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Abstract

Analyzing the Effects of Stellar Feedback on Gas Dynamics in FIRE, Romulus and

Observed Low Redshift Dwarf Galaxies

by

Joseph Wick

In low mass galaxies, gas outflows driven by stellar feedback can generate fluctua-

tions in gravitational potential and lower the central density of dark matter halos, which can

solve the cusp-core problem. We compare observational signals of feedback driven outflows in

simulated low redshift galaxies from the Feedback in Realistic Environments (FIRE) project,

as well as new baryonic zooms of galaxies from the Romulus25 run. The FIRE simulations

predict a correlation between sSFR and gas velocity dispersion at low redshift, however the

Romulus simulations do not. We analyze dwarf galaxies observed with Keck DEIMOS for

correlations between specific star formation rates (sSFR) and Hα velocity dispersion (σHα) at

z ≤ 0.35, and compare to simulation predictions. We find no correlation between sSFR and

σHα in our observed data. Our results support the scenario that if dwarf galaxies are cored by

stellar feedback, the coring process is completed at intermediate redshifts.
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Chapter 1

Introduction

The ΛCDM cosmological model accurately describes the large scale structure of the

universe but has problems on relatively small length and mass scales. Λ represents the cos-

mological constant, responsible for the expansion of the universe, and CDM stands for cold

dark matter; a hypothetical particle that is collision-less and has a low thermal velocity. ΛCDM

has had success in explaining many of observed cosmological phenomena, including acceler-

ating expansion (Riess et al., 1998; Perlmutter et al., 1999), statistical properties of both the

cosmic microwave background (Page et al., 2003) and the large scale structure of the universe

(Bernardeau et al., 2002; Bull et al., 2016), as well as the concentrations of elements in existance

in the universe today (Cyburt et al., 2016).

Despite these broad successes, pure dark matter simulations show clear discrepan-

cies with observed data at smaller scales. Known as the “missing satellites/dwarfs” problem,

ΛCDM models predict that the Milky Way should have more satellite galaxies than are ob-

served (Moore et al., 1999; Klypin et al., 2011). Dark matter only simulations also predict the
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existence of satellite galaxies with high density dark matter halos, none of which have been

observed (Boylan-Kolchin et al., 2009). This is referred to as the “too-big-to-fail” problem, as

the simulated halos are believed to be too large to have not formed stars. Finally, known as the

“cusp-core problem,” the inner regions of observed dwarf galaxies have constant density cores,

rather than the increasing density cusps of ΛCDM predictions (Moore, 1994; Flores & Primack,

1994).

More recently, improvements in simulation resolution and modeling of physical pro-

cesses have provided possible solutions to these issues. The incorporation of baryonic physics

has suppressed star formation in small dark matter halos which, coupled with the discovery of

additional Milky Way satellites, brings the observed mass function closer to predictions (Liu

et al., 2008; Belokurov et al., 2008). Stellar feedback processes have been shown to lower

the central densities of galaxies, largely reconciling the too big to fail problem (Zolotov et al.,

2012; Di Cintio et al., 2013). Furthermore, high resolution simulations with improved pre-

scriptions for stellar feedback – including NIHAO, FIRE and CHANGA – have produced cored

dwarf galaxies without any modifications to the ΛCDM paradigm (Governato et al., 2010; Tol-

let et al., 2016; Wetzel et al., 2016; Buck et al., 2017; Brooks et al., 2017). Chan et al. (2015)

find that the FIRE simulations create qualitatively similar cores to other simulation suites with

different small scale feedback models, suggesting that this phenomenon is not dependent on

specific parameters.

Under these models, stellar feedback – in particular supernovae explosions and stellar

winds – drives bulk motion of interstellar gas leading to fluctuations in a galaxy’s gravitational

potential. These potential fluctuations impact the galaxy’s dark matter, and repeated feedback
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events can lower the density of inner regions, turning cusps into cores (Mathews & Baker, 1971;

Haehnelt, 1994; Read & Gilmore, 2005; Muratov et al., 2015; Teyssier et al., 2013; Ogiya &

Mori, 2014). Dwarf galaxies generally have “bursty” star formation histories, which can provide

the repeated stellar feedback incidents required for core creation (e.g. Hopkins et al., 2014; Shen

et al., 2014; Rusakov et al., 2021). These feedback cycles are known as “breathing modes,” as

the gas of a galaxy expands and contracts cyclically. In larger galaxies, which have deeper

gravitational potentials, stellar feedback is unable to drive strong gas currents, and therefore

unable to similarly affect the dark matter of the galaxy (Di Cintio et al., 2014a; Pontzen &

Governato, 2014).

