cantly better �t to the observed spectrum over both ISM-only

models [(iii) and (iv)] according to the BIC criterion. We choose the BIC criterion

as it prevents selection of an over-�t model by penalising models with a higher

number of free parameters. For two models, 1 and 2 with total chi-squared χ1,2,

p1,2 free parameters and n data points, ∆BIC = χ2
2 + p2ln(n2) − χ2

1 − p1ln(n1).

We take ∆BIC > 10 (Fabozzi et al., 2014; see also Swinbank et al., 2019) to be

evidence that an ISM+out�ow model is required over either ISM-only models.

(b) The absolute value of the peak amplitude of the out�ow component must be at

least 3 times larger than the standard deviation of the �ux within continuum

windows surrounding the Na I D line.
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(c) The blueshift of the out�ow component from the ISM component must be less than

-50 km s−1 (i.e., in amplitude larger than 50 km s−1) to ensure the components

are kinematically distinct (see also Rupke et al., 2005b), but also greater than

−640 km s−1 to prevent components from drifting o� and �tting noise.

(d) The Doppler parameter of the out�ow component (bB) must be larger than the

Doppler parameter of the ISM gas.4 Furthermore, to avoid the out�ow component

�tting for any continuum residuals that may not have been accounted for properly,

we impose the upper limit: bB < 2000 km s−1.

(e) Na I D must contain a signi�cant gas component. To check for this, we compare

the standard deviation of the �ux residuals remaining after the removal of the

stellar model in the Na I D and Mg I λλ5167, 5173, 5184 (Mg b) wavelength

regions, where, unlike Na I D, the Mg b triplet only has absorption associated

with stellar atmospheres.5 We require the standard deviation of the residual in

Na I D to be at least 10% larger than the residual in Mg b.

(f) The spectral �tting must pass a visual inspection, where we fail objects if the

presence of an excess �ux residual in Na I D is ambiguous, after the removal of

the stellar component.

Applying the criteria in the order that they are listed above limited the number of

potential wind galaxies down from 2744 galaxies to 1252, 579, 217, 173, 147, and �nally

to 127.

The lower limit value in criteria (c) was chosen by adjusting the value until we were

satis�ed, by eye, that there were no false positives due to the �tting of noise in the

out�ow sample. The upper limit in criteria (d) was also chosen based on the same

reasoning. Criterion (e) was chosen based on an eyeball inspection of the residuals

from the stellar �tting in the Mg b and Na I D wavelength regions (i.e., by inspecting

plots equivalent to left panel of Fig. 3.4.1). We highlight that these somewhat arbitrary

choices of criteria only eliminate a handful of objects from the out�ow sample, and when

applying criteria (c) and (d), it is the upper and lower limits respectively which have

the majority impact. We consider the impact of the −50 kms−1 upper limit imposed

4Given the de�nition b =
√
2σ, this is equivalent to the requirement that the velocity dispersion of

the out�ow component must exceed that of the ISM gas.
5Due to the similarity between the production of Mg b and Na I D stellar transitions, and their

similar ionizing potentials, the Mg b absorption is a good probe for the amount of stellar absorption
expected in Na I D. Given that the robust extraction of the Na I D gas component relies on a good
stellar �t, a comparison of the stellar residuals in the two regions is an adequate way to ensure our Na
I D gas model is securely tracing features arising from the ISM/out�owing gas, and not the residuals
of a poor continuum �tting.
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Figure 3.4.1: Left: Example Na I D multi-component pro�le �tting for a MaNGA
object. The total best �tting pro�le is shown with the black dashed line. Right: Upper
panels show the best �tting ppxf stellar spectrum in the wavelength regions containing
the Mg b triplet and the Na I D doublet. Lower panels show the residuals from the
removal of the stellar model (and He I model). If a gas component is present, we expect
signi�cantly larger residuals in Na I D compared to Mg b, as shown here.

in criterion (c). This is modestly below the typical MaNGA spectral resolution of

∼ 70 kms−1, which we believe is appropriate as accounting for the line spread function

allows for centroid determination at this level, and given that we are able to constrain

upper limits on the kinematics of the Na I D-ISM component based on the emission

line �tting. Furthermore, we �nd that ∼ 80% of detected Na I D winds have an out�ow

component which is blue-shifted by more than 70 km s−1.

In 37 cases, both models (i) and (ii) satisfy the above out�ow criteria. For these systems,

we then choose the better �tting model out of (i) and (ii) as the one with the largest

associated ∆BIC value.

An example decomposition of the Na I D pro�le for a galaxy showing evidence of a

galactic wind in the neutral gas phase is shown in the left-hand panel of Fig. 3.4.1. For

this object, we found model (i) to provide the best �t to the observed line pro�le. In the

right-hand panel of Fig. 3.4.1, where we show a comparison of the residuals after the

removal of the stellar spectrum in the wavelength regions containing the Mg b and the

Na I D feature, we can see a signi�cant absorption residual in the Na I D wavelength

regime compared to the Mg b region, supporting our gas-model determination.

We �nd 127 galaxies in total that show evidence for neutral gas out�ows within at

least one of their 0.25/0.5/1/1.5 Re stacks, based on the above criteria (see also Table

3.4.1). These galaxies are referred to as the `neutral out�ow sample' in the remainder

of this chapter. Of these, we �nd 76 and 51 to be from non-active and active galaxies,
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Aperture size Number of spectra Number of out�ows
analysed detected

0.25Re 2192 76
0.5Re 2457 71
1Re 2658 64

1.5Re 2721 52

Table 3.4.1: For each aperture size investigated, we list the number of spectra which
were analysed in search of neutral gas out�ows, and of these, the number of which
showed evidence for neutral out�ows. Detection rates are highest in smaller apertures.
Most galaxies are analysed using more than one aperture size; there are 2744 unique
galaxies which have analysed spectra, and 127 of these show evidence for out�ows.

respectively, based on the position of the line ratios determined within 0.25Re relative

to the Kau�mann et al. (2003) separation curve on the [NII]-BPT diagnostic diagram.

3.4.5 Out�ow extent and adopted aperture size

Similar to Chapter 2 (Avery et al., 2021), for each object in the neutral out�ow sample,

we determine an optimal aperture size from which we extract out�ow properties, where

we take the optimal aperture as an ellipse with major axis radius equal to radial extent

of the out�ow (Rout). For the ionized gas we performed an annular binning method

to measure the radial extent of the broad velocity component (originating from the

out�ow) to the Hα emission (see Section 2.4.2.f or Section 2.2.6 in Avery et al., 2021).

However, since the Na I D feature is relatively weak compared to the ionized emission,

we �nd this method to be unsuitable due to the relatively low S/N in each of the radial

bins. Instead we determine a rough estimate of the out�ow extent as follows. For

each object in the out�ow sample, we consider which of the analysed apertures (out of

0.25Re, 0.5Re, 1Re, 1.5Re) shows evidence for out�ow based on the criteria outlined in

Section 3.4.4. If out�ows are seen in more than one aperture size for a given galaxy, we

determine which of the apertures best samples the out�ow light in that galaxy, and we

take that aperture size as a measure of the radial extent of the out�ow.6 We achieve

this by adopting the out�ow extent as the aperture size that maximises the product

of the covering fraction of the gas, the column density of the gas, and the out�ow

velocity (see Section 3.4.6 for detailed parameter de�nitions). Henceforth, we refer to

this aperture as the `out�ow aperture', and all neutral out�ow diagnostics for the object

under consideration are quanti�ed using the best-�t parameters from the decomposition

6We do not simply choose the largest aperture size as including spaxels outside the out�ow extent
may simply have the e�ect of adding more continuum light, and thus more noise, to our spectra making
the observed out�ow absorption signature more di�cult to detect.
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Out�ow extent Number of galaxies
0.25Re 62
0.5Re 29
1Re 22

1.5Re 14

Table 3.4.2: A table summarising the number of galaxies which have out�ows reaching
a given out�ow extent. We estimate the out�ow extent by considering which aperture
size best encompasses the out�ow gas based on the product of the covering fraction of
the gas, the column density of the gas, and the out�ow velocity.

of the Na I D feature of the spectrum extracted from this aperture.

Of the 127 objects which show evidence for neutral gas out�ows, the number of out�ows

with an extent of either 0.25, 0.5, 1, or 1.5 Re is listed in Table 3.4.2. We �nd most

out�ows are centrally concentrated within ∼ 0.25Re.

As a sanity check, we re-ran our analysis when the out�ow radius within each galaxy is

taken to be that aperture size which maximises the full Eq. 3.5 for out�ow rate (including

the Rout factor itself, taken to be the radius of the aperture under consideration). We

�nd that our key results do not change, and we recover the same Ṁout dependencies on

other galaxy properties as recorded in this chapter.

3.4.6 Out�ow properties

This section describes how we quantify the physical characteristics of neutral gas out-

�ows, where detected among the MaNGA galaxy population. In summary, we measure

the properties of neutral gas out�ows within individual galaxies using the parameters

derived from the decomposition of the Na I D pro�le, obtained from the out�ow aper-

ture.

To be consistent with Chapter 2 (and Avery et al., 2021), we de�ne the out�ow velocity

as follows:

vout = |∆vB − 2σB| (3.4)

where ∆vB is the shift of the line pro�le centroid of the out�ow component relative to

the galaxy's systemic velocity as de�ned from the narrow component emission in the

ionized gas lines, and σB is the velocity dispersion of the out�ow component.

To estimate the mass out�ow rate, we use the equations from Baron et al. (2022).

These are based on the model described by Rupke et al. (2005b) which makes several
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assumptions about the geometry of the wind and calculates the time-averaged out�ow

rates (as opposed to instantaneous out�ow rates allowing for better comparisons with

the SFR). We refer the reader to Rupke et al. (2005b) for model details.

Ṁout = 11.45 M� yr−1

(
CΩ

0.4
Cf

)(
NH

1021 cm−2

)(
Rout

1 kpc

)( vout

200 km s−1

)
(3.5)

We assume a value of 0.4 for the large-scale covering factor CΩ, which is related to the

wind's opening angle. This follows the assumption made by Rupke et al. (2005b) for

infrared galaxies. Covering fractions Cf are computed for individual galaxies from our

Na I D �ts. We �nd a range of Cf values spanning 0.05 to 1. The out�ow radius Rout

is estimated for each object as described in Section 3.4.5. NH is the column density of

the gas and can be estimated using the equation:

NH =
NNaI

(1− y)10A+B+C
(3.6)

where we follow Baron et al. (2022) in de�ning the parameters as follows. The sodium

neutral fraction (1 − y) = 0.1 (Stokes, 1978; see also Rupke et al., 2005a), the sodium

abundance term A = log(NNa/NH) = −5.69, and the sodium depletion term B =

log(NNa/NH)total− log(NNa/NH)gas = −0.95 (Savage & Sembach, 1996; see also Rupke

et al., 2005a). The gas metallicity term C = log(Z/Z�), where Z is taken from the

mass � metallicity relation of Curti et al. (2020) and log(Z�) = log(O/H)� = −3.31

(Allende Prieto et al., 2001). Given that NH is the total column density of all hydrogen

gas (as opposed to just the neutral gas phase), Eq. 3.5 could be interpreted as providing

a measure of the total hydrogen mass out�ow rate when it is assumed that the other

parameters in Eq. 3.5 are characteristic of all phases of hydrogen. We note, however,

that the parameters in Eq. 3.6 are empirically determined based on measurements along

sight lines (Stokes, 1978; Savage & Sembach, 1996) where sight lines tend to probe the

volume-�lling neutral gas phase, and less-so the ionized phase (which primarily lies in

HII regions) and the molecular phase (which forms in dense clumps).

The column density of the sodium gas NNaI can be estimated using our �tting results

for the line center optical depth of the red doublet component (Draine, 2011):

NNaI = 1013cm−2
( τ0,r

0.7580

)(0.4164

flu

)(
1215Å
λlu

)(
b

10 km s−1

)
(3.7)

where flu = 0.32 and λlu = 5897Å are parameters describing the Na I D atomic transi-

tion.
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To obtain an estimate of the error on our Ṁout measurement, we propagate errors on

the dependent parameters Cf , τ0,r, b, vout(∆vB, σB) and Rout, where the uncertainty on

Rout accounts for the �nite spatial resolution, and uncertainties on the other parameters

are taken from the output of the mpfit �tting process (Section 3.4.3).

3.5 Results and Discussion

In this section, using the out�ow properties derived from the Na I D feature decomposi-

tion, we present our key �ndings and discuss their context within the relevant literature.

First, we explore the incidence of galaxies with visible neutral winds among the under-

lying galaxy population and in relation to the ionized wind population (Section 3.5.1).

Second, for a subsample of wind galaxies, we are able to directly compare the kinemat-

ics and out�ow energetics in di�erent phases (Section 3.5.2). Third, we present scaling

relations between the mass out�ow rate and out�ow drivers (Section 3.5.3). Finally, we

consider the geometry of the winds (Section 3.5.4).

3.5.1 Out�ow incidence

3.5.1.a Which line-emitting galaxies show Na I D out�ow signatures?

Of the 2744 line-emitting MaNGA objects analysed in our pipeline, 322 (∼ 12%) show

evidence for warm ionized out�ows appearing as broad velocity components to the

ionized line emission, and 127 (∼ 5%) show evidence for cool neutral out�ows based

on the requirement of an additional blue-shifted absorption component to the Na I D

feature. A subset of only 74 MaNGA galaxies show out�ows in both the ionized and

neutral gas phases.

We �nd a signi�cant fraction of out�ows originate from galaxies with evidence for AGN

activity based on their nuclear BPT classi�cations: ∼ 60% of ionized out�ows and

∼ 43% of neutral out�ows originate from active galaxies.

Among the parent analysed MaNGA sample, we �nd Na I D wind detections to be more

prevalent among systems of higher stellar masses (M?), central stellar velocity dispersion

(calculated within 1 Re, σ?Re), speci�c SFRs (sSFR), SFRs, star formation surface

densities ΣSFR (ΣSFR ≡ SFR/2πR2
e), and AGN luminosities LAGN.7 Furthermore, when

compared to the ionized out�ow sample, Na I D winds are preferentially seen towards

7We refer the reader to Section 2.4.2.e of (or Section 2.2.5 of Avery et al., 2021) for an in depth
description of the calculation of AGN-luminosities used in this work. In short, we measure LAGN by
applying a bolometric correction to the AGN-photoionized [OIII] emission.
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higher sSFRs, SFRs and ΣSFR. We con�rm this using the Kolmogorov-Smirnov (K-

S) test, which quanti�es the distance between cumulative distributions. We present

histograms illustrating these e�ects in Appendix 3.A. Among the parameters listed

above, we �nd the ΣSFR distribution to display the largest contrast when comparing

the ionized and Na I D wind samples, with a K-S value of 0.24 (p-value p = 3× 10−5).

As outlined in Section 3.4.2, we search for neutral winds among the same analysed

sample of line-emitting galaxies as de�ned in Chapter 2 (Avery et al., 2021), even though

the detection of neutral winds is based on the Na I D absorption feature. Although the

tell-tale, blue-shifted absorption signature of out�ows could in principle be present in

Na I D among the sample of galaxies which do not show signi�cant line emission (and

thus do not make it into the analysed sample), we expect this to be the case for only

a very small number of objects. This is because the galaxies which do not satisfy our

criteria for signi�cant line emission have lower ΣSFR, when compared to the underlying

MaNGA sample, whereas our results show that neutral out�ows are prevalent among

systems with enhanced ΣSFR compared to the underlying population. We therefore

assume the number of out�ow detections in non-line-emitting galaxies to be negligible,

and thus conclude incidence rates of ∼ 8% and ∼ 3% among the full MaNGA sample

for the ionized and neutral winds, respectively.8

3.5.1.b Impact of dust

Although out�ows detected with Na I D are o�set towards higher ΣSFR when compared

to both the analysed sample and the ionized out�ow sample, this o�set can to a large

degree be attributed to a higher incidence of neutral out�ow detections in dustier sys-

tems. This e�ect is presented in Fig. 3.5.1. Here we show the incidence of ionized

and neutral out�ows in ΣSFR and Hα/Hβ, where the former parameter quanti�es the

galaxy's global SFR surface density, and the latter parameter probes the amount of

dust attenuation within the out�ow aperture (of radius governed by the out�ow extent;

see Section 3.4.5). It is evident that the Balmer decrement and ΣSFR values are cor-

related. Where star formation is more active, this tends to be associated with larger

columns of dust. Li et al. (2019) analyze this relation and document how the (sub-

stantial) scatter around it can be attributed to variations in metallicity, inclination,

as well as dust geometry. Of note to our investigation of out�ow incidence, one can

8Evaluated with respect to the full population of galaxies with log(M∗) & 9 in the nearby Universe,
the fraction of objects with detectable wind signatures is anticipated to be yet lower, given that the
MaNGA sample was drawn from a �at mass distribution rather than straight from the galaxy stellar
mass function (Wake et al., 2017), and that out�ow detections are more prevalent towards the high-mass
end (see Appendix Fig. 3.A.1).
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Figure 3.5.1: Incidence of ionized (blue) and neutral (orange) gas out�ows as a function
of total galaxy star-formation surface density, and dust content probed by the Balmer
decrement within the out�ow aperture. The underlying analysed sample is shown in
grey shades. Circle and diamond symbols denote galaxies without and with nuclear
activity, respectively. Neutral gas out�ows are preferentially detected in more dusty
systems.
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appreciate from Fig. 3.5.1 that at �xed ΣSFR the galaxies with Na I D winds sample

preferentially the regime with log(Hα/Hβ) & 0.65 (corresponding to AV,gas & 1.2),

whereas ionized winds are detected across a broader range of Balmer decrements, down

to low obscuration levels (log(Hα/Hβ) ∼ 0.5 corresponding to AV,gas ∼ 0.3). At such

low obscurations, ionized out�ows span the full range from high ΣSFR (predominantly

star formation driven winds) to low ΣSFR (predominantly AGN driven winds). Note

that star formation and AGN driven winds can be identi�ed separately in Fig. 3.5.1 as

circle and diamond markers, respectively. At higher obscuration levels, no clear di�er-

entiation between ΣSFR distributions of ionized versus neutral out�ows is seen at �xed

Hα/Hβ. We thus conclude that it is primarily dust attenuation which dictates wind

detectability in the neutral phase as probed by Na I D.

This result is not unexpected given that dust grains could potentially provide the shield-

ing from ionizing radiation that is necessary to sustain a signi�cant abundance of de-

tectable Na I D gas, given its relatively low ionizing potential compared to hydrogen.

Furthermore, a strong positive correlation between the equivalent width of the Na I D

absorption and the Balmer decrement computed within the out�ow aperture (Spear-

man's rank correlation coe�cient Rs = 0.6, p = 2× 10−13; see Fig. 3.B.1 in Appendix

3.B) points towards dust playing an important role in Na I D detection. Previous stud-

ies have recognised this trend and have further shown that Na I D out�ows themselves

have a signi�cant dust component (Heckman et al., 2000; Rupke et al., 2005b; Veilleux

et al., 2005; Chen et al., 2010; Veilleux et al., 2020).

3.5.1.c SFR change parameter

We now turn to investigate the dependence of out�ow detection on recent changes

in the star-formation history given that processes associated with star-formation are

important drivers of galactic winds in typical nearby galaxies. The motivation for this

is that we could imagine a scenario where the ionized winds, which probe the warm

wind phase, are more instantaneously related to a recent �uctuation in SF activity

upwards, compared to the neutral-gas winds which are colder and therefore may probe

winds until later after the initial launching event, imprinted in absorption onto the

background light as they are coasting away from their launching site.

To investigate this, we calculate the SFR change parameter (SFR5Myr/SFR800Myr) de-

�ned by Wang & Lilly (2020) as the SFR averaged over the past 5 Myr divided by

the SFR averaged over the past 800 Myr. This parameter can take values above or

below unity depending on whether there was a recent enhancement or suppression of



3.5 Results and Discussion 99

5 4 3 2 1 0
log( SFR [M yr 1 kpc 2])

0.5

0.0

0.5

1.0

1.5

lo
g(

SF
R 5

M
yr

 / 
SF

R 8
00

M
yr

)

Median grey shades
Ionized outflow
NaID outflow

0 1
y

0

2

Figure 3.5.2: SFR change parameter versus SFR surface density. The pink line presents
the running median of the MaNGA analysed sample whose distribution is shown by grey
shades. The positions of galaxies with ionized winds are shown in blue symbols and
galaxies with Na I D winds are shown in orange. Circle and diamond symbols denote
galaxies without and with nuclear activity, respectively. The histogram in the top-left
shows the distribution of the vertical distances between data points and the pink line.
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star formation relative to the typical star formation occurring over the past 800 Myr.

It is computed using the Hα equivalent width, Hδ absorption equivalent width, and

strength of the 4000Å break as inputs, and calibrated using a suite of stellar population

synthesis models (see Wang & Lilly 2020 for details). These parameters are computed

within the same Rout sized aperture used to probe the out�ow properties.

In Fig. 3.5.2 we show the position of objects in the SFR5Myr/SFR800Myr versus ΣSFR

plane, where the former parameter is calculated within the out�ow aperture. We �nd a

positive correlation between the two in the underlying analysed sample and the out�ow

subsamples. The correlation in the analysed sample can be clearly seen in the median

trend line (pink line in Fig. 3.5.2), where we use a `sliding window' to calculate the

median SFR5Myr/SFR800Myr within a given ΣSFR interval of width 0.3 dex and in incre-

ments of 0.05 dex. The presence of such correlation is not necessarily surprising. The

MPA-JHU star formation rates on which the galaxy-averaged star formation surface

densities are based are inferred from Hα and thus probe short timescales, making it

plausible that at higher ΣSFR more galaxies are found to have recently turned up their

star formation activity.

The data in the inset histogram in Fig. 3.5.2 are collected by measuring the vertical

distance of the out�ow objects from this median trend. This histogram shows that

galaxies with detectable winds in the ionized phase, or in Na I D, preferentially have

higher SFR5Myr/SFR800Myr values than one might expect given their galaxy star forma-

tion surface densities, and we verify this o�set is signi�cant using the K-S statistic. Fig.

3.5.2 further shows that out�ow objects preferentially have SFR5Myr/SFR800Myr values

above one, particularly those classi�ed as star forming with no active nucleus according

to the BPT diagnostic9, where∼ 80% of star forming systems show SFR5Myr/SFR800Myr

values > 1. This indicates that these objects had a recent upturn in their SFR.

When comparing the di�erent gas phases, we �nd no signi�cant o�set in the distribu-

tions of SFR5Myr/SFR800Myr values at a given ΣSFR. The lack of di�erence between

the ionized and Na I D means we cannot draw conclusions about the relative timescales

over which the di�erent tracers probe the out�owing gas.

We point out to the reader that the 74 objects with out�ows detected in both ionized

and neutral phases appear twice in �gures 3.5.1 and 3.5.2 (once as a subsample of

9We note that the SFR change parameter as introduced by Wang & Lilly (2020) was calibrated
using pure stellar population models, and may therefore be compromised in the presence of AGN
contributions to the input spectral diagnostics, especially EW(Hα). While galaxies with an active
nucleus are for completeness included in Fig. 3.5.2, we tested that the same conclusions hold when
restricting the samples to inactive galaxies only.
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the orange points, and once as a subsample of the blue points), since the y-values are

based upon measurements made within the out�ow aperture (of radius governed by the

out�ow extent), which is derived separately for the ionized and neutral winds.

3.5.2 Ionized versus neutral gas out�ows

In this section we directly compare the out�ow properties measured in the cool neutral

and warm ionized phases. In Fig. 3.5.3, we present a comparison for Ṁout and vout, for

the subset of 74 MaNGA galaxies where winds are detected in both Na I D and ionized

emission.

We �nd Ṁout is correlated between the two phases with a Spearman's rank correlation

coe�cient Rs ∼ 0.4 (p ∼ 3 × 10−4). The mass out�ow rates derived using Na I D are

signi�cantly larger than the mass out�ow rates calculated for the ionized gas phase,

with a median o�set of ∼ 1.8 dex. This latter result is roughly consistent with other

empirical studies on multiphase out�ows including Roberts-Borsani (2020) and Fluetsch

et al. (2021).

In Chapter 2 (Avery et al., 2021), we identi�ed clues that the out�owing wind medium

may be dust-enhanced relative to the ISM in the galaxy disks, expressed by an elevated

Balmer decrement for the broad-component line emission. If taking these (challenging)

measurements at face value, and applying dust correction factors based on the broad-

component Hα/Hβ, rather than the default Balmer decrements from single-Gaussian

�ts (predominantly probing the light from the galaxy disk), the ionized mass out�ow

rates go up, but remain systematically below those Na I D-derived mass out�ow rates,

with a median o�set of ∼ 1.2 dex.

One may further note in Fig. 3.5.3 that the Ṁout,NaID/Ṁout,ionized ratio appears to

increase among weaker winds. We caution against over interpreting this trend, in the

sense that not for all galaxies with ionized winds a Na I D out�ow signature was

detectable. Among weak (and less obscured) ionized winds, a counterpart Ṁout,NaID

measurement is more frequently missing, and it may therefore be that those objects

featuring on the left side of Fig. 3.5.3 (top panel) represent the upper tail of a distribution

in Ṁout,NaID.

Broadening our perspective to all wind phases, Fluetsch et al. (2021) have shown that

in local ULIRGs, the ionized wind component often only makes up a very small (or

even negligible) fraction of the total out�ow mass budget, whilst the neutral phase

contributions are of the order 10%, and the molecular phase can account for up to

∼ 95% of the out�ow mass in some objects presented in their study. Roberts-Borsani
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Figure 3.5.3: Comparison of the mass out�ow rate (top) and out�ow velocity (bottom)
in the ionized and neutral gas phases within the same MaNGA objects. The black solid
line shows the one-to-one relation. Typical errors are shown.
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(2020) �nd similar results in the more typical galaxy population where they show via a

stacking procedure that the molecular phase accounts for the majority of the out�owing

material, whilst the neutral phase accounts for around 30%, and the ionized phase is

negligible.

The vout comparison shown in the bottom panel of Fig. 3.5.3 shows a correlation

between the out�ow velocities in the ionized and neutral phases along the one-to-one

line (Rs ∼ 0.5, p ∼ 1× 10−6). This indicates that despite the fact that the ionized gas

only makes up a fraction of the wind, its kinematics are characteristic of the motion of

the neutral gas which makes up a larger fraction of the out�owing material. Separating

objects by their excitation type, as assessed via the [NII]-BPT diagram, we �nd this

trend to hold for both non-active and active galaxies. Out�ow velocities span the range

vout ∼ 190 − 640 km s−1 (median vout = 363 km s−1) for Na I D winds, and for the

ionized phase vout ∼ 250 − 620 km s−1 (median vout = 389 km s−1). Comparing to

the literature, Concas et al. (2019) �nd their most extreme Na I D wind velocities to

be within the upper half of the range seen here. Furthermore, previous studies tend to

�nd typically slower wind velocities in the neutral phase compared to the ionized phase

(e.g., Roberts-Borsani, 2020; Baron et al., 2022). In this context, we note that if we

were to de�ne the neutral out�ow velocity by the 95th bluest percentile of the gaseous

Na I D absorption (as e.g. adopted in Baron et al. 2022) rather than by Eq. 3.4, the

amount by which ionized winds, in the median, are faster increases from 0.03 dex to

0.13 dex.

We further �nd the ionized out�ow to be more extended than the Na I D out�ow with

55 (out of 74) objects having smaller calculated out�ow radii in Na I D. The median of

the distribution of Rout values for the ionized and neutral out�ow samples is 3.8 and 1.9

kpc, respectively. Central concentrations of dust as revealed by the typically negative

gradients of dust attenuation within galaxies may be at least partially responsible for

the centrally concentrated nature of Na I D out�ows.

3.5.3 Scaling relations for Na I D out�ows

In this section we present and discuss the scaling relations uncovered between the

strength of the gas out�ows derived using the Na I D feature, characterised by Ṁout,

and the strength of their physical drivers SFR and LAGN. These relations are shown in

Fig 3.5.4.

The python package linmix (Kelly, 2007) is used to determine linear �ts to the relations

as it takes into account the errors in both x and y. The linear regression in Ṁout− SFR
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space gives a power law slope of 0.67 ± 0.1 with data showing a scatter of 0.56 dex

about the trend line. Active galaxies tend to sit above the best�t line, plausibly due

to contributions from nuclear activity besides star formation to the wind driving, and

account for more outliers in the relation. This is re�ected in the smaller scatter (∼ 0.42

dex) and steeper slope (0.74±0.2) measured when they are removed from the top panel

of Fig. 3.5.4. When considering non-active systems alone, we �nd power law slopes

in agreement (at the 1σ level) for the ionized and Na I D phases, where we found

Ṁout ∝ SFR0.97±0.07 for the ionized winds. When considering all systems, the Ṁout−
SFR relation derived using the Na I D feature has a ∼ 0.1 dex larger scatter than the

ionized relation presented in Chapter 2 (Avery et al., 2021).

Comparing to the literature, Roberts-Borsani & Saintonge (2019b) performed a stack-

ing analysis on SDSS single-�bre spectra and found a steeper relation of the form

Ṁout,NaID ∝ SFR1.08±0.17, albeit with a lower zero-point, when considering both non-

active and active galaxies. Although their slope measurement is only in agreement with

our result at the 2σ level, our study extends out�ow measurements down to lower SFRs

(< 1M�yr−1) where we see active galaxies sitting above the trend line. In limiting the

SFR range to that explored by Roberts-Borsani & Saintonge (2019b), we �nd a slope

in agreement at the 1σ level. When considering the absolute Ṁout values, we �nd a

median Ṁout ∼ 7.3 M�yr−1 which is consistent with other neutral out�ow studies in

typical low-redshift galaxies (Roberts-Borsani, 2020), and the post-starburst galaxies

studied by Baron et al. (2022).

Turning to the subset of active galaxies, we �nd a weak trend between Ṁout and LAGN,

where the power law slope de�ning the relation is given by 0.16 ± 0.1, and scatter

0.39 dex. This relation is signi�cantly shallower than found for the ionized gas in

Chapter 2 (Avery et al., 2021), with a similar scatter. We note that, relative to the

active galaxies in the ionized out�ow sample, the active galaxies with Na I D winds

comprise a modestly larger proportion of so-called "Composite" systems (lying between

the Kau�mann et al. 2003 and Kewley et al. 2001 curves on the [NII]-BPT diagram).

Here we use AGN luminosities derived from [OIII] emission which are less subject to

short-timescale variability of the AGN than X-rays. Nevertheless, nuclear variability

over timescales shorter than those over which winds signatures are seen can contribute

to scatter in this diagram.

As well as Ṁout, we also consider the mass-loading (η) in the neutral phase, de�ned as

Ṁout divided by the total galaxy SFR. This is an important parameter in galaxy evo-

lution models informing on the e�ciency of star formation driven winds. We �nd, with

all caveats of, e.g., assumed covering factors etc., that the obtained wind mass loading
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factors are of order unity for the inactive galaxies, and within the 10 . log(M?) . 11

dynamic range do not show an obvious dependence on stellar mass. The lack of strong

negative dependence of mass loading on M?, as invoked indirectly to account for the

shape of the stellar mass - metallicity relation (see, e.g., Lilly et al., 2013), may be at-

tributed to the fact that our MaNGA out�ow sample does not extend far enough down

in mass, or alternatively may imply that there is an important distinction between the

amount of out�owing material being observed via direct tracers compared to the e�ec-

tive mass loading in gas regulator models which encodes how much of the gas reservoir

is entirely lost from the galaxy system. Indeed, we �nd that the ratio of out�ow velocity

to escape velocity vout/vesc (where vesc is estimated as outlined in Section 2.6.4, or Sec-

tion 4.4 of Avery et al., 2021) increases towards lower masses, suggesting that out�ows

may be more likely to escape from the lower mass systems within our sample. Overall,

the fraction of objects for which this ratio exceeds unity remains limited to ∼ 25% of

the neutral gas out�ows. Inferred mass loading factors among galaxies hosting an active

nucleus extend to higher, above-unity values, as may be anticipated from the fact that

some of them are found in galaxies residing below the star-forming main sequence.

3.5.4 Out�ow geometry

To achieve an insight into the structure of the cool gas out�ows, we performed a radial-

azimuthal binning + stacking technique on our neutral out�ow sample. For each object

in the neutral out�ow sample, we extract the SPX_ELLCOO extension of the associated

MaNGA MAPS �le, which provides the elliptical polar coordinates of each spaxel from

the galaxy center. Using this, we bin the spaxels in the MaNGA data cube into four

radial bins in units of Re: 0 − 0.5; 0.5 − 1; 1 − 1.5; > 1.5, and then subdivide each

radial bin into eight azimuthal bins, each of width 45◦. Azimuthal bins are created

such that the �rst azimuthal bin for each galaxy covers spaxels 0 to 45◦ away from the

galaxy's major axis. We next summed the spectra of spaxels within a given bin after

removing the gaseous velocity �eld and interpolating spectra onto a common velocity

grid. We applied a median normalization to the binned spectra, and subsequently

combined these normalized spectra belonging to a particular radial-azimuthal bin from

the di�erent objects in the out�ow sample. We then repeated the methodology outlined

in sections 3.4.3 and 3.4.4 to perform a decomposition on the Na I D feature in each

bin and determine whether or not an out�ow component is detected. Using the best-

�tting parameters, we estimate the out�ow velocity and integrate over the gaseous

Na I D absorption component, originating from the ISM and out�ow, to measure the

equivalent width (EW). The results are presented in Fig. 3.5.5. We �nd the out�ows

to be centrally concentrated, where out�ows beyond 1 Re are too weak and/or only
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Figure 3.5.5: Average out�ow properties derived from stacking in spatial bins across
the neutral out�ow sample. Stacking results are displayed over the radial range 0 -
1 Re, and with azimuthal binning de�ned such that the orientation of galaxy major
axes runs horizontally on the diagrams. The radial axis has units of Re. Out�ows
were undetected at a radius larger than 1Re in the stacks. Left: Average EW of the
gaseous NaID absorption feature across the galaxies. Right: Average neutral gas out�ow
velocity.

appear in a minority of objects, such that they do not appear in our radial-azimuth

stacks. Looking at the EW, on average, we see stronger absorption in the central region

with the EW being highest within 0.5Re and decreasing out to 1 Re.

Turning to the vout map, a similar trend of central concentration is notable, and we see

that the average vout for the wind sample is highest at angles perpendicular to the major

axis of the galaxy (within 0.5Re). This is consistent with the readily assumed scenario

of biconical out�ows being driven along the minor axis of the galaxy, orthogonal to the

disk plane.

Other studies of out�ow detection in absorption have highlighted that out�ows can be

more readily detected in systems with orientations away from edge-on (e.g., Heckman

et al., 2000). In Fig. 3.5.6, we investigate inclination dependencies for a subsample of

the neutral out�ow galaxies which are star-forming (log(sSFR) > −11) and have disc

morphologies10, such that an estimate of inclination can reliably be derived from the

galaxy axial ratio as follows:

cos(i) =

√
(b/a)2 − thickness2

1− thickness2 (3.8)

10Disc morphologies are de�ned as galaxies which are not classi�ed as `odd looking', or appear to
be undergoing a merger according to the Galaxy Zoo 2 (Willett et al., 2013) and the Galaxy Zoo 1
(Lintott et al., 2011) classi�cations, respectively.
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Figure 3.5.6: Left: Distribution of galaxy inclinations for the underlying analysed sam-
ple (grey), the ionized wind sample (blue) and the Na I D wind sample (orange). We
�nd that winds are preferentially detected in systems away from edge-on orientations.
Right: Velocity o�set of the out�ow component in Na I D relative to the galaxy's sys-
temic velocity as a function of cosine inclination.

Here, b/a is the galaxy's semi-minor-to-semi-major axial ratio, and is given as output

from the MaNGA data analysis pipeline. A characteristic disc thickness (i.e. ratio

of scale height over scale length) of 0.15 is assumed, appropriate for thin nearby disc

galaxies. We estimate the error on cos(i) by propagating the error on b/a, thus assuming

the latter to serve as a reliable proxy for inclination. We show, from Fig. 3.5.6 that

the distribution of inclinations for galaxies exhibiting neutral out�ows is consistent

with the result for out�ows in the ionized phase, where both wind phases are indeed

preferentially detected in systems with orientations away from edge-on. Furthermore,

we �nd a signi�cant, albeit weak (Rs ∼ 0.2, p ∼ 2.2 × 10−2), correlation between

inclination and the amplitude of the velocity o�set of the out�ow component relative

to the systematic gas in the galaxy disk. This trend is also seen in other studies of

out�ows probed in absorption (e.g, Concas et al., 2019) and hints towards the biconical

out�ow model. We evaluate whether this correlation holds when measurement errors

are taken in account by perturbing the cos(i) and ∆vB values randomly within a normal

distribution, centered on the measured value, and of width equal to the associated error.

We do this 1000 times, and each time evaluate the Rs and p values. We �nd that ∼ 50%

of the bootstrap realisations recover a statistically signi�cant correlation (p < 0.05)11.

11Technically, the quoted statistic from the bootstrap test represents a worst case scenario, as an
additional perturbation by the measurement uncertainties is applied, on top of the measurement values
which themselves already scatter around the true, intrinsic quantities.
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3.6 Summary and Conclusions

In this chapter, we have characterised the incidence and strength of cool neutral winds

among line-emitting galaxies in the MaNGA galaxy survey. This work complements our

previous investigation of the ionized gas winds in the same sample of galaxies (Avery

et al., 2021; Chapter 2 of this thesis). We have directly compared the strength of the

out�ows in two gas phases, building upon the literature by extending the sample to the

more `normal' galaxy population in the nearby Universe whilst not losing information

about individual objects due to stacking.

Our main results are:

� Na I D wind detection appears to be dependent on the amount of dust in the host

galaxy environment (Fig. 3.5.1). This e�ect can largely explain why we observe

neutral gas winds in galaxies with higher ΣSFR, compared to the incidence of

ionized gas winds (due to the correlation between ΣSFR and dust attenuation).

Additionally, the brighter background continuum source in high-ΣSFR galaxies

may contribute to making the Na I D out�ow absorption signature more visible.

� We present evidence that wind galaxies frequently have had a recent upturn in

their SFRs compared to the underlying MaNGA sample (Fig. 3.5.2) according to

the SFR change parameter introduced by Wang & Lilly (2020).

� There is a positive correlation between the mass out�ow rate measured in the

ionized gas phase and the mass out�ow rate determined using Na I D, with higher

typical Na I D mass out�ow rates by ∼ 1.2 − 1.8 dex compared to the ionized

out�ow rates, depending on the dust correction applied (Fig. 3.5.3).

� An approximate one-to-one positive correlation between the out�ow velocities in

the two phases indicates that the ionized gas traces the neutral gas kinematics

(Fig. 3.5.3).

� A positive correlation between Ṁout and SFR is observed for Na I D wind galaxies,

and to a lesser extent between Ṁout and LAGN for the subset featuring nuclear

activity (Fig. 3.5.4).

� By sectioning the wind galaxies into radial and azimuthal segments, and stacking

segments across the neutral out�ow sample, we create spatial maps of the depth

of the Na I D absorption and the out�ow velocity (Fig. 3.5.5). We �nd that

out�ows are, on average, centrally concentrated, and can escape their launching

sites fastest along the galaxy minor axis. From this, and further corroborated by
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inclination dependencies of out�ow incidence and the blueshift of Na I D absorp-

tion (Fig. 3.5.6), we �nd consistency with a picture of winds which are biconical

and perpendicular to the disk plane.

Although ionized gas studies may not capture the bulk of out�owing material, we show

that they are valuable because the out�ow kinematics are in line with what we �nd

in the neutral phase which carries a more signi�cant fraction of the overall out�ow

mass budget. Furthermore, we �nd that studies employing ionized gas tracers are more

complete in picking up signatures of feedback in action across a wider range of galaxy

properties, unlike Na I D detected winds which appear to have a requirement for dusty

environments.

Further progress in this area would bene�t from a systematic, matched-resolution follow-

up of sizeable numbers of MaNGA galaxies in molecular gas tracers. Such millimetre-

wavelength datacubes of low/mid-J CO transitions could complement the ionized and

neutral gas wind diagnostics by quantifying the molecular contribution to the wind

medium, but would equally yield insight on the winds' (localized) impact on the galaxies'

cold gas reservoirs.
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Appendix

3.A Properties of host galaxies and their out�ows.

In Fig. 3.A.1, we compare the distributions of galaxy properties among the ionized

out�ow sample (Avery et al., 2021; Chapter 2 of this thesis), the neutral out�ow sample

(this work), and the underlying analysed MaNGA sample of line-emitting galaxies.

We further provide a sample table listing host galaxy and out�ow properties for the

neutral and ionized out�ow samples (Table 3.A.1; full table provided online at https:

//doi.org/10.1093/mnras/stac190).
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Figure 3.A.1: Distribution of the underlying analysed (grey), ionized wind (blue), and
Na I D wind (orange) samples among various galaxy properties. Kolmogorov-Smirnov
test values and their associated p-values comparing ionized wind galaxies and neutral
wind galaxies are shown. AGN luminosities (LAGN) are shown only for those galaxies
with identi�ed AGNs.
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MaNGA ID z log(Re) i log(M?) log(SFR) log(LAGN) ∆vB,ion ∆vB,NaID vout,ion vout,NaID log(Ṁout,ion) log(Ṁout,NaID)

[kpc] [◦] [M�] [M� yr−1] [erg s−1] [km s−1] [km s−1] [km s−1] [km s−1] [M� yr−1] [M� yr−1]

7443-9101 0.041 0.67 40 10.25 0.47 42.34 -65.8 - 297.9 - -1.62 -

7815-3702 0.030 0.36 32 10.37 0.43 - - -182.0 - 302.6 - 0.10

7815-3704 0.072 0.61 - 10.88 -0.41 41.62 -45.6 - 426.3 - -2.00 -

7958-6101 0.024 0.46 49 10.43 0.33 - -83.7 -289.3 550.5 597.2 -1.42 1.07

7962-9101 0.106 0.95 26 11.25 1.06 - -35.6 - 506.2 - -0.83 -

7968-9101 0.050 0.85 - 11.17 -0.07 42.63 - 19.5 - 390.1 - 1.64

7972-6103 0.044 0.68 - 11.09 -1.01 42.86 -38.1 - 654.1 - -0.71 -

7990-1902 0.031 0.32 56 10.73 0.72 - -7.6 -30.2 308.4 223.6 -0.51 1.10

7990-6104 0.027 0.53 32 10.03 0.38 - -61.1 - 389.8 - -1.46 -

7991-3702 0.027 0.38 52 10.42 -0.38 42.60 -27.6 - 326.1 - -2.26 -

Table 3.A.1: Sample table displaying data on the properties of MaNGA galaxies with
detectable ionized and neutral winds. Spectroscopic redshifts (z), and e�ective radii
(Re) quanti�ed on the NASA-Sloan Atlas (NSA) r-band images, are taken directly
from MaNGA DR15. Inclinations (i) are derived from the NSA projected axial ratio
measurements using Eq. 3.8, unless morphological classi�cations (e.g., mergers) suggest
the axial ratio may represent a poor proxy of inclination (see Section 3.5.4). Galaxy
stellar masses and SFRs are adopted from the MPA-JHU database. AGN luminosities
are quanti�ed on the basis of the [OIII] luminosity of spaxels with line ratios outside the
star-forming region of the BPT-NII diagram (see Section 2.4.2.e, or Avery et al., 2021
Section 2.2.5 for details). Out�ow properties include any systematic blue-shift (∆vB),
the overall out�ow velocity (vout) and the mass out�ow rate based thereupon (Ṁout).
Ionized wind properties (denoted with the subscript `ion') are derived in Chapter 2
(Avery et al., 2021), and neutral wind properties (denoted with the subscript `NaID')
in this work. The full table can be found online.
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3.B Relationship between Na I D equivalent width and

dust content

The incidence of neutral gas out�ows increases among galaxies featuring higher levels

of dust attenuation as encoded by the Balmer decrement (Fig. 3.5.1). Not only that,

also among the sample with detected neutral gas winds a signi�cant correlation between

the equivalent width of the Na I D absorption component and the Balmer decrement is

clearly present (Fig. 3.B.1).

0.6 0.7 0.8 0.9 1.0
log(H /H )

0.4

0.2

0.0

0.2

0.4

0.6

0.8

1.0

lo
g(

EW
ab

so
rp

tio
n

[Å
])

Rs = 0.6, p = 2 × 10 13

LIER
Composite
AGN
SF

Figure 3.B.1: Relationship between the equivalent width of the Na I D absorption
component and the Balmer decrement within the out�ow aperture, for MaNGA galaxies
with neutral gas out�ows.



Chapter 4

The BathTUB model of galaxy

formation

4.1 Preamble

Up until this point the results presented in this thesis have been empirically derived

by directly probing the kinematic signatures of feedback in the form of out�ows from

galaxies in the nearby Universe. I have shown that only a small fraction (∼ 30%)

of galactic out�ows in the MaNGA survey may have the potential to escape the host

galaxy entirely and act as an ejective feedback mechanism. For the ∼ 70% of out�ows

that cannot escape, it is likely that these winds form a galactic fountain e�ect where

gas and metals are redistributed throughout the galaxy and the surrounding medium.

In the literature, galactic fountains have been invoked as a viable explanation for hot

di�use gas in haloes (Shapiro & Field, 1976; Bregman, 1980), metal enrichment of

the CGM (Melioli et al., 2015), and are thought to play an important role in shaping

the evolution of galaxies (Oppenheimer et al., 2010). Galactic out�ows, however, are

not the only contributor to galaxy feedback. Other mechanisms such as powerful jets

launched from AGN, which have been observed to extend well into the IGM, can prevent

gas supply onto the galaxy disk (see Fabian, 2012, for an overview of AGN feedback

mechanisms). Further to this, environmental factors may play a role, for example the

haloes of star forming galaxies can be stripped as they fall into the haloes of galaxy

groups or clusters, removing the fuel for star formation in the infalling galaxy (Balogh

et al., 2000). An example study presenting empirical evidence for the importance of

preventative feedback mechanisms, such as these, in galactic growth is given by Peng

et al. (2015). The overall relative importance of ejective versus preventative feedback
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in galaxy evolution is widely debated. Simulations play a key role in advancing our

understanding of this, where studies often �nd that ejective feedback mechanisms alone

are not enough to regulate galaxy growth in a realistic manner (e.g. Lu et al., 2015,

2017), or to sustain quenching in galaxies (e.g. Zinger et al., 2020).

In the following chapter we indirectly probe feedback by developing an analytic model

of galaxy formation. Similar to previous chapters, we focus our study on typical galaxies

rather than systems which are extreme in terms of their star formation or AGN activity,

for example. The aim of this work is to gain further insight into the impact of both

preventative and ejective feedback mechanisms on regulating the growth of these galax-

ies. The advantage of using a relatively simple analytic model is that it allows us to

switch on or o� various physics to see which key ingredients are capable of reproducing

a galaxy population with realistic properties.
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4.2 Abstract

In this work we present the Bath Tracing Underachieving Baryons (BathTUB) model;

an analytic model for galaxy growth extending upon previous `bathtub' implementa-

tions by tracing the size growth of galaxy disks. Key parameters in BathTUB are

constrained by �tting to �ve galaxy scaling relations in the literature simultaneously

at redshifts z = 0, 1, 2. The growth of high-mass BathTUB galaxies is regulated by a

preventative feedback term which acts to reduce the e�ciency of cold gas accretion onto

the galaxy disk (εcold). We �nd a best-�tting functional form which depends on halo

mass as εcold ∝ M−1.1
h . Low-mass galaxy growth is regulated by an ejective out�ow

term, where the mass-loading depends on stellar mass as η ∝M−0.6
? . These functional

forms are necessary to reproduce de�ning features of the observed galaxy scaling re-

lations, including the turnover in the star-forming main sequence and stellar-to-halo

mass relation. We experiment with the use of an AGN ejective feedback term which

removes gas more e�ciently from higher-mass systems, whilst �xing εcold to a constant

value independent of halo mass. From this, we show the AGN out�ow term to be

incapable of reproducing the turnover in the stellar-to-halo mass relation, illustrating

the importance of preventative feedback mechanisms in high mass systems. We present

the growth histories of BathTUB galaxies and �nd, for Milky Way-mass galaxies, star

formation rates peaked at z ∼ 1 and mass out�ow rates peaked at z ∼ 7− 8. Our rela-

tively simple model reproduces a relationship between galaxy baryon fraction and the

baryon surface density within the stellar e�ective radius, without the need to include a

prescription for bulge formation or radial migration.

4.3 Introduction

Investigating how baryons cycle through galaxies is fundamental to building a com-

plete understanding of how galaxies evolve. Previous studies have shown that there is

a requirement for cold gas accretion onto galaxies in order to facilitate ongoing star

formation, without which their observed gas reservoirs would deplete on unrealistically

short (∼ Gyr) time scales (e.g. Bigiel et al., 2008; Tacconi et al., 2020). The build

up of cold gas is counterbalanced by negative feedback mechanisms which are widely

invoked to explain the ine�ciency of galaxy formation relative to the amount available

baryons in the Universe by driving gas away from galaxies, and altering the thermo-

dynamic state of the gas within galaxies and in their surrounding haloes. Feedback

in the form of out�ows is found to be an important ingredient in cosmological sim-

ulations required to reproduce key observed trends between galaxy properties (Davé
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et al., 2011a,b; Christensen et al., 2016). Observations of strong Active Galactic Nuclei

(AGN) provide evidence for ejective out�ows, which remove gas from galaxy systems

entirely (e.g. Feruglio et al., 2010), and evidence for the role of out�ows in heating

the excess warm gas in the galactic halo (e.g. Nath & Roychowdhury, 2002). Despite

signi�cant advances in the �eld, the details of the baryon cycle remain di�cult to con-

strain empirically given that current telescopic instruments are not sensitive enough to

directly detect gas accretion onto galaxies, nor reliably detect out�ows in large unbiased

samples across a range of epochs without relying on stacking techniques, especially in

the sub-mm regime where one �nds observable diagnostics of cold molecular gas, which

is believed to trace the bulk of the out�owing material (see e.g. Fluetsch et al., 2021).

The baryon cycle can be simplistically modelled in `gas regulator' or `bathtub' models,

where key processes in galaxy growth are described using a set of analytic equations

(Bouché et al., 2010; Lilly et al., 2013; Peng & Maiolino, 2014). Here, the star formation

rate (SFR) at time t is instantaneously regulated by the amount of gas in the galaxy,

which depends on the balance between in�owing and out�owing gas at t−1. The metal

content of the gas reservoir is similarly regulated by the balance of star formation which

enriches the ISM with metals, in�ows which dilute the interstellar medium (ISM) with

pristine gas, and out�ows which remove metal-enriched gas from galaxies. Bathtub

models do not serve the same purpose as complex cosmological hydrodynamic simula-

tions which simulate the detailed physics of galaxy evolution, including highly non-linear

processes, starting from initial conditions constrained by the Cosmic Microwave Back-

ground (e.g. Schaye et al., 2015; Nelson et al., 2019a). Instead, they are developed

in attempt to reproduce some key aspects of the evolving Universe as simplistically

as possible. Semi-analytical models (SAMs) lie somewhere between hydrodynamical

simulations and analytic bathtub models, bridging the two regimes of modelling (e.g.

Kau�mann et al., 1993; Croton et al., 2006; Somerville et al., 2008). In SAMs, the

resolved dark matter (DM) halo merger trees are populated with baryonic content fol-

lowing analytical recipes. These analytical recipes are in essence not dissimilar from

those used in bathtub models, although in practice are constructed to incorporate a sig-

ni�cantly broader array of physical processes. A key di�erence is the explicit treatment

of halo mergers, whereas bathtub models tend to emphasise the equilibrium growth

of galaxies and adopt a median, smooth dark matter accretion onto halos where the

magnitude of the accretion is governed by mass and redshift. Given that only a small

collective of analytic equations underlie bathtub models, one can usually link speci�c

ingredients of the model to speci�c output characteristics of the galaxy population,

whereas output characteristics from large hydrodynamical simulations or SAMs can be

more di�cult to explain given the large number of parameters used and the complex in-
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terplay between its components (whether fully resolved or implemented on the subgrid

level). Furthermore, it is computationally expensive to tune these models by switching

on or o� speci�c physics to compare outcome to outcome, making a full exploration of

parameter space unfeasible.

There have been various implementations of bathtub-type models which have success-

fully reproduced observed global features of the general galaxy population, and provided

insight into some of the key physics that is likely to be at play in their evolution (e.g.

Finlator & Davé, 2008; Bouché et al., 2010; Davé et al., 2011a,b; Lilly et al., 2013;

Peng & Maiolino, 2014; Birrer et al., 2014). Bathtub models have further been used to

investigate spatially-resolved galaxy properties, for example Bel�ore et al. (2019) use

a bathtub-style model to investigate the origin of spatially resolved metallicity pro�les

within galaxies.

Big galaxy surveys in the nearby Universe (e.g. SDSS Abazajian et al., 2009; SHELS

Geller et al., 2005) and at intermediate to high redshifts (e.g. 3D-HST Brammer et al.,

2012; CANDELS Grogin et al., 2011; DEEP2 Newman et al., 2013; ZFOURGE Straat-

man et al., 2016) sampling large numbers of objects across a vast range of properties

and environments, and in multiple regimes of the EM spectrum, have allowed for the

convincing determination of empirically-derived scaling relations and their evolution

with cosmic time. These scaling relations describe the trends between various, speci�c

physical properties of galaxies, where the majority of galaxies are found to lie along

these relations with some scatter. Thus, an important test for galaxy models is to see

if they qualitatively and quantitatively reproduce galaxy scaling relations 1. Implemen-

tations of analytical models such as in Mitra et al. (2015) use a `reverse engineering'

approach, where the well-de�ned scaling relations in the literature are used to constrain

free parameters in the model. This allows for investigation into key physical param-

eters which are underlying these scaling relations. This is important since many key

parameters (e.g., mass-loading of galactic winds) are largely unconstrained by empirical

studies and cannot be derived from �rst principles in cosmological simulations.

In this work, we present an analytic model which we name the Bath Tracing Under-

achieving Baryons model, or BathTUB, its name re�ecting the ine�ciency of galaxy

formation which feedback processes are meant to explain. The main aim of this work

is to investigate and characterise the importance of feedback mechanisms in the evolu-

1Given the distinct physical nature of star-forming and quiescent galaxies, even at the same mass
and epoch, scaling relations are often quanti�ed separately for star-forming and quiescent systems.
Here, we focus on tuning the BathTUB model parameters to established scaling relations for star-
forming galaxies. However, in order to do so successfully, departure from the star-forming class has to
be an integral part of the model.
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tion of the typical galaxy population using a relatively simple model for galaxy growth.

Leaving various uncertain parameters to �t freely, we optimize BathTUB by comparing

�ve key scaling relations quanti�ed in BathTUB at redshifts z ∼ 0, 1, 2, to the equiv-

alent scaling relations which have been established in the literature using empirical

studies (see also Mitra et al., 2015). Unlike previous bathtub implementations, as well

as tracing the �ow of baryons into and out of galaxies, BathTUB tracks the size growth

of galaxies. This allows us to use scaling relations which depend on size and surface

density in our model optimization, including the well known Kennicutt (1998) relation.

Note that our model does not directly consider environmental e�ects or mergers; each

galaxy is considered as an isolated system of dark matter, gas and stars, only commu-

nicating with its surroundings via accretion of dark matter and gas, and out�ows of

enriched gas.

The chapter is organized as follows. In sections 4.4 and 4.5, we introduce the formu-

lation of the BathTUB model and describe the methodology used for optimising the

model. In Section 4.6 we present constraints from BathTUB on key parameters in

de�ning the evolution of galaxies, and compare BathTUB galaxy scaling relations to

those derived by empirical means in the literature. The growth histories of BathTUB

galaxies is illustrated in Section 4.6.3. We evaluate the implications of di�erent feed-

back mechanisms on the growth BathTUB galaxies in Section 4.7. Further to this,

we compare the molecular gas contents of BathTUB galaxies to measurements in the

literature, and present relationships between the relative amounts of baryons to dark

matter and baryonic surface densities in BathTUB galaxies. A summary of our �ndings

can be found in section 4.8.

Throughout this work, we adopt a Chabrier (2003) IMF and �at Lambda cold dark

matter cosmology with ΩΛ = 0.6889, Ωm = 0.3111, H0 = 67.66 km s−1 Mpc−1, and a

cosmic baryon fraction Ωbar/ΩDM = 0.1574 (Planck Collaboration et al., 2020).

4.4 Model Implementation

In this section, we present the physics underlying the BathTUB model of galaxy forma-

tion. For each galaxy in the model, we build up its constituent components using the

following analytic equations which are evaluated at each time step in the model progres-

sion. Equations are motivated by empirical studies and cosmological simulations. We

leave various key parameters to freely �t during the model optimisation phase which is

described in Section 4.5.
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4.4.1 Dark Matter

The evolution of dark matter haloes in BathTUB follows Equation 12 of Faucher-

Giguère et al. (2011), which describes the median dark matter accretion rate derived

from their cosmological hydrodynamic simulations:

〈Ṁh〉 = 33.6× 109 (1 + 0.91z)

(
Mh

1012M�

)1.06√
Ωm(1 + z)3 + ΩΛ (4.1)

where Mh is the mass of the dark matter halo at redshift z.

4.4.2 Gas

4.4.2.a Penetration of cold gas

The arrival of baryons onto a halo is taken to scale as the growth of dark matter (Eq.

4.1) downsized by the cosmic baryon fraction (see also Peng & Maiolino, 2014). The

e�ciency with which gas is able to penetrate through the halo and fuel the supply of cold

gas in the galaxy disk is parametrised by a dimensionless e�ciency factor εcold. There

is evidence from cosmological simulations that galaxies can be supplied directly with

cold gas via �lamentary streams (see e.g. Kere² et al., 2009). This `cold-mode' accretion

is expected to be dominant at early times, and in low mass haloes (Mh . 1011M�),

compared to `hot-mode' accretion which becomes more important at later times and in

higher mass haloes. In the hot-mode, gas gets shock heated in the halo, and it must cool

�rst before it can be accreted onto the galaxy. No such delayed cooling is incorporated

in BathTUB, nor is it in most, if not all, bathtub-type models in the literature. Faucher-

Giguère et al. (2011, Equation 14) �nd the e�ciency of cold gas accretion can be well

described as a power law function of Mh and z, and provide a functional form for εcold

at z ≥ 2. Here, we describe the e�ciency of cold gas accretion εcold using the same

functional form as found in Faucher-Giguère et al. (2011), but we leave the power law

exponents b1, c1 and the constant normalisation factor a1 to �t freely.

εcold =

a1

(
Mh

1012

)b1 (1 + z

3

)c1
if < d1

d1 otherwise
(4.2)

We impose a maximum cut-o� value d1 on εcold in our model which is free to �t during

the optimisation. We discuss the impact of using this cut-o� in Section 4.7.1. In

addition, we set εcold to ∼ zero for halo masses below 108 M�. This is motivated by

Furlanetto et al. (2017) who show that below this halo mass the virial temperature is

too low to allow for su�cient atomic line cooling in order to facilitate star formation
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(via the cooling and clumping of gas).

The median mass of baryons added to the cold gas reservoir at each time step in Bath-

TUB is given by the product of the Universe baryon fraction (Ωbary/ΩDM), εcold and

〈Ṁh〉. To quantify the absolute mass of cold gas accreted on the galaxy at each time

step (Ṁacc), we include an additional term accounting for `clumpy' accretion of in�ow-

ing gas (see e.g. Maller & Bullock, 2004). We model the `clumpiness' stochastically by

introducing the parameter ∆gas(Aran,∆t), where Aran and ∆t describe the character-

istic amplitude and time scale of the random variations imposed on the gas accretion,

respectively. For each galaxy, ∆gas is determined by convolving random values drawn

from a normal distribution (µ = 0, σ = 1) at each time step with a Gaussian smoothing

function with σ = ∆t. The resulting values are normalised to have a standard deviation

given by Aran. The perturbation assigned to the baryon accretion rate Ṁacc at a given

time step t is δgas = 10∆t
gas . We thus de�ne Ṁacc as follows.

Ṁacc =

(
Ωbary

ΩDM

)
εcold 〈Ṁh〉 δgas (4.3)

4.4.2.b Out�ows

Following Peng & Maiolino (2014), the subsequent growth rate of the gas content is

given by the di�erence between the amount of newly accreted gas and the amount of

gas removed from the gas reservoir via the formation of stars and in out�ows. During

the process of star formation, a fraction R of the gas consumed by star formation is

returned quickly to the ISM, predominantly by young, massive stars through stellar

winds and supernovae explosions. This process is assumed to occur instantaneously in

BathTUB (see also Lilly et al., 2013), leaving a fraction (1 - R) of gas mass existing in

the form of long-lived stars and stellar remnants (e.g. including white dwarfs, neutron

stars, stellar black holes). The amount of gas expelled from the galaxy in the form of

out�ows is driven by the out�ow e�ciency η ≡ Ṁout/SFR, i.e., the mass out�ow rate

divided by the SFR. We allow the out�ow e�ciency to vary with the galaxy total stellar

mass and redshift, where this variation is characterised by the power-law indices b2 and

c2 which are left to �t freely in our model.

η = a2

(
M?

1010M�

)b2 (1 + z

3

)c2
(4.4)
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4.4.2.c Build up of the gas reservoir

The overall change in gas mass at a given time step is then given by the following

equation.

Ṁgas = Ṁacc − (1−R+ η)SFR (4.5)

4.4.2.d Extent of the gas disk

We assume a galaxy disk size using the following equation from Mo et al. (1998):

Rdisk =
1√
2

(
jd
md

)
λ Rvir (4.6)

where jd is the angular momentum fraction of the disk relative to the halo, md is the

mass fraction of gas which settles into a disk relative to the halo mass, and λ is the halo

spin parameter. We assume jd/md ≈ 1 which is the case when disk and halo have equal

speci�c angular momentum (Mo et al., 1998), and is motivated by empirical studies

of galaxy dynamics (e.g., Burkert et al., 2016) and structure (e.g. Huang et al., 2017).

The halo spin parameter is randomly drawn from the distribution of halo spin values

given by Bullock et al. (2001). The virial radius is given by the following equation from

Burkert et al. (2016):

Rvir =

(
GMh

102H(z)2

)1/3

(4.7)

Here, G is the constant of gravitation and H(z) is the Hubble parameter, where H(z) =

H0

√
ΩΛ + Ωm(1 + z)3.

The e�ective (i.e., half-mass) radius of the disk relates to the disk scale length as

Re,disk = 1.68Rdisk, assuming an exponential disk pro�le.

The gas disk e�ective radius at time t is de�ned as the average of the newly accreted

cold gas with extent Re,disk and the size of the pre-existing gas disk Rt−1
e,gas, weighted by

the newly accreted gas mass Macc and the existing gas mass M t−1
gas in the galaxy:

Re,gas =
MaccRe,disk +M t−1

gas R
t−1
e,gas

Macc +M t−1
gas

(4.8)

4.4.2.e Gas phase metallicity

The metallicity of the gas reservoir is essentially determined by the relative amount

of dilution from low metallicity infalling gas and loss of enriched material by out�ows,

to the amount of enrichment as a result of star formation. Bathtub models trace the



4.4 Model Implementation 125

galaxy metallicity by computing the mass of gas which is metal-enriched, i.e. consists

of elements heavier than helium.

Following Peng & Maiolino (2014), the total mass of metal-enriched gas at each time

step is determined as follows. The mass of metals released into the ISM by each star

forming generation (per unit of mass which remains in stars) can be expressed as y(1−
R)SFR, where the yield y = 0.032 is the value given by the Chabrier IMF (Madau &

Dickinson, 2014). The mass of metals in accreted gas goes as Z0Macc, where we de�ne

the metallicity of accreted gas as Z0 = 10−3Z� (see Wise et al., 2010). Star formation

and out�ows act to `lock up' and remove gas from the ISM which has a metallicity Zgas.

This e�ect is embodied in the �nal term in the following equation for the mass growth

rate of metal enriched gas in BathTUB:

ṀZgas = y(1−R)SFR + Z0Ṁacc − Zgas(1−R+ ηSFR) (4.9)

4.4.2.f Molecular gas content

Of the total gas content, it is the dense molecular gas clouds that provide the optimal

conditions for star formation within galaxies. Krumholz & Dekel (2012, Equation 17)

provide an approximation for the fraction of cold gas in molecular form, relative to

the amount of atomic gas, fH2 , which depends on the gas surface density relative to a

critical surface density, Σcrit, which itself depends on the metallicity of the gas. Empir-

ical evidence for such metal-dependent scaling with surface density has been provided

by Schruba et al. (2018). By following the growth of gas disk sizes and metallicity,

BathTUB applies the fH2 approximation to trace the galaxy molecular gas mass as

follows:

fH2 = (1 + Σcrit/Σe,gas)
−1 (4.10)

where Σe,gas ≡Mgas/(2πR
2
e,gas) is the average surface density within the e�ective radius

and Σcrit ≡ 106 M�kpc−2/Zgas, where Zgas ≡ (MZ,gas/Mgas)/Z�, i.e., the metallicity

normalised by the solar metallicity Z� = 0.0134 (Asplund et al., 2009). The total mass

of molecular gas is given by Mmol = fH2Mgas.

4.4.3 Stars

4.4.3.a Star formation rate

The amount of star formation is instantaneously regulated by the amount of molecular

gas available to form starsMmol and the conversion e�ciency εSF which is parametrised
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as a function of the galaxy stellar mass and redshift:

εSF = a3

(
M?

1010M�

)b3 (1 + z

3

)c3
(4.11)

where a3, b3 and c3 are free parameters.

We include a perturbing factor δSF to the SFR at each time step, where the full pertur-

bation over the galaxy's history ∆SF(Aran,SF,∆tSF) is computed using the same method

as ∆gas. This re�ects the randomness of molecular clump formation within the galaxy

disk itself, and has the intention to retrieve realistic scatter in the scaling relations

output by the BathTUB model.

In this study, we consider two implementations of a star formation law where the SFR

is parameterised as follows:

SFR = εSFMmolδSF (4.12)

SFR =
εSF

τdyn
MmolδSF (4.13)

In Eq. 4.13, we divide the molecular gas mass by the galaxy's dynamical time τdyn ≡
Re?/Vrot (Silk, 1997), whereRe? is the e�ective radius of the stellar disk, and is de�ned in

Section 4.4.3.b and Vrot is the rotational velocity at radius Re?, evaluated by considering

the total mass (stars, gas and DM) enclosed within Re?. We assume an exponential disk

pro�le for gas and stars (each with their respective size as computed by BathTUB),

and for the DM component, we assume a Navarro et al. (1997) density pro�le (also

known as a Navarro-Frank-White pro�le or NFW pro�le) where the halo concentration

is parameterised as a function of Mh and z according to Dutton & Macciò (2014).

The physical motivation to including a dependence on dynamical time comes from the

theory that τdyn impacts instabilities in the disk which a�ects cloud compression and

thus molecular cloud formation (e.g. Genzel et al., 2010).

Since gas out�ows and consumption by star formation jointly cannot remove more cold

gas than present in the disk, the star formation rate in a given time step is capped at

SFRmax = Mgas/(1 + η)dt.

The galaxy stellar mass growth is simply given by the fraction of the SFR that stays in

the form of long-lived stars:

Ṁ? = (1−R)SFR (4.14)

where Ṁ? is the mass formed in stars per time step.
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4.4.3.b Extent of the stellar disk

Similar to the calculation of Re,gas, we de�ne the e�ective radius of the stellar disk Re?

by averaging the size of the existing stellar disk Rt−1
e,? , weighted by the existing mass

in stars M t−1
? , and the size of the gas disk (since this is the formation site of stars),

weighted by the mass of newly formed stars dM?:

Re? =
dM?Re,gas +M t−1

? Rt−1
e,?

dM? +M t−1
?

(4.15)

4.4.4 Setting up the model

In implementing the BathTUB model, we evolve 600 galaxies from t = 0.1 to 13.7 Gyr

in steps of 0.01 Gyr, where t is the time since the Big Bang. For the results presented

in this work (Section 4.6), we adopt a star formation law dependent on dynamical time,

and discuss the e�ect of using the alternative star formation law in Section 4.7.3. We

initialise galaxy properties at t = 0.1 Gyr as follows.

� Dark matter halos are initialised by de�ning a desired population of dark matter

halo masses at z = 0. These halo masses are traced back to their value at

t = 0.1 Gyr (Mh,i) using their halo growth curves characterised by Eq. 4.1.

A �at distribution of halo masses in log space is used at z = 0 in the range

log(Mh) = 10− 14 M�.

� Initial gas masses are de�ned as Mgas,i = 0.47
Ωbary

ΩDM
Mh,i (i.e. assuming an initial

εcold of 0.47 motived by results from Faucher-Giguère et al., 2011).

� Initial stellar masses are taken to be negligible: M?,i ∼ 0 M�

� Initial disk sizes are calculated from Eq. 4.6 using the values assumed for Mh,i.

Stellar and gas disks at t = 0.1 Gyr are assigned the same e�ective radius

(Re,gas,i ≡ Re?,i ≡ 1.68Rdisk,i).

� The initial gas-phase metallicity is de�ned as Zgas,i = Z0, and the initial mass of

enriched gas is de�ned as MZ,gas,i = Zgas,iMgas,i.

� Initial molecular gas masses Mmol,i are de�ned using Eq. 4.10 given the initial

properties described above.
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4.4.5 Model overview

BathTUB uses a number of basic equations from previous implementations of bathtub

or gas regulator models in the literature (e.g. Lilly et al., 2013; Peng & Maiolino, 2014),

whilst introducing mass and redshift dependencies on e�ciency terms. We build upon

previous models by investigating the development of galaxy sizes and by including

terms which allow us to reproduce the scatter in key scaling relations. There are 14 free

parameters in BathTUB: a1, b1, c1, d1 which characterise the functional form of εcold;

a2, b2, c2 which characterise the functional form of the out�ow mass-loading; a3, b3, c3

which characterise the functional form of the star formation e�ciency; Aran,gas, ∆gas,

Aran,SF, ∆SF which characterise the perturbation to the gas accretion onto the galaxy

disk and star formation rate, respectively.

4.5 Model optimisation

In this section we describe how we retrieve the best-�tting parameters for the model

introduced in Section 4.4. In summary, we compare �ve scaling relations for star forming

galaxies (SFGs) from the literature to the equivalent scaling relations output from

BathTUB at speci�c positions in time during the BathTUB evolution: z = 0, 1, 22.

The scaling relations we consider include the size-mass relation (van der Wel et al.,

2014), the star-forming main sequence (Tomczak et al., 2016), the gas-star formation

relation (Genzel et al., 2010), the stellar-to-halo-mass relation (Moster et al., 2013) and

the mass-metallicity relation (Zahid et al., 2014). The functional form of the empirical

scaling relations are presented in Table 4.5.1. They represent the relationships along

which the majority of SFGs lie from the peak of star formation to present day.

4.5.1 Likelihood function

BathTUB is optimized by essentially minimizing the distance between the galaxy scaling

relations output from BathTUB at z = 0, 1, 2, and the equivalent scaling relations in

the literature. The minimisation is performed simultaneously for all scaling relations,

and for all considered epochs.

Since the scaling relations in Table 4.5.1 hold for SFGs only, we dissect the BathTUB

galaxy population into a star-forming and a quiescent galaxy population to allow for a

2We note that earlier epochs could in principle be evaluated from the model's perspective, but
observational samples get increasingly incomplete and su�er from observational biases (e.g. a UV bias
arises when it comes to size measurements), uncertain calibrations of metallicity diagnostics (e.g. Santini
et al., 2010), and direct measurements of cold gas in the low-metallicy regime become challenging (see
e.g. Cormier et al., 2014).
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Empirical galaxy scaling relation Functional form Parameter de�nitions Scatter [dex]

Size-mass relation
van der Wel et al. (2014)

Re = A

(
M?

5× 1010M�

)α
A = 8.9(1 + z)−0.75

α = 0.22
0.173

Star-forming main sequence
Tomczak et al. (2016)

log(SFR) = s0 − log

[
1 +

(
M?

M0

)−γ]
s0 = 0.448 + 1.220z − 0.174z2

log(M0) = 9.458 + 0.865z − 0.132z2

γ = 1.091

0.3

Gas-star formation relation
Genzel et al. (2010)

ΣSFR = mΣgas + c m = 1.17
c = −3.48

0.32

Stellar-to-halo-mass relation
Moster et al. (2013)

M? = 2N

[(
Mh

M1

)−β
+

(
Mh

M1

)γ]
Mh M1 = 11.590 + 1.195

z

z + 1
N = 0.0351− 0.0247

z

z + 1
β = 1.376− 0.826

z

z + 1
γ = 0.608 + 0.329

z

z + 1

0.15

Mass-metallicity relation
Zahid et al. (2014)

12 + log(O/H) = Z0 + log
(
1− e(M?/M0)γ

)
Z0 = 9.102
logM0 = 9.138 + 2.64 log(1 + z)
γ = 0.513

0.1

Table 4.5.1: Parametrisations of empirically-derived scaling relations for SFGs4 in the
literature which we use to optimize the BathTUB model.
3We present the typical scatter on the size-mass relation here, however van der Wel et al. (2014) pro-
vide measurements of scatter at distinct redshifts, which we interpolate to get the observed scatter at
z ∼ 0, 1, 2.
4The stellar-to-halo-mass relation is semi-empirical, derived based on abundance matching of the ob-
served galaxy stellar mass function and the dark matter halo mass function (from N-body cosmological
simulations) at the same epoch. Note that Moster et al. (2013) do not di�erentiate between SFGs and
quiescent systems in their derivation of this scaling relation.
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reasonable comparison between BathTUB and the literature. To achieve this, we take

BathTUB SFGs to have speci�c SFRs (sSFR ≡ SFR/M?) >
1

3tH(z)
with tH(z) being

the Hubble time at redshift z (see Lang et al., 2014). We then de�ne the likelihood

function as follows, whilst only considering data from SFGs.

ln(likelihood) =
∑

z=[0,1,2]

ln(likelihood)z

ln(likelihood)z = −1

2

(
Ngal

NSFG

)
z

NSFG∑
i

[
(yi − yi,model)

2

y2
i,err

+ ln(2πy2
i,err)

]
z

(4.16)

In de�ning the above equation we assume the data follows a Gaussian distribution with

a normalisation factor given by the total number of BathTUB galaxies divided by the

number of BathTUB SFGs at redshift z: Ngal/NSFG. This factor is included to allow

comparison between models with di�erent NSFG. Ngal is freely chosen as an input

parameter, where we take Ngal = 600 for the results presented in this work.

In Eq. 4.16, y takes the form of an array containing data from the left-hand side of the

equations in Table 4.5.1, i.e.,

10y = [SFR(M?),M?(Mh), Re?(M?),ΣSFR(Σgas), Zgas(M?)]z

ymodel is the data output from BathTUB, and y is the expected data based on the

literature scaling relations computed at xmodel. We take the error on y-values as yerr =

0.1 dex for all of the physical parameters considered. This is re�ective of the typical

errors measured in the literature (see references in Table 4.5.1).

We maximise the likelihood function using the Powell algorithm implemented using the

function minimize from the scipy.optimize package which allows constraints in the

form of parameter bounds. The resulting best �t parameters are then fed as initial

guesses to emcee: a Python implementation of a Markov chain Monte Carlo (MCMC)

sampler (Foreman-Mackey et al., 2013), which is used to numerically optimize the like-

lihood function. We choose reasonable parameter bounds (see the right-most column of

Table 4.6.1) with a broad enough range such that the parameter space is appropriately

explored by the optimisation algorithm which are implemented as �at priors in emcee.

We use 400 walkers and 400 steps, with a burn-in of 200 steps for the MCMC algorithm.
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Δyi, modelΔyi

Δyi, model

Figure 4.5.1: An example of how we add arti�cial scatter to the van der Wel et al. (2014)
size-mass relation before optimizing BathTUB. We compute a CDF from the y-distances
(∆yi,model) of BathTUB galaxies relative to their best-�t trend line (grey) as shown in
the inset �gure. For the example galaxy (dark grey circle), the CDF-probability is
∼ 0.9, i.e. this galaxy is ranked at the 90th percentile according to ∆ymodel. For each
BathTUB model galaxy, an arti�cial data point is created o�set from the observed
literature scaling relation (represented as the red circle o�set from the red trend line)
at (xi,model, yi+ ∆yi), where ∆yi is determined such that the data point lies at the 90th

percentile of all the arti�cial data points (not shown) according to ∆y.
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4.5.2 Fitting to scatter

During the BathTUB optimisation, not only do we want BathTUB to reproduce the

median trends between galaxy properties, but also their scatter. This scatter can arise

from the di�erent spin parameters of di�erent halos, the range in gas disk sizes resulting

from it, and how this propagates into the computation of the dynamical time-dependent

galaxy SFR. Further to this, BathTUB includes perturbation terms which add random-

ness to the gas accretion and SFR.

To allow for scatter on the scaling relations to be taken into consideration during the op-

timisation, before we compute the likelihood function, we perturb each yi (the expected

y-values from the literature) by an amount ∆yi that re�ects the scatter on the scaling

relations measured in the literature (see right-most column in Table 4.5.1). An example

of how this is done is shown for the size-mass scaling relation in Fig. 4.5.1. To achieve

this, we rank the BathTUB model galaxies from 0 to 1 depending on their y-distance

relative to the best-�t trend line (∆ymodel)5. We treat this ranking as a cumulative dis-

tribution function (see inset �gure in Fig. 4.5.1) such that the 50% point corresponds to

∆ymodel = 0. For each BathTUB galaxy, the expected position of the observed galaxy

(based on the literature scaling relations) is computed at (xi,model, yi+∆yi), where ∆yi

is assigned to ensure that galaxy i lies at the same position on the CDF as its equivalent

BathTUB galaxy, where the CDF for the literature scaling relation has σ equal to the

scatter on the empirically determined scaling relation (i.e. the value in the right-most

column in Table 4.5.1).

4.6 Results

4.6.1 Best-�t parameters

The best �tting parameters and associated errors from our model optimisation are

presented in Table 4.6.1. Best-�t values are taken at the 50 percent point of the posterior

distributions output from emcee. 1σ-errors are also given which were de�ned by taking

the 16th and 84th percentiles of the posterior probability distribution.

In using a τdyn-dependent star formation law, we �nd the star-formation e�ciency

parameter εSF to be approximately constant with stellar mass taking the value ∼ 0.02

at z ∼ 0, and decreasing with redshift down to a value of ∼ 0.01 (at z ∼ 2). From their

empirical study of normal SFGs at z ∼ 1 − 3, Genzel et al. (2010) found εSF ∼ 0.02,

5We obtain a best-�t to the BathTUB scaling relations using lmfit, where the scaling relations are
parametrised using the functional forms in the second column of Table 4.5.1
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Parameter De�nition Value Bounds

Cold gas accretion e�ciency εcold

a1 εcold of a 1012M� halo at z = 2 0.40+0.01
−0.01 [0, 1]

b1 Power-index of the εcold(Mh) dependence -1.10+0.01
−0.01 [−5, 5]

c1 Power-index of εcold(z) dependence 0.27+0.02
−0.02 [−5, 5]

d1 Maximum εcold 0.30+0.003
−0.004 [0, 1]

Mass-loading η

a2 η for a M? = 1010M� galaxy at z = 2 0.22+0.01
−0.01 [0, 10]

b2 Power-index of the η(M?) dependence -0.56+0.003
−0.003 [−2, 2]

c2 Power-index of the η(z) dependence 1.49+0.02
−0.01 [−10, 10]

SF e�ciency εSF

a3 εSF for a M? = 1010M� galaxy at z = 2 0.01+0.0002
−0.0001 [0, 1]

b3 Power-index of the εSF(M?) dependence 0.04+0.002
−0.002 [−2, 2]

c3 Power-index of the εSF(z) dependence -0.53+0.02
−0.02 [−10, 10]

Stochasticity

Aran,gas Amplitude of in�ow stochasticity [dex] 0.004+0.005
−0.003 [0, 1]

∆gas Characteristic timescale of in�ow stochasticity [Gyr] 0.76+0.03
−0.03 [0.01, 1]

Aran,SF Amplitude of SF stochasticity [dex] 0.20+0.002
−0.002 [0, 1]

∆SF Characteristic timescale of SF stochasticity [Gyr] 0.72+0.01
−0.02 [0.01, 1]

Table 4.6.1: Free parameters in BathTUB and their best-�t values determined by �tting
the output scaling relations at z ∼ 0, 1, 2 to scaling relations in the literature. The right-
most column shows the bounds applied to parameter values during the �tting.
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consistent with the typical BathTUB εSF.

We �nd out�ows to be important especially at low masses: η ∼ 0.2 for M? ∼ 1010 M�

galaxies at z ∼ 2 and increases with decreasing stellar mass where this relationship

is characterised by a power-law index of −0.56. This index is in between what is

theoretically derived for momentum-driven winds (η ∝ M
−1/3
? ; Murray et al., 2005)

and energy-driven winds (η ∝ M
−2/3
? ; Dekel & Silk, 1986). Further to this, we �nd

η increases with redshift. A comparison to empirically derived results is challenging

due to the di�culty in measuring η in large samples of galaxies, however we point out

that Chisholm et al. (2017) �nd a scaling with stellar mass of the form η ∝ M−0.4
?

using observations of a handful of galaxies across a wide range in stellar mass. Low

mass (∼ 107 − 109 M�) BathTUB galaxies at z ∼ 0 show mass-loading factors of

∼ 0.2−2. This is consistent with the lower end of η values measured by McQuinn et al.

(2019) who sample nearby dwarf galaxies that have experienced recent bursts of star

formation. Empirical measurements of η in higher mass galaxies with M? & 109 M�

are often measured around the cosmic noon epoch (z ∼ 1 − 3), where star formation

and AGN activity was at its peak. BathTUB galaxies show η ∼ 0.02 − 1 in this

regime. This result is in line with the mass-loading of ionized-winds as measured by

Davies et al. (2019). Concas et al. (2022) �nd values of η at the lower end of those

derived here. We point out that observational studies typically measure the amount of

out�ow being launched and not necessarily the amount escaping, unlike the BathTUB

out�ows which leave the galaxy system all together. Furthermore, often only one gas

phase is investigated through observations, thus to draw conclusions about the M?

dependence on η, a ratio must be assumed between phases which is constant among

di�erent galaxies. For reference, in Chapter 2 (Avery et al., 2021) we �nd ∼ 30% of

out�ows launched from nearby galaxies have velocities capable of escaping the host

galaxy entirely, where the out�ow velocities are similar in the ionized and neutral gas

phases (see Chapter 3; Avery et al., 2022).

The growth of massive galaxies in BathTUB is dictated by the dependence of εcold on

Mh. We �nd higher mass haloes are less e�cient at allowing cold gas to be accreted

onto the galaxy, where this scaling is parametrised as εcold ∝ M−1.1
h . This power-law

index is higher than the −0.25 index obtained by Faucher-Giguère et al. (2011). As

expected from the literature εcold also has a dependence on redshift, where we obtain

εcold ∝ (1 + z)0.3 for BathTUB galaxies; close to the relation obtained by Faucher-

Giguère et al. (2011). We point out here that Faucher-Giguère et al. (2011) derive this

relation for haloes at earlier times (z & 2), whereas BathTUB considers the increasingly

more-massive galaxies up to z ∼ 0 to derive the functional form of εcold. Our model
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further adopts a maximum penetration e�ciency of 0.3. This is lower than the ∼ 50%

penetration e�ciency derived from hydro-cosmological simulations (Dekel et al., 2013).

Lilly et al. (2013) �nd a penetration e�ciency of ∼ 0.4 is required to yield a realisticMh

to M? ratio at M? ∼ 1010.5M�. Bouché et al. (2010) also argue for higher penetration

e�ciencies which are valid when out�ow rates are high enough.

In taking a star formation law according to Eq. 4.12 (i.e. without dependence on

τdyn), and repeating the methodology outlined in Section 4.5, we �nd a εSF which has

a positive mass and redshift dependence as follows:

εSF ≈ 0.7

(
M?

1010

)0.2(1 + z

3

)0.3

and other free parameters in BathTUB constrained from this model setup stay close to

those in Table 4.6.1.

The emcee corner plot presenting the posterior distributions for parameter values and

their covariances is presented in Appendix 4.A. We note that errors on the best-�t

parameters presented in Table 4.6.1, derived from the model optimisation, are not

re�ective of the full range of values that the parameters can take. This is because

the random values which are generated in the model (the halo spin parameters and

perturbation terms) are initiated before the optimisation takes place, such that for each

iteration in the optimisation the random numbers are not re-generated. The best-�t is

therefore optimized based on a given set of random values. We investigate this e�ect

further in Appendix 4.B.

4.6.2 BathTUB scaling relations

Galaxy scaling relations output from the BathTUB model at z ∼ 0.1, 1, 2 are presented

in �gures 4.6.1 and 4.6.2. The black dashed lines mark the literature scaling relations

which are used as empirical constraints to which the model is �t, and are listed in Table

4.5.1.

We �nd that BathTUB provides a reasonable �t to the scaling relations considered. We

point out here that the scaling relations taken from the literature are derived empirically

using samples of galaxies which are subject to inherent biases due to the di�culties in

data collection. For example, limited telescope sensitivity prevents measurements of low

surface brightness systems (or low mass galaxies) and measurements out to large galactic

radii; dust attenuation laws prescribed to calculate SFRs have associated uncertainties,

and so on. The literature stellar mass versus halo mass relation is semi-empirical as it
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Figure 4.6.1: Scaling relations output from the BathTUB model at z ∼ 0, 1, 2. Black
dashed lines denote the empirical relations taken from the literature, and are treated
as constraints to which the BathTUB parameters are tuned. Grey (red) points denote
BathTUB star-forming (quiescent) galaxies. Top: size-mass relation. Middle: star-
forming main sequence. Red line indicates the dissection boundary between SFGs and
quiescent galaxies. Bottom: gas-star formation relation. Dark (light) grey dots denote
the molecular (total) gas surface densities.
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Figure 4.6.2: Fig. 4.6.1 continued. Top: stellar-to-halo-mass relation. Bottom: gas-
phase metallicity-stellar mass relation.

is derived based on abundance matching of the observed galaxy stellar mass function

and the dark matter halo mass function at the same epoch, where the halo mass are

taken from N-body cosmological simulations. The black dashed lines in �gures 4.6.1

and 4.6.2 are interpolated into the parameter space probed by BathTUB, i.e. they do

not necessarily represent the extent to which data was collected for their derivations in

the literature.

4.6.2.a Size-mass relation

We �nd a good �t to the empirically derived size-mass trend line at all epochs considered,

albeit with sizes of M? . 109 M� BathTUB galaxies o�set towards higher values at

z & 1. BathTUB reproduces the size-mass relation of SFGs with a scatter ∼ 0.21

dex where the scatter is induced by drawing from the halo spin distribution of Bullock

et al. (2001, see Section 4.4.2.d). We �nd that including winds with a strength scaling

negatively with stellar mass acts to reduce the number of low mass galaxies with stellar

disk sizes which lie below the literature relation (see comparison between �gures 4.6.1

and 4.C.3).

We note that the galaxy size could plausibly be impacted by out�ows, where one may
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expect gas to be preferentially removed from the central regions of galaxies in the case

of AGN activity or strong nuclear star bursts, leading to an increased e�ective radius.

We do not account for this e�ect here, instead the disk sizes are determined based on

the total mass content of galaxies, yet we still reproduce a good �t to the size-mass

relation.

4.6.2.b Star-forming main sequence

The BathTUB model is able to reproduce a turnover in the main sequence, albeit to

a weaker extent than is measured by Tomczak et al. (2016). This discrepancy is due

to the fact that the SFRs are underestimated at all epochs considered compared to

the observational results of Tomczak et al. (2016). This is not an uncommon e�ect in

analytic models (e.g. Mitra et al., 2015) and cosmological simulations (e.g. Sparre et al.,

2015). Various studies discuss these di�erences (see e.g. Damen et al., 2009).

Stochastic �uctuations imposed on the SFR e�ect a scatter of ∼ 0.18 dex in the Bath-

TUB star-forming main sequence. In this work we �t to a scatter of ∼ 0.3 dex, which

is widely reported in the literature, however, Speagle et al. (2014) report an intrinsic

scatter of ∼ 0.2 dex. The origin of the scatter is a science question of interest (e.g. Berti

et al., 2021).

4.6.2.c Gas-star formation relation

The trend between star formation rate surface density ΣSFR(≡ SFR/2πR2
e,gas) and

molecular gas surface density Σgas(≡ Mmol/2πR
2
e,gas) is well reproduced by BathTUB

at z ∼ 0, 1, 2, with scatter ∼ 0.26 dex. Although we �t our model to the Genzel et al.

(2010) scaling relation with a scatter of 0.32 dex, Genzel et al. (2010) conclude that

their measurement of scatter is likely to be signi�cantly a�ected by measurement error

thus the true intrinsic scatter is plausibly less than 0.3 dex. We �nd BathTUB galaxies

have Σgas . 200 M�pc−2 at z . 2 and even lower gas surface densities (. 15 M�pc−2)

at z ∼ 0. In comparison, Genzel et al. (2010) �nd z ∼ 0 galaxies with Σgas as high as

∼ 10, 000 M�pc−2. We note, however, that their sample is comprised of a signi�cant

fraction of starburst galaxies which are somewhat atypical in nature as these systems

are experiencing an exceptionally high amount of ongoing star formation.

The perturbation term to the SFR (∆SF) is largely responsible for inducing scatter in the

SFR-M? and ΣSFR−Σgas relations. When the ∆SF term is removed from the calculation

of SFR (such that the right hand side of Eq. 4.13 becomes simply εSFMmol/τdyn, we

�nd the scatter reduces to ∼ 0.06 dex and ∼ 0.15 dex, in the two relations respectively,
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which is much lower than the scatter expected from the literature.

4.6.2.d Stellar-to-halo-mass relation

BathTUB is capable of reproducing the turnover in the Mh −M? relation. The neg-

ative Mh dependence on εcold with a maximum cut-o� (d1 ∼ 0.3), and the negative

dependence between η and stellar mass are important contributors to this e�ect. The

scatter in the BathTUB Mh−M? relation is ∼ 0.16 dex, close to the value obtained by

cosmological hydrodynamical simulations (Table 4.5.1).

4.6.2.e Mass-metallicity relation

Overall, BathTUB produces a reasonable �t to the mass-metalllicity relation at all

redshifts considered where the negative mass dependence of ηSF adequately removes

metals from low-mass galaxies ensuring a turn-over in the relation. The scatter is

larger than found in the literature of the order ∼ 0.16 dex. Ṁacc and SFR both enter as

terms in Eq. 4.9, therefore both the gas accretion and SFR perturbation terms (∆gas

and ∆SF) play a role in introducing scatter in metallicities. In addition, the random

drawing of the halo spin parameters enters indirectly into the SFR term via τdyn. Of all

scaling relations considered, we note that the mass-metallicity relation is based on the

smallest sample, particularly at higher redshifts. Moreover, the applicability of locally

calibrated metallicity diagnostics at earlier cosmic times remains as matter of debate

(Kewley et al., 2019a).

4.6.3 Growth curves

Fig. 4.6.3 illustrates how the progenitors of present day low-mass (top panel), Milky

Way-mass (middle panel) and high-mass (bottom panel) BathTUB galaxies typically

grow over time according to the optimal solution of the BathTUB model presented

in this section (see Table 4.6.1). In the left-hand panels of Fig. 4.6.3 we show the

normalised growth curves of Mh, M?, Re?, Zgas, fgas and angular momentum (AM

≡M?Re?vrot) of BathTUB galaxies. In the right-hand panels we present the normalised

evolution of SFR, mass out�ow rate (Ṁout ≡ ηSFR), Ṁacc and 〈Ṁh〉. To construct

Fig. 4.6.3, we simulate 2000 BathTUB galaxies, where their evolution is determined

according to the optimal parameter values listed in Table 4.6.1. We then extract galaxies

which have present day stellar masses in the ranges: M?(z ∼ 0) = 1×108−3×108 M�;

4 × 1010 − 7 × 1010 M�; 9 × 1010 − 2 × 1011 M�. The shaded regions present the 1σ

distribution of growth curves and are constructed by taking the 16th and 84th percentile

at each time step for the galaxies in the relevant mass range. Solid lines represent the
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Figure 4.6.3: Typical evolution of low-mass, Milky Way-mass and high-mass galaxy
progenitors in the optimal BathTUB model. Shaded regions indicate the 1σ distribution
of parameter growth for galaxies with present day stellar mass in the range quoted.
Example growth curves for an individual galaxy are shown using solid lines.
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Figure 4.6.4: Smoothed evolution of low-mass, Milky Way-mass and high-mass galaxy
progenitors in the BathTUB model. Here we optimise the BathTUB model whilst
removing perturbation terms to the gas accretion and SFR, and we do not �t to scatter
in galaxy scaling relations. Figure layout is the same as in Fig. 4.6.3.
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growth path taken by a randomly selected individual galaxy within the relevant mass

range.

The e�ect of the stochastic perturbation terms on gas in�ow and SFR introduced to the

BathTUB is clearly evident in Fig. 4.6.3. We re-run the BathTUB model optimisation

as outlined in Section 4.5 whilst �xing the parameters de�ning the amplitude of the

stochastic perturbation (Aran,gas and Aran,SF) to zero. When doing this, we �t only to

the characteristic scaling relation trends, and not their scatter, i.e., we ignore the steps

outlined in Section 4.5.2. The resulting growth curves are presented in Fig. 4.6.4. From

this, we can clearly see the median evolutionary paths of BathTUB galaxies.

From �gures 4.6.3 and 4.6.4 we �nd BathTUB galaxies with larger present day masses

had star formation histories that peaked earlier in time. This result is in qualitative

agreement with the theory of `downsizing' and is in line with observational results (e.g.

Tomczak et al., 2016). BathTUB galaxies with M?(z = 0) ∼ 1011M� peaked in their

SFRs at z ∼ 3, whereas the SFRs of Milky Way-mass galaxies (M? ∼ 5 × 1010 M�)

peaked at z ∼ 1, and low mass galaxies withM? ∼ 108M� show continuously increasing

SFRs. Mass out�ow rates peak at earlier times than the star formation histories, around

z ∼ 7− 8.

From Fig. 4.6.4 we see clearly that for low-mass haloes the mass accretion rate of

baryons follows the DM accretion rate throughout their existence until z ∼ 0. For Milky

Way-mass and high-mass haloes, Ṁacc diverges from the DM growth curve, where this

divergence occurs earlier for higher mass haloes. Where Ṁacc follows Ṁh, this e�ect is

a result of the maximum εcold value (d1 = 0.3) being reached, where εcold is highest in

the low-mass and high-redshift regimes.

We compare the evolutionary tracks for a Milky Way-mass progenitor in the BathTUB

model to Fig. 9 in Förster Schreiber & Wuyts (2020). From this we �nd the shape of

the M? evolution to be similar, where in Förster Schreiber & Wuyts (2020) the stellar

mass growth is determined using an abundance-matching technique from Hill et al.

(2017). Using their derived M? evolution as a basis, Förster Schreiber & Wuyts (2020)

use scaling relations to predict the shape of the evolutionary tracks followed by other

galaxy properties, such as Re? which is constructed using the van der Wel et al. (2014)

Re?−M? relation for SFGs. Compared to Fig. 9 by Förster Schreiber & Wuyts (2020),

BathTUB �nds a steeper Re? evolution at early times. Where Förster Schreiber &

Wuyts (2020) construct the Re? growth for a SFG such that it lies on the van der Wel

et al. (2014) relation at all times, this is not the case for BathTUB SFGs, where the

van der Wel et al. (2014) relation at z 6 2 is one of various scaling relations adopted to
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constrain the BathTUB model. The di�erence between the Re? growth curves is further

re�ected in the top panel of Fig. 4.6.1, where we �nd BathTUB galaxies tend to lie above

the van der Wel et al. (2014) relation at z ∼ 2, and on the relation at z ∼ 0. Colour

gradients (and thus mass-to-light ratio gradients) are known to be present in SFGs (see

Wuyts et al., 2012; Suess et al., 2020), rendering stellar mass-weighted sizes di�erent

(typically smaller) than light-weighted radii. Given that van der Wel et al. (2014) made

measurements of galaxy sizes in the rest-optical regime, it could potentially be the case

that the half-mass sizes are closer to the those predicted by BathTUB than what the

top row of Fig 4.6.1 may suggest.

The BathTUB model further predicts a similar evolution of SFR, AM and fgas compared

to Fig. 9 in Förster Schreiber & Wuyts (2020).

4.7 Discussion

4.7.1 Feedback mechanisms in BathTUB

There are multiple theorised feedback mechanisms which are considered to play a role in

regulating the amount of ongoing star formation within galaxies, however their relative

importance is widely debated. It is widely accepted that feedback driven by energetic

processes associated with the formation of massive stars (e.g. SNe, stellar winds) are

the predominate source of feedback impacting the growth of low-mass galaxies, whereas

AGN are generally favoured to play an important role in regulating the growth of high-

mass galaxies.

BathTUB has two main feedback mechanisms which are used to regulate galaxy growth:

a preventative mechanism which is implemented in the parametrisation of the cold gas

penetration e�ciency εcold(Mh, z) and an ejective feedback mechanism implemented in

the parametrisation of the mass-loading of galaxy out�ows η(M?, z). The preventa-

tive mechanism is found to be more important in high-mass BathTUB galaxies where

εcold ∝ M−1.1
h , i.e. the cold gas penetration e�ciency decreases with increasing halo

mass. Physically, this e�ect could be mimicking starvation mechanisms, for example

where winds and/or jets launched from AGN heat the medium surrounding the galaxy,

preventing cold gas from falling onto the galaxy. For the ejective feedback component

in BathTUB, we �nd η ∝ M−0.6
? which may be re�ective of star formation-driven pro-

cesses becoming increasingly important at ejecting material from lower mass systems.

We note, however, that there is evidence in the literature that (low luminosity) AGN can

drive winds in low-mass galaxies, although their potential impact on low-mass galaxy

evolution is unclear (e.g. Penny et al., 2018; Manzano-King et al., 2019a). Furthermore,



4.7 Discussion 144

in Chapter 2 (Avery et al., 2021) we �nd evidence for low-luminosity AGN driving winds

in typical nearby galaxies in the MaNGA survey (Bundy et al., 2015), where the wind

strength increases with increasing AGN luminosity. Therefore, it is not unreasonable to

think that low-luminosity AGN could also contribute to ejective winds in intermediate

and low-mass systems.

To investigate the individual role of the multiple feedback mechanisms in BathTUB, we

re-run the model optimisation (Section 4.5) with the following settings.

(1) De�ning εcold as a free constant such that Eq. 4.2 becomes εcold = a1, independent

of Mh and z.

(2) De�ning εcold as a free constant, and including an `AGN' ejective feedback term.

To model this, we de�ne the total mass-loading factor as the sum of Eq. 4.4 and

ηAGN, where ηAGN is given by

ηAGN = a4

(
M?

1010M�

)b4 (1 + z

3

)c4
(4.17)

where a4, b4 and c4 are free parameters. We constrain b4 > 0 since we expect

AGN to have an increasing impact in higher mass systems.

(3) Fixing η = 0 such that there a no out�ows in BathTUB.

We present scaling relations for model setups (1), (2) and (3) in �gures 4.C.1, 4.C.2 and

4.C.3 in Appendix 4.C, respectively.

The scaling relations output from model setup (1) are presented in Fig. 4.C.1. We

�nd that without a mass-dependent εcold term, BathTUB cannot reproduce the high-

mass turnover in the star-forming main sequence or the stellar-to-halo-mass function.

In Fig. 4.C.2, we present the scaling relations output from model setup (2), where

a term for AGN-driven ejective out�ows (with a mass-loading which scales positively

with stellar mass) is included. We �nd the functional form of the AGN mass-loading

compensates for missing dependence of εcold on Mh and z by adopting a power-law

indices b4 = 1.8+0.12
−0.13 and c4 = −2.0+0.05

−0.07. The normalisation factor a4 is best-�t as

a4 = 0.003 ± 0.001. Using this parametrised form, the AGN out�ow ejects gas more

e�ciently from higher mass galaxies, and at lower redshifts, resulting in a turn-over

in the star-forming main sequence and a better �t to the empirical scaling relations

compared to the model setup (1). However, the �t to the literature scaling relations is

clearly not optimal compared with a BathTUB setup where εcold is dependent on Mh

and z (�gures 4.6.1 and 4.6.2). This result highlights the importance of a preventative
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feedback term in reproducing the observed galaxy scaling relations, particularly the

stellar-to-halo-mass relation and mass-metallicity relation. For the latter relation, the

AGN term ejects metals too e�ciently from high-mass galaxies resulting in high-mass

galaxies having a low metal content.

In Fig. 4.C.3 we present the results from model setup (3), where ejective out�ows

are not modelled in BathTUB. The model optimisation clearly produces a bad �t to

all scaling relations considered. Without a mass-loading term which scales negatively

with stellar mass, we �nd that the star formation e�ciency term adopts aM?-dependent

scaling of the form: εSF ∝M0.3
? . As a result, the ISM of lower mass galaxies experiences

less metal enrichment from star formation, allowing for a correlation between gas-phase

metallicity and stellar mass (see bottom panel of Fig. 4.C.3). Without out�ows, the

stellar masses of BathTUB galaxies are overpredicted at M? < 1010 M�, given their

halo masses.

Finally we consider the impact of the maximum cut-o� in the cold gas penetration

e�ciency d1. We test for this by �xing d1 = 1 during the model optimisation, in other

words we do not prevent the model from using all available baryons in the gas accretion

phase. From this experiment, we �nd the normalisation factor in the de�nition εcold

(a1) reduces to a best-�t value of ∼ 0.1, and the power-law index of theMh dependence

increases to b1 ∼ −0.3. This parametrisation of εcold allows for a good �t to some

scaling relations, e.g. the Zgas−M? relation since it prevents the accretion of too much

pristine gas which would otherwise over-dilute the ISM. However, we �nd a poor �t to

other scaling relations, including the star-forming main sequence and stellar-to-halo-

mass relation. We conclude the use of a d1 < 1 parameter is necessary for a decent �t

to the scaling relations considered.

4.7.2 Modelling feedback by strangulation

We experiment with using an exponential function for εcold with a redshift-dependent

critical halo mass, above which the εcold goes to zero:

εcold = a1 exp

{
Mh

10b1
(

1 + z

3

)c1
}

(4.18)

In optimising the BathTUB free parameters with the above de�nition for εcold, and using

the methodology outlined in section 4.5, we �nd best-�t values a1 ∼ 0.71, b1 ∼ 12.3,

c1 ∼ 0.56 with a maximum cut-o� d1 ∼ 0.28. Best-�t parameters characterising the

out�ow mass-loading and star formation e�ciency are in line with those presented in



4.7 Discussion 146

Table 4.6.1. BathTUB scaling relations for this setup are presented in Fig. 4.C.4.

We �nd, compared to �gures 4.6.1 and 4.6.2, which were derived using a power-law

functional form for εcold(Mh, z), quiescent galaxies experience sudden turnover in the

SFR−M? relation and rapid up-turn in the Zgas −M? relation above the critical halo

mass (∼ 1012 at z ∼ 2). This is a direct result of the sharp cut-o� imposed to the gas

supply, allowing quiescent galaxies to continue to enrich their remaining gas reservoirs

with metals without dilution from the external pristine gas supply. We do not comment

on whether a power-law or exponential dependence is a better representation of galaxies

in the real Universe since the focus of this work is the evolution of SFGs, which seems

to be relatively una�ected by the two di�erent functional forms of εcold albeit with a

minor di�erences in the galaxy scaling relations.

4.7.3 Gas depletion time scales

One interesting parameter to compare to observational studies is the molecular gas

depletion time scale. This indicates the amount of time it would take for a galaxy

to completely deplete its current gas reservoir if it was to continue forming stars at its

current SFR, and is de�ned asMmol/SFR. In BahTUB, from Eq. 4.13, the molecular gas

depletion time is given by 〈τdep〉 ≈ τdyn/εSF. For BathTUB galaxies of approximately

Milky Way stellar mass (M? ∼ 5 × 1010 M�) we �nd 〈τdep〉 ∼ 1.6 Gyr at 0 . z . 2.5,

broadly in line with empirical measurements in the literature at z ∼ 0 (e.g. Bigiel

et al., 2008; Saintonge et al., 2011), however systematically higher than recorded in

the literature at higher redshifts around z = 2 (e.g. Genzel et al., 2010; Saintonge

et al., 2013; Tacconi et al., 2020). In optimising BathTUB using the star formation law

de�ned in Eq. 4.12 (i.e., without dependence on τdyn), we �nd depletion time scales for

Milky Way-mass galaxies are 〈τdep〉 ∼ 1/εSF ∼ 1.5 Gyr out to z ∼ 2, again consistent

with the literature at z ∼ 0, but systematically higher at z ∼ 2. The absolute gas

depletion time scales for individual BathTUB galaxies varies signi�cantly due to the

stochastic perturbation terms introduced when calculating the amount of gas accretion

onto the disk (∆gas) and galaxy SFRs (∆SF), and, in the case of SFR(τdyn), di�erences

in halo spin parameters between galaxies (which impacts via the calculation of τdyn).

The o�set in τdep from the literature at z ∼ 2 is consistent with the fact that BathTUB

galaxies lie at lower (ΣSFR,Σgas) values compared to the z ∼ 2 galaxies in Genzel et al.

(2010), which typically have Σgas & 150 M�pc−2. The under prediction of SFRs for

M? > 1010 M� galaxies at z ∼ 2, compared to at z ∼ 0 where the SFRs are as expected

for these high-mass systems (see Fig. 4.6.1), may be at least partially responsible for

this o�set in τdep.
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Figure 4.7.1: Molecular (dark grey) and total (light grey) gas fraction versus stellar
mass for BathTUB galaxies.

In Fig. 4.7.1 we further investigate molecular gas fractions fmol ≡Mmol/(Mmol +M?),

and total gas fractions fgas ≡Mgas/(Mgas +M?) in BathTUB galaxies as a function of

stellar mass. We �nd the total gas fraction of low mass galaxies is close to one, and

decreases with increasing stellar mass, where quiescent galaxies have fgas very close

to zero. We �nd massive galaxies have largely depleted their molecular gas reservoirs

at z ∼ 0, whereas intermediate and low mass galaxies still have fuel available for star

formation. To compare to empirical measurements of fmol at high stellar masses, we

�nd high mass BathTUB galaxies broadly in agreement (Tacconi et al., 2010; Saintonge

et al., 2013).

4.7.4 Baryon fractions

An extensive body of work has been done in attempt to constrain the relative contri-

butions to the overall mass budget of galaxies, from the pioneering work by Vera C.

Rubin on nearby spiral galaxies (Rubin et al., 1980) to more recent studies probing

galaxy dynamics in the early Universe (e.g. Rizzo et al., 2021). Of particular interest to

understanding galaxy rotation curves are the baryon-to-dark matter ratios of galaxies.

We calculate the baryon mass fraction of galaxies (fbar ≡Mbar/Mtot) in the BathTUB

model, where the baryon mass Mbar is given by the sum of the mass in stars and

molecular gas within Re?, and Mtot is the total mass (DM + stars + all gas) within

Re?. We assume an exponential disk pro�le for gas and stars, and a NFW (Navarro &

Steinmetz, 2000) pro�le for the halo using equations from Dutton & Macciò (2014) for

the halo concentration parameter. In Fig. 4.7.2 we show the relationship between fbar

and the baryon surface density Σbar ≡ Mbar/πR
2
e?. From our relatively simple model
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Figure 4.7.2: Baryon fraction versus baryon surface density for BathTUB galaxies. Dark
grey points are calculated by considering only the molecular component to the gas in
the calculation of the baryon mass. Light grey points take into account all gas within
the system when calculating the baryon mass.

of galaxy formation, we �nd that galaxies are more dark matter dominated at lower

baryon surface densities. This relationship is at least qualitatively consistent with the

star-forming disks at 1 . z . 2 examined in Wuyts et al. (2016) and Genzel et al.

(2020), and a similar trend is found in cosmological hydrodynamic simulations (Wuyts

et al., 2016, see Fig. 12 and associated text). Genzel et al. (2020) attribute this relation

to galaxies with high baryon fractions having a �attened or `cored' distribution of DM

in their inner regions compared to galaxies with low baryon fractions. They explain

that the radial migration of baryons in galaxies to form massive bulges can plausibly

explain this e�ect. However, given that we �nd a trend between fbar and Σbar without

adopting a cored DM pro�le (instead we use an NWF pro�le with halo concentration

c(Mh, z) according to Dutton & Macciò, 2014) and we do not �t to `an expected' trend

in fbar−Σbar space, we show that this relationship naturally emerges from a simplistic

model that lacks a prescription for bulge formation or radial migration. Our analysis

thus implies that inferences on the presence, or absence, of cored dark matter pro�les

relies on the consideration of the detailed shape and evolution of the observed fbar−Σbar

relation, and not merely on the existence of a correlation between the two quantities.

4.7.5 Areas for improvement

4.7.5.a Molecular gas disk sizes

In the model implementation described in this work, we assume the molecular and

atomic disk sizes are equal, however in reality we expect the majority of the molecular

gas to be enclosed in a smaller radius compared to the atomic gas (see e.g. Bigiel
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et al., 2008). We experiment with assuming an exponential disk model to estimate the

expected radius of the molecular gas disk relative to the total gas disk size using Eq.

4.10 evaluated within individual annuli constructed within the disk. Since stars form

within the molecular gas disk (rather than throughout the full extent of the atomic

gas disk), we replace the Re,gas term used in the calculation of Re? (Eq. 4.15) by the

newly calculated molecular disk size Re,mol. In optimizing BathTUB with this setup,

we �nd the resulting Re? −M? relation is in line with the van der Wel et al. (2014)

relation at z ∼ 2, but Re? is systematically underestimated at z . 1 across the full

stellar mass range probed. Given that the van der Wel et al. (2014) relation is derived

using light-weighted sizes, and BathTUB considers the mass-weighted sizes of galaxies,

we cannot comment on whether this new determination of molecular gas disk sizes is

an improvement for the BathTUB model setup without comparing to an equivalent

mass-weighted Re? −M? scaling relation.

4.7.5.b Metallicity of infalling gas

The metallicity of infalling gas is assumed to be constant with time and equal to 10−3Z�.

If the galaxy feeds from a nearby, external system, or a signi�cant fraction of accreted

gas is from `galactic fountains', i.e. out�ow gas that falls back onto the galaxy, one

may presume that the metallicity of infalling gas would increase with cosmic time (e.g.

Rubin et al., 2012). We �nd, however, that including a freely-�tting redshift dependent

parametrisation in the model makes no clear improvement to the BathTUB scaling

relations at z ∼ 0, 1, 2. This is because the other terms in Eq. 4.9 dominate the

gas-phase metallicity.

4.7.5.c Star formation e�ciency

In the BathTUB implementation described in this work, we assume that εSF, or equiv-

alently the molecular depletion timescale τdep, can be parametrised as a function of

M? and z (Eq. 4.11). Empirical studies, however, have shown that the galaxy deple-

tion timescale only has modest variation with M? at a given epoch, and instead has a

stronger dependence on the o�set of the galaxy from the star-forming main sequence at

a given epoch (Tacconi et al., 2020). Given this, an improved form of Eq. 4.11 could

be implemented as follows:

εSF = a4

(
M?

1010M�

)b4 (1 + z

3

)c4 (sSFR

10−9

)d4
(4.19)
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where we expect the power-law index d4 to re�ect a stronger dependence between εSF

and sSFR compared to εSF and M?.

4.7.5.d Parameter space for �tting

The �ve empirically-derived galaxy scaling relations to which we compare BathTUB

have been quanti�ed from samples comprising thousands of galaxies. However, we

point out that the parameter space probed by BathTUB is larger than the parameter

range probed by the empirical studies, thus it may be unreasonable to draw conclusions

about the validity of BathTUB in reproducing realistic scaling relations at the low-mass

end where observational data is di�cult to collect due to the low surface brightness of

sources, especially at higher redshift. One potential improvement could be to compare

the scaling relations output from BathTUB only in the regimes of parameter space

which are reliably probed in the literature in an unbiased way.

4.8 Summary

In this work we have presented BathTUB: an analytic model for galaxy formation

extending on previous `bathtub' model implementations by tracing the growth of galaxy

sizes. We �t BathTUB to �ve key galaxy scaling relations in the literature: Re? −M?,

SFR −M?, ΣSFR−Σgas,M?−Mh and Zgas−M? (at z ∼ 0, 1, 2). Given that these scaling

relations are considered to be well-de�ned in the literature such that the majority of

typical star-forming galaxies are expected to lie along the relations with some scatter,

it is important that we are able to replicate all these relations simultaneously in our

models. The novel inclusion of a prescription for galaxy size meant that we were able

to better constrain key galaxy parameters, including those characterising the e�ciency

of feedback as a function of galaxy or halo mass, compared to other previous bathtub

implementations which only consider a smaller number of key galaxy scaling relations

that do not depend on galaxy size.

Tracing the size growth of galaxies further allowed us to investigate the origin of the

intriguing relationship between baryon fraction and baryon surface density. From this,

we found that this relationship can be qualitatively replicated using a (relatively) simple

model without a prescription for bulge-formation or radial migration. Cosmological

hydrodynamical simulations, which do feature bulge formation and some degree of radial

migration, predict a relationship between inner baryon fraction and baryon surface

density too (e.g. Wuyts et al., 2016). This implies that the realism with which feedback,

bulge formation and radial migration processes are implemented, or are happening,
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within such models cannot be assessed by simply verifying the existence of a predicted

fbar−Σbar correlation in itself. Instead, this requires evaluating the exact match to the

observed relation (Genzel et al., 2020). This in turn prompts observational e�orts to

tighten constraints on the resolved mass budget within high-redshift SFGs (e.g. Herrera-

Camus et al., 2022).

As well as considering the shapes of these scaling relations, it is also important for

us to understand the origin of their scatter. In this work we improved on previous

bathtub-type studies by taking into account the scatter in the �ve scaling relations

during �tting. In doing this, we were able to identify that introducing stochasticity

to an otherwise smooth gas accretion alone was not enough to reproduce the scatter

in the SFR −M? and ΣSFR − Σgas relations; an additional stochastic term introducing

randomness to the galaxy SFR was also required. The reason behind this is that some

stochasticity predominantly has the net e�ect of scattering galaxies along the scaling

relations, rather than orthogonal to them.

We summarise our key �ndings from this study below.

� Our relatively simple model can simultaneously �t all scaling relations considered

to a reasonable extent, including key features in the relations such as the turnover

in the star-forming main sequence and the stellar-to-halo-mass relation.

� Both ejective and preventative feedback mechanisms are essential to producing a

good �t to the scaling relations. We �nd preventative mechanisms which reduce

the e�ciency of cold gas accretion onto the galaxy disk are important for regulat-

ing the growth of high-mass galaxies, whereas ejective feedback mechanisms are

important for regulating star formation in low-mass systems. We �t functional

forms for εcold and η which scale as εcold ∝M−1.1
h (1+z)0.3 and η ∝M−0.6

? (1+z)1.5.

� We present the growth paths of BathTUB galaxies and �nd the peak of the star

formation histories is a function of mass, where high-mass galaxies peaked in their

SFRs earlier than intermediate-mass galaxies. Low-mass galaxies show increasing

SFRs at z ∼ 0. We �nd the mass-loading of ejective out�ows increases with

redshift, with mass out�ow rates peaking at z ∼ 7− 8 for all galaxy masses.

� Molecular gas depletion time scales of Milky Way-mass BathTUB galaxies are

consistent with results in the literature at z ∼ 0, but are overpredicted at z ∼ 2

compared to the literature.

� A positive correlation between baryon gas fraction and baryon surface density is

a natural outcome of BathTUB, even without modelling for a cored inner DM
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pro�le, which has previously been suggested as a reason for the relation (e.g.

Genzel et al., 2020). The detailed shape and evolution of the fgas −Σbar relation

and/or measurements of the dark matter fraction within more than one enclosing

radius are thus key, more so than the mere existence of a fgas − Σbar relation, in

pinning down the cored vs NFW nature of DM pro�les.

4.9 Data availability statement

All coding pipelines underlying this work were devloped by myself and Prof Stijn Wuyts.

A Python package for BathTUB will be made publicly available on GitHub in the future.



Appendix

4.A MCMC results

In this appendix we present the results from the MCMC algorithm used to determine

the best-�t parameters in BathTUB presented in Table 4.6.1. We see evidence for

degeneracies between various free parameter values in BathTUB, although the widths

of the formal posterior distributions are narrow in all cases (narrower indeed than the

variation in best-�t parameter values when parameterisation of the model is varied as

explored in Section 4.7).
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Figure 4.A.1: Corner plot showing the distribution of positions taken by the walkers in
parameter space from the emcee optimisation. Histograms show posterior probability
distributions with 16th, 50th and 84th percentiles labelled.
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4.B Distribution of best-�t parameters

In this appendix we evaluate robustness of derived parameters between completely

independent runs (independent also in their choice of random spin parameters and

perturbations, which could make the spread of parameter values potentially larger than

the posterior distribution indicated by a given emcee �t that used one set of random

values). This is achieved by optimising BathTUB 100 times. BathTUB is set up

identically for each of the 100 runs as described in Section 4.4, and we use a least-squares

algorithm to �nd the best-�t parameters from each run. The resulting distribution of the

best-�t parameters is presented in Fig. 4.B.1. Standard deviations of the parameter

distributions are shown, which we �nd to be relatively small. We note that least-

squares may converge at local minima which are used as input to emcee to �nd the

global solution in Section 4.5. The results presented in Table 4.6.1 are determined from

emcee, hence they may be distant from the peak of the distributions shown here. Given

that 100 runs of the emcee algorithm would take an impractical amount of time given

the scope of this work, we present the least-squares results here. In conducting a small

number of runs with emcee, we do see some variation in the best-�t parameter values,

however since emcee is more likely to �nd the global solution, we expect the standard

deviations of the distributions of best-�t parameters derived with emcee to be somewhat

smaller than those shown here.
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Figure 4.B.1: Distribution of parameter values from evaluating a least-squares �t to
BathTUB 100 times. Standard deviations of the parameter distributions are shown.

4.C Determining the role of feedback mechanisms

In this appendix we present scaling relations output when alterations are made to the

equations prescribed to model feedback in BathTUB. In Fig. 4.C.1 we show the resulting

scaling relations when Eq. 4.2 is replaced with εcold = a3. Fig. 4.C.2 sees the same

changes as Fig. 4.C.1 and, in addition, we introduce a term ηAGN which is given by

Eq. 4.17. In Fig. 4.C.3, we set η = 0 such that there are no ejective out�ow terms in

BathTUB. Finally, in Fig. 4.C.4, we present scaling relations output when Eq. 4.2 is

replaced by an alternative exponential function (Eq. 4.18) describing εcold(Mh, z).
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Figure 4.C.1: Scaling relations output from BathTUB when εcold is de�ned as a con-
stant, independent of Mh and z. Figure layout same as in �gures 4.6.1 and 4.6.2



4.C Determining the role of feedback mechanisms 158

6 8 10 12
log(M [M ])

0.5

0.0

0.5

1.0

1.5
lo

g(
R e

 [k
pc

])
z  0.1

van der Wel et al. 2014

6 8 10 12
log(M [M ])

z  1.0

6 8 10 12
log(M [M ])

z  2.0

6 8 10 12
log(M [M ])

4

2

0

2

lo
g(

SF
R 

[M
yr

1 ]
)

Tomczak et al. 2016

6 8 10 12
log(M [M ])

6 8 10 12
log(M [M ])

0 2
log ( gas [M pc 2])

4

2

0

lo
g 

(
SF

R
[M

yr
1 k

pc
2 ]

) Genzel et al. 2010

0 2
log ( gas [M pc 2])

0 2
log ( gas [M pc 2])

10 12 14
log(Mh [M ])

6

8

10

12

lo
g(

M
 [M

])

Moster et al. 2013

10 12 14
log(Mh [M ])

10 12 14
log(Mh [M ])

6 8 10 12
log(M  [M ])

6.5

7.0

7.5

8.0

8.5

9.0

12
 +

 lo
g(

O/
H)

Zahid et al. 2014

6 8 10 12
log(M  [M ])

6 8 10 12
log(M  [M ])

Figure 4.C.2: Scaling relations output from BathTUB when εcold is de�ned as a con-
stant, and an additional mass-loading term that scales positively with M? is included
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Figure 4.C.3: Scaling relations output from BathTUB when there are no ejective out�ow
terms. Figure layout is the same as in �gures 4.6.1 and 4.6.2
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Figure 4.C.4: Scaling relations output from BathTUB with an exponential functional
form for εcold(Mh, z). Figure layout is the same as in �gures 4.6.1 and 4.6.2



Chapter 5

The future of feedback studies

5.1 Current limitations

As the �eld stands, two of the most insightful quantities in out�ow studies: the mass

out�ow rate and the mass-loading factor, probing the strength and e�ciency of galactic

winds respectively, are extremely challenging to measure given the numerous uncertain

assumptions made in their derivation. In Chapters 2 and 3, I provide estimates for

out�ow rates (Ṁout) using the ionized and neutral wind signatures in nearby galaxies.

Here I consider the most uncertain parameters on which Ṁout depends, and provide

estimates of their associated uncertainties.

� Density of the out�owing wind medium

The mass out�ow rate in the ionized gas phase is proportional to the density

of gas in the out�ow. Accurate measurements of the density are challenging to

make, and studies often rely on the relationship between the [SII] doublet ratio

and the electron density ne (Osterbrock, 1989). Given the small separation and

relative weakness of the [SII] doublet lines, a good multi-component �t (accounting

for the ISM and out�ow gas) can be di�cult to obtain, and thus [SII] ratios

in individual galaxies have a large associated uncertainty (see Fig. 2-13). For

this reason, in Chapter 2, a constant value of ne is assumed for all out�ows

determined using the typical [SII] doublet ratio measured across the out�ow galaxy

sample. Estimates of ne are further complicated by fact that the [SII] ratio is only

sensitive to electron density in a limited regime: 102cm−3 & ne & 104cm−3, and

becomes approximately constant outside this regime. As discussed in Section

2.5.4.b (Chapter 2), these challenges combined with the observed distribution of
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ne values could lead to an error on individual galaxy mass out�ow rates of ∼ 1−2

dex.

In addition to the uncertainty related to the distribution of ne values across the

galaxy sample, systematic uncertainties can arise from the fact that the relation-

ship between the [SII] doublet ratio and ne is derived for T ∼ 104K gas in HII-like

regions, and not AGN. Given that the strength of forbidden lines is enhanced in

AGN relative to HII regions, this relationship may not necessarily hold in these

conditions (e.g. Davies et al., 2020). Davies et al. (2020) show, by calculating

ne using independent methods, that ne may be systematically underestimated by

up to an order of magnitude in AGN. The systematic uncertainty related to the

temperature assumption is estimated to ±90cm−3 (see Section 2.5.4.b).

� Ionization state

In Chapter 3, the mass out�ow rate derived from the spectral Na I D feature

depends on the column density of hydrogen NH, which is calculated assuming a

conversion between the column density of sodium NNa and NH. Sodium has a

lower ionizing potential (∼ 5eV) compared to hydrogen so a lot of the Na gas

is likely to be excited even where there is copious amounts of neutral hydrogen,

especially if the out�owing gas is shocked. In Chapter 3, I follow other studies (e.g.

Rupke et al., 2005a) in assuming a sodium neutral fraction of 0.1. Rupke et al.

(2005a) note that if this value is incorrect then it is more likely to fall towards

lower values given the expected shocked nature of the gas within out�ows, and

indeed Baron et al. (2020) calculate a value of 0.05 for the neutral fraction in the

out�ow. Given that we detect Na I D in absorption, the neutral Na fraction must

be su�ciently greater than zero. Veilleux et al. (2020) suggest that the correction

factors to retrieve NH are likely to be uncertain to within factors of 2−3. Typical

errors may therefore amount to approximately +7
−3×1020 cm−3, given that we �nd

NH ∼ 4.6× 1020 cm−3.

� Out�ow geometry

All equations for Ṁout rely on an assumed out�ow geometry. In this thesis, I

take advantage of the integral-�eld capabilities of MaNGA to estimate the extent

of the out�ow Rout separately for the Na I D and ionized winds in individual

objects. This is unlike previous work which tends to assume a constant Rout for

all galaxies. For the ionized gas Rout is determined as the radius containing 90% of

the emitted light from the out�ow, however the resulting values can be considered

lower limits given that the potential surface brightness limitations in the outer

regions of the galaxy. For the neutral gas, the measurement of Rout becomes more



5.2 Addressing the limitations 163

uncertain given the relative weakness of the Na I D absorption, and instead Rout

is chosen by considering the broad-component properties within discrete aperture

sizes of 0.25Re, 0.5Re, 1Re and 1.5Re. If, for example, an Rout value of 0.5Re is

chosen, the true out�ow radius could potentially be closer to 0.25Re than 0.5Re.

For this reason, a potential uncertainty of ±0.25Re could reasonably be assumed

for Rout. This value could further increase for objects which have Rout > 1.5Re

since larger apertures are not considered. It is further important to note that the

derivation of equations for Ṁout depend on an assumed out�ow structure (see e.g.

Rupke et al., 2005a) which may not be accurate and could vary from galaxy to

galaxy.

These challenges remain a problem in determining mass out�ow rates (and mass-loading

factors η ≡ Ṁout/SFR) in nearby galaxies, and may be exacerbated in studies at inter-

mediate to high redshifts, where the quality of observations is frequently more limited

in terms of depth and spatial resolution. It is important to note that although caution

should be taken when comparing absolute values of Ṁout due to the many underlying

assumptions, there is still enormous value in determining out�ow demographics and

understanding the scaling relations between out�ow properties and host galaxy proper-

ties.

In the remainder of this chapter I provide insight into the upcoming facilities and

telescopic instruments that will give an unprecedented view of galaxy feedback in the

Universe at low to high redshift, leading to signi�cant improvements in our determi-

nations of mass out�ow rates and mass-loading factors of out�ows, as well as a more

advanced view of feedback in galaxies in general.

5.2 Addressing the limitations

Throughout this thesis, the importance of studying and characterising galaxy feedback

in a quantitative manner has been iterated. Over the past 20 or so years, thanks

to advances in telescope instrumentation, and an upsurge in computational power,

our understanding of galaxy feedback and its potential implications to galaxy growth

has grown signi�cantly. However, the fundamental question of how speci�c feedback

mechanisms, such as galactic winds, impact galaxy evolution is still largely unanswered.

The enthusiasm towards pursuing an answer to this question is not lacking. In this

chapter we will explore the advent of telescopes which will allow us to reconceptualise,

in multiple regions of the electromagnetic spectrum, the internal components of galaxies

and their surrounding environments. Such observations will complement the continuing
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Figure 5.2.1: Schematic showing the wavelength coverage and planned year of �rst light
for the next generation of telescopes most relevant to feedback studies.

improvements being made to numerical models, revolutionising our understanding of

the importance of feedback on galaxy growth.

I will structure this chapter by considering, in turn, key science areas where feedback

studies will be advanced using upcoming telescopic instruments. I will then turn to

important open questions needing to be explored if we are to gain a better understanding

of out�ow impact. I will describe how the new upcoming facilities will help to answer

these questions.

In Fig. 5.2.1 I illustrate the wavelength coverage and expected timelines of the telescopes

discussed in this chapter, where I feel these telescopes in particular are most relevant

to feedback studies.
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5.3 New insights at Cosmic Noon and beyond

Cosmic noon refers to the period where star formation and AGN activity peaked in the

Universe around z ∼ 1−3 (Madau & Dickinson, 2014). At this time, galaxies had formed

approximately half their stellar mass and existed in dynamically evolving environments

where a large fraction of galaxies were expelling gas in the form of visible out�ows. Since

cosmic noon, there has been a slow shut down of star formation. The cosmic noon epoch

is therefore an ideal place to study the impact of feedback on the evolution of what will

become today's massive `red and dead' galaxies. Statistical studies of out�ows at this

redshift normally rely on stacking techniques due to di�culties in detecting the faint

wind signatures with current facilities. As described below, the development of new

multi-object spectrographs will improve sample statistics by orders of magnitude and

will open a window onto key spectral features at unprecedented resolutions. Upcoming

IFU instruments will complement the multi-object spectrographs by providing follow

up observations at higher spatial resolutions than achievable to date.

At low redshift, SDSS is by the far the most complete spectroscopic survey provid-

ing spectral information for millions of galaxies (with median z ∼ 0.1). Via stacking

analyses, these data have been used to investigate the incidence and characteristics

of ionized and neutral out�ows among the typical galaxy population (Cicone et al.,

2016; Concas et al., 2017; Roberts-Borsani & Saintonge, 2019b; Concas et al., 2019).

For the �rst time, a survey comparable to SDSS will be conducted at cosmic noon

using the MOONS instrument on the Very Large Telescope (VLT) under a guaranteed

time programme called MOONRISE (MOONS Redshift-Intensive Survey Experiment).

MOONS is a massively multiplexed �bre spectrograph with 1000 optical �bres sampling

the 0.65−1.8 µm near-IR wavelength regime (see Cirasuolo et al., 2020, for an overview

of the MOONS instrument). MOONRISE will sample hundreds of thousands of galaxies

at z ∼ 1− 2.5 over three orders of magnitude in mass: 108.5 < M?/M� < 1011.7. With

its higher spectral resolution than current parallel surveys (R ∼ 7000 in the H band

compared to R ∼ 2000 in SDSS), decomposition of key emission features, including Hα

and [OIII], and absorption features, such as Na I D, into ISM and out�ow components

will be possible to greater accuracy than with SDSS. The MOONS spectral range will

cover nebular lines suited for excitation diagnostics allowing for subsequent AGN iden-

ti�cation. Using strong-line diagnostics, MOONRISE will provide gaseous metallicity

measurements in a huge number of galaxies. This will improve statistics for metallicity

scaling relations, and their evolution. This is particularly important for the �eld of

feedback given that out�ows are invoked to explain the shape of the mass-metallicity

relation and the fundamental metallicity relation (FMR, relating gas phase metallic-
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ity, stellar mass and SFR; Mannucci et al., 2010). For example, out�ows are thought

to carry metals out of low-mass galaxies more e�ciently than higher mass galaxies.

Metallicity relations thus act as an indirect probe of out�ows in the Universe. How

the relations evolve with redshift is, at present, widely debated. Of further interest to

galaxy formation models are the stellar metallicities which encode information on the

accumulated chemical enrichment over billions of years of star formation, which contrast

the more instantaneous measurement of metallicity seen in the gas phase. Stellar and

gas phase metallicites will be measured for the sample of objects surveyed for MOON-

RISE using absorption line and nebular line emission spectroscopy, respectively. To

envisage more of the science that can be done with MOONRISE, I refer the reader to

Maiolino et al., 2020. First light with MOONS is expected by the end of 2023.

The near future will not only see huge advances in multi-object spectrography, but also

ground based 3D spectroscopic surveys which will push the current spectral and spatial

resolution limits providing unprecedented detail in observations at cosmic noon. The

Enhanced Resolution Imager and Spectrograph (ERIS) at the VLT combines an imager,

capable of di�raction limited imaging, and a near-IR IFU. This IFU spectrograph will

be the refurbished 1− 2.5 µm SPIFFI IFU on SINFONI, with enhanced Strehl ratios,

sensitivity and the addition of a high spectral resolution (R ∼ 8000) grating. The

IFU observations will bene�t from Adaptive Optics (AO) capabilities, correcting for

the distortions caused by atmospheric turbulence. One of the main science goals of

ERIS will be to investigate the evolution of galaxies between z ∼ 1 and 3, including

the shut down of star formation resulting from feedback processes (Davies et al., 2018).

The combination of high spatial and spectral resolutions will allow for the detailed

mapping of gas kinematics, including the movement gas �ows in and out of galaxies.

SINFONI has already boasted its capabilities in characterising the physical properties

of warm out�ows (e.g., Newman et al., 2012) making ERIS an exciting prospect for

future out�ow studies. First light from ERIS is planned for the �rst half of 2022.

By far the most impressive IFU in terms of resolving power, will be the planned High

Angular Resolution Monolithic Optical and Nearinfrared (HARMONI) IFU on the 39m

European Extremely Large Telescope (E-ELT; �rst light expected 2027). HARMONI

will have three resolution modes at R ∼ 3000, 7000 and 18000 in the near-IR wave-

length range 0.47 − 2.45 µm. The facility has unique AO capabilities bringing the

spatial sampling to as low as 4 milliarcseconds. As a result, HARMONI will resolve in

unprecedented detail, the spatially resolved gas kinematics of galaxies and their associ-

ated out�ows, and gas-phase metallicities of galaxies around cosmic noon. Furthermore,

HARMONI is expected to have the ability to detect and characterise individual star
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forming complexes at z ∼ 2 − 3 (Zieleniewski et al., 2015) and the birth of individual

gobular clusters in the early Universe (Renzini, 2019, where this is also expected to

be a science case for JWST: Pozzetti et al., 2019). By utilizing the high-resolution

modes available, astronomers will be able to, for example, identify the location within

galaxies where winds are launched, investigate correlations between out�ows and local

gas content and star formation activity, and resolve the wind geometry, thus allowing

for a much better understanding of the physics of wind driving. This is important to

inform cosmological hydrodynamical simulations where feedback physics is unresolved

and thus must be implemented `by hand' using subgrid models. HARMONI will be an

excellent instrument to serve to �nd direct evidence of negative and positive feedback

within galaxies.

Pushing to higher redshift will be the NIRSpec wide �eld multi-object spectrograph and

the NIRSpec-IFU on board the JamesWebb Space Telescope (JWST). These instrument

modes will capture the 0.6− 5.3 µm regime probing rest-UV line emission and, for the

�rst time, rest-optical line emission from galaxies before cosmic noon (i.e., z > 2.5). The

latter falls redwards of the K-band atmospheric window in ground-based observations

and outside the wavelength range probed by spectroscopy with HST. JWST's exquisite

sensitivity in the far-IR will allow the exploration of earliest galaxies, from the epoch

of reionization to cosmic noon.

There have been numerous observing projects which have been granted guaranteed time

with JWST. These projects will produce JWST's �rst science outputs, where some of

these projects will provide new insights into galactic out�ows. I will broadly describe

three such allocated programmes below.

� Follow up observations of galaxies in deep �eld surveys using multi-object spec-

troscopy and imaging: the NIRSpec and NIRCam instrument teams together will

survey the GOODS �elds using the NIRSpec instrument along with NIRCam and

MIRI imaging. This is to provide data on stellar masses, sizes, SFRs, metallic-

ities, ISM dust-reddening, ISM excitation, strength of nuclear activity, and gas

kinematics (including out�ows), for galaxies in the �eld spanning a wide range in

redshift out to z & 10.

� IFU observations targeting out�ows: Vayner et al. propose to use the NIRSpec

IFU to study extreme out�ows within a handful of quasars at z ∼ 2.5. The team

will look for direct evidence of negative feedback by utilizing the high 0.8kpc

resolution to measure the spatially resolved ionization diagnostics to determine if

the spatial location of out�ows coincides with a lack of star formation.
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� Slitlet stepping: as an alternative to using the IFU mode, astronomers have pro-

posed a novel method called "slitlet stepping", where the NIRSpec Micro-Shutter

Array (MSA) is used to obtain IFU-like spectral maps (e.g., see general obser-

vation cycle 1 program 2123 by Kassin et al.), albeit more complex in its data

processing and calibration. This method is advantageous since the survey time

required is short compared to using the IFU mode itself, and allows spatial map-

ping of galaxy kinematics, including for both internal and out�owing gas. Maps of

strong-line ratios allow determinations of metallicity and excitation mechanisms

on a spatially resolved scale.

5.4 Digging deeper into galaxies in the nearby Universe

Although out�ows tend to be weaker and are observed in a much lower fraction of galax-

ies at low redshift, compared to around cosmic noon (see e.g. chapters 2 and 3 of this

thesis; Avery et al., 2021, 2022), the high signal-to-noise ratios and spatial resolutions

which can be achieved in observations of the nearby Universe, relative to high redshift

studies, make `the current' epoch a valuable area to study out�ows, both via direct (i.e.,

line pro�le decompositions) and indirect (i.e., metallicity signatures) methods. Another

advantage to studying the nearby Universe is that there are an increased number of

`transition' galaxies at z < 0.5 which are thought to be in the process of quenching.

Such galaxies are interesting targets for observations to understand the importance of

certain feedback mechanisms in quenching (e.g., Martin et al., 2007; Bluck et al., 2020;

Trussler et al., 2020). The telescopes described in Section 5.3 will revolutionise not

only our view of the high redshift Universe, but will also have applications for detailed

studies of nearby systems. In this section I will discuss future surveys which will give

new insight into feedback in the low-redshift Universe.

The 4MOST multi-object spectrograph on ESO's Visible and Infrared Survey Telescope

for Astronomy (VISTA) is designed to provide surveys over a wide �eld of view. With

2436 �bres, the 4MOST instrument will be cable of sampling thousands of objects si-

multaneously, and with its medium and high resolution spectrographs (R ∼ 4000−7500

and R ∼ 20000, respectively), 4MOST will be capable of measuring various properties

such as stellar mass, SFRs, dust reddening, metallicities, and kinematics. 4MOST is set

to begin operations in mid-2024. Two surveys which will be conducted with 4MOST, of

particular interest to feedback studies, are the WAVES survey (Driver et al., 2019) and

the AGN survey (Merloni et al., 2019). The WAVES survey aims to provide spectra

for 1.6 million galaxies at z < 0.8. It will go deeper than previous surveys, such as

SDSS and GAMA, complementing these existing surveys by probing to signi�cantly
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lower galaxy masses.

The AGN survey will collect spectra of up to ∼ 1 million AGN at z . 6 by targeting

the extragalactic X-ray emitting sources identi�ed by eROSITA, and heavily obscured

AGN identi�ed by Wide-�eld Infrared Survey Explorer (WISE). This survey will allow

for investigation into the evolution of SMBH activity across a broad redshift range. The

high spectral resolution will allow for identi�cation and characterisation of out�ows

among the AGN population, thus, this survey will provide better statistics on AGN

out�ow incidence, particularly at low to intermediate redshifts.

Providing more detailed observations of individual objects are the ground-based IFU

instruments. MaNGA and SAMI IFU observations have already been useful in detecting

and characterising out�ows in the typical nearby galaxy population, with the advantage

over single slit surveys that they can provide spatial information about the out�ows and

constrain their geometries (Ho et al., 2016; Roberts-Borsani & Saintonge, 2019b; Avery

et al., 2021, 2022). Adding to these datasets will be Hector multi-IFU spectrograph

(Bryant et al., 2016) commissioned to have a higher spectral resolution (R > 4500) than

its predecessors MaNGA and SAMI (R ∼ 2000). Hector will survey 100,000 galaxies

at low redshift (z ∼ 0.1) out to ∼ 2Re. This is an order of magnitude increase in the

number of galaxies observed with MaNGA or SAMI thus far. Its improved spectral

resolution will provide more accurate line decompositions, allowing for detailed studies

of velocity turbulence and its drivers within the ISM of galaxies. Furthermore, Hector

will provide better metallicity estimates over a wider range of galaxy properties.

5.5 Providing an unbiased view of cool and cold out�ows

Given that cool and cold gas makes up the bulk of out�owing material (Carniani et al.,

2015; Fluetsch et al., 2019; Ramos Almeida et al., 2019; Fluetsch et al., 2021), and

cold gas itself is the fuel for star formation, it is important to determine the physical

properties of the cool and cold wind phases in order to understand the full impact of

winds on galaxy growth. Limitations of current facilities, however, means we are lack-

ing observations of unbiased samples of out�ows necessary to understand their impact

among the general galaxy population. This section is therefore dedicated to providing

an overview of the current limitations, and future advances of feedback studies in the

T. 103 K gas phase.

To determine the implications of out�ows upon galaxy growth across cosmic time, we

need to perform systematic studies of the cold out�ows at both low and high redshift.

This requires highly resolved and sensitive observations in the far-infrared to millimetre
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regime, where energy transitions resulting from the cool and cold out�owing gas can be

examined. Current facilities, in particular the Atacama Large Millimetre/submillimetre

Array (ALMA), have been successful in characterising mass out�ow rates and energetics

of the cold molecular out�ow gas from CO transitions within individual galaxies (e.g,

Gowardhan et al., 2018; Fluetsch et al., 2019; Audibert et al., 2019; Vayner et al.,

2021), however targets have been either strong AGNs or starbursts. Future progress

could come with deeper ALMA observations in order to resolve the fainter signatures

of galactic out�ows in more typical systems, however conducting an ALMA survey

targeting a large number of galaxies with su�cient depth is an expensive task. Of

particular interest would be observations matching targets where neutral and/or ionized

out�ows have already been identi�ed and characterised, since this will enable a better

estimate of the full mass budget of the out�ows within these systems. Another insightful

project, building speci�cally on the work presented in this thesis, would be to map the

spatial distribution of cold gas within nearby MaNGA galaxies. From this, one could

investigate whether the cold gas varies in amount or location within galaxies where

ionized or neutral winds are detected, compared to objects with no wind detection.

The novel instrumentation designed for the Next Generation Very Large Array (ngVLA)

will provide better sensitivity and spatial resolution by an order of magnitude compared

to ALMA (Selina et al., 2018) across the 25 cm to 0.26 cm wavelength range. The

ngVLA will have the sensitivity required to unveil signatures from molecular out�ows

in `typical galaxies' on the star-forming sequence with M?/M� & 1010.5 out to z ∼ 3,

and in highly star-forming galaxies out to z & 4 (Spilker & Nyland, 2018). The ngVLA

extends to a higher frequency range than ALMA providing di�erent molecular tracers,

including lower energy transitions of CO which probe down to lower density molecular

gas. The unprecedented sensitivity provided by the ngVLA, along with its proposed

milliarcsecond angular resolution (Carilli & Shao, 2018), will allow constraints to be

placed on the geometry of cold winds, and accurate measurements of their physical

properties to be made (e.g., mass-loss rates). Furthermore, the ngVLA has the ca-

pabilities for investigations into the launching conditions and the fate of cold winds,

in either the form of galactic fountains or ejective feedback. Importantly, the ngVLA

will conduct these investigations across a wide range of galaxy properties and redshifts

(see Bolatto et al., 2018, for an overview of how ngVLA will impact our view on cold

out�ows). This facility is set to begin observations in 2030.

The Origins Space Telescope (OST, currently proposed to launch in 2035) will survey

millions of galaxies from z ∼ 0 to z > 6, and provide spatially resolved spectroscopy

in the infrared between 2.8 and 588 µm. Its sensitivity will be unparalleled in this
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regime, overtaking previous far-infrared facilities, Herschel and Spitzer, by a factor of

∼ 1000 (Wiedner et al., 2021). One of the key selling points of the OST is its ability

to quickly map across large areas to high quality, allowing for unbiased spectroscopic

samples to be taken. OST will probe cool molecular out�ows out to z ∼ 4−5 using OH

and H20 transitions (Bolatto et al., 2019). Together with higher resolution follow up

observations from the ngVLA, we will see a dramatically improved census of molecular

out�ows among galaxies out to high redshift. As well as uncovering molecular out�ows,

OST will bene�t feedback studies through its ability to probe, via far-IR tracers, heavily

obscured star formation and AGN activity which are intimately linked to out�ow driving

(Aalto et al., 2019).

Pushing towards longer wavelengths will be the Square Kilometer Array (SKA), with

�rst light set to arrive in 2027. SKA is planned to have the capabilities to survey the

sky thousands of times faster than current telescopes, and will be the largest radio

telescope thus far. Its wavelength coverage will be in the range 6 m to 1.5 cm, allowing

detections of neutral hydrogen and OH molecular transitions from cool out�owing gas,

albeit with lower resolution than ngVLA. One of its exciting science applications will

be to uncover out�ow components to the HI 21 cm absorption pro�le out to z ∼ 3,

where bright radio continuum sources, i.e., radio AGN, act as background light source

(Table 1, Morganti et al., 2015). One key open question that could be investigated

is the relationship between radio jets and out�ow driving, for example (see Morganti

et al., 2015 for an SKA science case on feedback in radio AGN).

5.6 Zooming out into the CGM and IGM

The majority of baryons in galaxies do not reside within the main structural component

of galaxies (i.e. galaxy disks), but instead make up the surrounding circumgalactic

medium (CGM). The CGM contains a reservoir of gas supplying the galaxy with the

fuel for star formation. A fraction of the gas in the CGM would have been deposited

as a result of feedback processes within the galaxy. The state of the gas in the halo

therefore directly impacts subsequent star formation, and encodes information of the

history of gas cycling throughout the galaxy. Due to the low surface brightness of its

relatively di�use gas, current studies of the CGM rely on large stacks of galaxy spectra,

and sight-line studies using background light sources with clean, well-resolved spectra,

such as quasars (e.g., Steidel et al., 2010). Zaritsky et al., 2019 envisions, with the

next generation of telescopes, progress towards understanding the CGM through the

determination of the spatially resolved kinematics of the emitting gas in the CGM of

individual galaxies. This is advantageous as it allows us to understand the relation
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between halo properties and their host galaxies. To observe the CGM/IGM, we need

facilities that will enable detection of low surface brightness gas extended well into the

halo.

The Giant Magellan Telescope (GMT) is a 30m class telescope planned to observe in

2029. The GMT will host GMACS: a Wide-Field Optical Multi-Object Spectrograph,

observing the optical and near infrared at 0.32−1 µm. One of the main science goals of

the GMT is to map the CGM of individual galaxies, and to map the IGM. To achieve

this, GMACS (fed by MANIFEST; the robotic �ber system) will be used to conduct a

galaxy survey where the light from various background galaxies will be used to probe

the surrounding environments of the foreground galaxies in the �eld of view. With high

sensitivity and spectral resolution (up to R ∼ 6000), studies of rest-frame UV features

will be applicable at 1.5 < z < 5.5. GMACS will have the capabilities to map line-

emitting gas in�ows and out�ows in low redshift galaxies by placing �bres such that

they scatter across the halos, or by using the IFU mode across a wide range of redshifts.

The resulting spectra will be used to probe the physical properties, including metallicity,

temperature and density, as well as the kinematics of the line emitting gas �ows. These

gas �ows will also be probed in absorption using illumination from background galaxies,

where the unprecedented high-sensitivity of GMT will mean we can probe winds using

fainter background galaxies than ever before. Densely sampled background galaxies will

allow for mapping across a single galaxy using multiple sightlines. GMACS will also be

capable of providing high quality spatially resolved spectroscopy using lensed galaxies

as background illumination to the medium surrounding foreground galaxies. I refer the

reader to GMT Science Advisory Committee and GMT Project O�ce, 2018 for an in

depth description of the science goals and technical features of the GMT.

Mapping the CGM in emission is also one of the key science goals of the Large Ul-

traviolet/Optical/Near Infrared Surveyor (LUVOIR; The LUVOIR Team, 2019). This

will be achieved using the LUMOS multi-object spectrograph probing the UV emission

features with exceptional spectral resolution, up to R ∼ 50, 000, and angular resolutions

of < 100pc at z < 0.1, and < 1kpc at higher redshifts. LUMOS will be important for

probing the evolution of the physical conditions of the CGM/IGM, such as temperture,

density and metallicity over cosmic time. Bolatto et al. (2018) further highlight an

exciting science case for LUVIOR in providing detailed maps of extreme out�ows in

UV-bright quasars. The target timescale for launch is 2039.

Capable of mapping the hot gas within the CGM and beyond to an unprecedented level

will be the Lynx X-ray Observatory (Gaskin et al., 2019). Lynx is designed to provide

high-resolution imaging spectroscopy in the 0.2 - 10 keV regime and is proposed to
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launch in 2036. It will show orders of magnitude increases in sensitivity and spectral

resolution over its predecessor: Chandra, XMM-Newton, and also ATHENA (which is

yet to be launched). Lynx will be able to measure the thermodynamic state, chemical

composition and kinematics of hot gas in the CGM and the Cosmic Webb via direct

imagining in emission, and by probing absorption resulting from gas intervening the

line-of-sight towards background AGN. Lynx will measure metallicities on a spatially

resolved scale in clusters out to z ∼ 3. This extends on the measurements to be made

with ATHENA which will be limited to z ∼ 1. It is therefore expected that with Lynx,

we will be able to see the time evolution of cluster metallicity expected over the rapid

formation of stars over cosmic noon. Studying such trends will be key to understanding

feedback processes over this time. Lynx will also be a turning point on our view of

galactic winds within galaxies. The excellent sensitivity and sub-arcsecond imaging

capabilities of Lynx will detect the extremely low X-ray surface brightness of hot wind

�uid on scales of a few parsecs to tens of kiloparsecs, and the AGN in�ated bubbles in

the ISM of nearby ellipticals. Measurements made with Lynx will help to constrain the

energy in the hot �ows.

Although we expect the baryons sitting outside the galaxy disk to be predominantly in

the hot phase, we also need to investigate the cooler phases of gas. The OST will be

important for mapping out the low surface brightness CGM gas around galaxies using

the [CII] 158-µm line. This line is particularly interesting as it is a dominant cooling

line. OST may furthermore be capable of probing H2 in nearby halos (Appleton et al.,

2019).

5.7 Answering open questions

1. What are the accurate mass out�ow rates and mass-loading factors?

To understand true impact of out�ows on their host galaxy, we need accurate

estimations of mass loss rates and mass-loading factors. To invoke a satisfactory

level of feedback in order to reproduce a realistic Universe, some simulations

require η ∼ 10 for massive galaxies and up to ∼ 100 for dwarf galaxies (Muratov

et al., 2015), however observational evidence of such high mass-loading factors are

lacking. Empirically deriving these key out�ow parameters is a challenging task

due to the lack of tracers probing the full multi-phase nature of out�ows within

the same sample of galaxies, and the uncertainty in the wind-model assumptions

upon which our estimates of the out�ow mass crucially depend. Out�ow mass

determinations require assumptions about the out�ow geometry, metallicity, and

amount of dust entrained in the wind. Although the detailed out�ow geometry
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has been observed in various gas phases for a handful of nearby spatially resolved

starbursts and AGN (e.g., Leroy et al., 2015; Shin et al., 2019; Bolatto et al.,

2021), current facilities do not have the angular resolution, nor are observations

sensitive enough, to observe the full extent of out�ows and the trajectories of

the out�owing gas clouds, in most cases, especially at intermediate and high

redshifts. These parameters will be much better determined for warm gas phase

with the upcoming IFU facilities, and for the cool and cold gas with the ngVLA

and deep observations with ALMA. Measurements of dust and metal content will

be improved towards with the new instruments which promise unseen spectral

resolutions at intermediate redshifts.

2. What is the relative importance of AGN/SF on wind driving? Simula-

tions currently invoke star formation-driven feedback as an important regulator

of galaxy growth at the low mass end, and AGN driven feedback at the high mass

end. Recent studies, however, have uncovered evidence for AGN driven feedback

in low mass dwarf galaxies (e.g., Manzano-King et al., 2019b). From an obser-

vational stand point, the relative importance of star formation and AGN driven

feedback towards out�ow driving and galaxy quenching is largely unknown. This

is not helped by the fact that most AGN are dust obscured, and the fact that

in unobscured systems, HII regions often dominate the relative line strengths in

integrated spectra over weak AGN. We therefore need better diagnostics to un-

cover obscured and weak AGN within our data. This will come with the next

generation of facilities which will provide better spatial resolutions to single out

the nuclear region, and uncover better resolved line diagnostics towards higher

redshifts. For obscured nuclear regions, far-IR observations with OST will open a

window onto new tracers of obscured AGN activity (Aalto et al., 2019). As well as

identifying AGN, high spatial resolution observations, particularly those provided

by the 30m class telescopes coming online over the next decade, will enable the

tracing of out�ows from their launching sites. This will be a huge step towards

understanding the physics of wind driving.

3. What is the fate of out�ows, and how do they contribute to ejective

and preventative feedback? Feedback mechanisms, such as radio jets which

penetrate well into the CGM, could sustain heating of the halo thus preventing

gas from cooling and eventually collapsing back onto the galaxy. This mode of

feedback is referred to as preventative feedback. Ejective feedback, on the other

hand, refers to the removal of gas from the system via out�ows causing a direct

depletion of the fuel supply. The relative importance of the di�erent types of
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feedback to quench galaxies is widely debated. Furthermore, out�ows that do not

leave the halo entirely may form galactic fountains, where the out�owing gas is

redistributed within and around the galaxy. Despite the fact that these fountains

are expected to be common in galaxies (e.g. Avery et al., 2021), their implications

for galaxy growth is largely unknown. To understand this further, we need to

investigate the fate of out�ows by looking beyond the galaxy disk and into the

CGM/IGM, and measure the physical properties of the baryonic material within

the galaxy halo. It may be particularly useful to look at the state of the halo in

`green valley' galaxies or the expected predecessors of quiescent systems at higher

redshift.

4. How common is positive feedback? Although out�ows are thought to be

important contributors to negative feedback in galaxies, there is evidence that

out�ows themselves can induce star formation, either by compressing intervening

gas clouds (e.g., Cresci et al., 2015b,a), or by creating the conditions for gravi-

tational fragmentation inside the out�ow itself (Maiolino et al., 2017). Studies

suggest that positive feedback has an important e�ect on galaxy evolution (e.g.,

Silk, 2013), where out�ow-induced star formation can account for high velocity

stars observed in galaxy halos, and can contribute to the formation of spheroid

components within galaxies. Furthermore, supernovae explosions at large galactic

radii can cause metal enrichment and gas heating in the CGM and IGM, and even

contribute to the reionization of the Universe (e.g., Zubovas et al., 2013; Gallagher

et al., 2019).

5.8 Concluding statement

The development of ground breaking telescopic instrumentation over the next decade

poses optimism for exciting discoveries in the �eld of galaxy evolution. This chapter

touched the surface of progress being made on both ground- and space-based facilities,

and their applications to the �eld of galaxy feedback, however it goes without saying that

a lot more discovery space is available with currently operating facilities. Clever analysis

tools using Arti�cial Intelligence and Machine Learning have become more common

practice to handle big Astronomical data, and the continued development of these tools

will be extremely important to process the overwhelming in�ux of observational data

provided by the next generation of telescopes.
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Conclusions

At the end of Chapter 5 I described a number of key open questions in the �eld of galaxy

feedback which, as a community, we need to explore in order to better understand the

processes involved in galaxy evolution. Most relevant to this thesis are (1) What are

the accurate mass out�ow rates and mass-loading factors?; (2) What is the relative

importance of AGN/SF on wind driving?; (3) What is the fate of out�ows, and how do

they contribute to ejective and preventative feedback?

The three studies presented in chapters 2 - 4 of this thesis each play a unique role in

enhancing our understanding of these open questions.

In chapters 2 and 3 I explore question (1) by providing estimates of mass out�ow rates

and their scaling with host galaxy properties. I further provide estimates for out�ow

extent, and insights into out�ow geometry, where these measurements are essential

given that calculations of mass out�ow rates and the mass-loading of winds rely on an

assumed wind geometry. By probing out�ows from typical galaxies on an object-by-

object basis, I extend on previous work which either tends to rely on stacking techniques

to enhance the relatively weak galactic wind signatures from these types of galaxies, or

measures out�ow properties within individual systems which are extreme in terms of

their SFRs and/or AGN luminosities. In chapters 2 and 3 I thus provide unique insights

into measurements of wind geometry and mass out�ow rates in typical nearby galaxies.

In Chapter 2 I investigate question (2). By utilizing the spatially-resolved information

from the MaNGA datacubes, I extract emission line ratios from the nuclear regions

within galaxies to identify the presence of weak AGN. Using this, I measure out�ow

strength as a function of the strength of the physical drivers of the out�ow: SFR and
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AGN-luminosity. By performing an analysis where I express the mass out�ow rate as

having a joint dependence on M?, star formation and AGN activity, and galaxy size, I

�nd star formation and AGN to both be important in driving out�ows in these typical

nearby systems.

Chapters 2 and 3 consider question (3) by comparing the wind velocities to an estimate

for the escape velocities of the gravitational potential wells in which the galaxies reside.

I �nd ∼ 30% of out�ows have the potential to escape host galaxies entirely, where

the escaping fraction increases with decreasing potential well depth. These escaping

winds potentially act as an ejective feedback mechanism. I then explore this question

from a theoretical (as opposed to an observational) standpoint in Chapter 4. In this

chapter I present BathTUB: an analytic model for galaxy formation which I developed

in collaboration with Dr Stijn Wuyts. We found that in this relatively simplistic model,

preventative and ejective feedback mechanisms are essential in order to reproduce galaxy

scaling relations, which describe the relationships between galaxy properties (such as

SFR and M?) along which most typical star forming galaxies lie. By �tting the output

galaxy population from BathTUB to empirically-derived scaling relations, we �nd the

ejective mechanism is best constructed with a mass-loading factor that scales negatively

with stellar mass, and the preventative feedback mechanism acts to reduce the e�ciency

of the cold gas accretion onto the galaxy, where the e�ciency is lower for higher mass

haloes.

In this conclusion we summarise a handful of questions explored in the thesis. As

discussed in Chapter 5, studies which make use of the new (and exciting) telescopes

coming online over the next decade will massively enhance our understanding of these

science questions, along with many others of interest to the topic of galaxy formation

and evolution.
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