El-Badry et al. (2017) showed that stellar feedback driven breathing modes generate

cores in simulated dwarf galaxies from the Feedback in Realistic Environments (FIRE) simu-

lations, and found a correlation between specific star formation rate (sSFR) and stellar velocity

dispersion at fixed stellar mass. Bursts of star formation generate feedback which in turn af-

fects stellar kinematics and creates higher stellar velocity dispersions a few tens of millions of

years after the star formation. Since stars and dark matter respond similarly to the resulting

potential fluctuations, the correlation between stellar velocity dispersion and sSFR provides an

observational test for feedback driven core creation (El-Badry et al., 2016, 2017). Additionally,

El-Badry et al. (2016) found that this feedback can drive fluctuations in a galaxy’s size and

invert stellar age gradients in the FIRE simulations.

On the observational side, Cicone et al. (2016) used stacked SDSS spectra to show

that, for galaxies with logM⋆ ≤ 9.5, star forming galaxies with high sSFR have different kine-

matics than their low sSFR counterparts. They found that line widths, a tracer of line of sight
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velocity dispersion, increased with sSFR at fixed stellar mass. Hirtenstein et al. (2019) found

a similar correlation between specific star formation rate (sSFR) and Hα velocity dispersion in

star forming galaxies with stellar masses 8 < log(M⋆/M⊙) < 9.8 and redshift 1.2 < z < 2.3.

This correlation between gas dynamics and sSFR is not hard proof of breathing modes, but is

a requirement if feedback is to then influence stars and dark matter. Other signs of breathing

modes exist, such as a correlation between extended star formation and cores (e.g.Read et al.,

2016), but in this work we focus on the relation between star formation and velocity dispersion.

While stellar feedback driven breathing modes provide a potential solution to the

cusp-core problem without modification to the ΛCDM paradigm, it remains unclear if feedback

models are sufficiently realistic. Modern ΛCDM simulations still struggle to match the diversity

in star formation rate and rotation curves that are observed in dwarf galaxies, a tension known

as the “diversity problem” (Oman et al., 2015). However, simulations ran under self interacting

dark matter (SIDM), a modification to CDM theory in which dark matter particles collide and

exchange energy, have been shown to resolve the diversity problem (Vogelsberger et al., 2012;

Rocha et al., 2013; Kamada et al., 2017; Elbert et al., 2018). For a discussion of SIDM and how

the simulations in this work can be used to design a test for SIDM, see the Appendix.

In this work, we compare breathing mode signals in the FIRE simulations, zoom sim-

ulations of galaxies from the Romulus25 run, and dwarfs observed with Keck DEIMOS. We

focus on the mass range 8≤ log M⋆/M⊙ ≤ 9, which has been identified as ideal for understand-

ing correlations between a galaxy’s baryons and dark matter (Di Cintio et al., 2014a,b; Relatores

et al., 2019), and has been found in previous works to be the mass range where stellar feedback

most effeciently creates cores (El-Badry et al., 2017; Read et al., 2016, 2019). In section 2, we
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outline the simulations and observational data that make up our galaxy sample. In section 3, we

compare signs of breathing modes in Romulus, FIRE, and observed galaxies. In section 4, we

discuss our results in the context of other works and avenues for future work. In section 5 we

summarize our results, and finally in the Appendix we discuss future work to be done with our

simulation data.
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Chapter 2

Data and Methods

We use simulations run under the FIRE project (Hopkins et al., 2014), as well as new

zoom simulations based on the Romulus code (Tremmel et al., 2017). These are compared

with spectral data of similar dwarf galaxies taken with Keck DEIMOS.

2.1 Romulus Simulations

We use cosmological zoom in simulations of galaxies selected from the Romulus25

run (Tremmel et al., 2017). The full suite of zooms, in addition to SIDM counterparts, will be

introduced in a future work so we briefly outline the simulations here.

Romulus25 (Tremmel et al., 2017) is a big box cosmological simulation ran with a

version of the tree based smoothed particle hydrodynamics (SPH) and N -body code CHANGA (Menon

et al., 2015) that was augmented with improved super massive black hole modeling. CHANGA itself

is based on the SPH code GASOLINE (Wadsley et al., 2004, 2017) but improves upon compu-

tational scaling using the CHARM++ framework (Kalé & Krishnan, 1993) for improved commu-
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Figure 2.1: Population of Romulus25 galaxies selected for zoom simulations.

nication and load balancing. CHANGA solves the Euler equations in a modified form of SPH

that incorporates a geometric density mean in the force calculation to remove artificial surface

tension (Jetley et al., 2008). This modification to SPH has been shown to remove the formation

of artificial cold blobs (Menon et al., 2015), as well as correctly model strong shocks (Read

et al., 2010; Saitoh & Makino, 2013; Hopkins, 2013).

We consider zoom simulations of dwarf galaxies, selected from the Romulus25

run, a cubic volume 25 Mpc on each side (see Tremmel et al., 2017). The “zoom in” technique

involves selecting a region of a large simulation to re-simulate at a higher resolution, while still

including the rest of the original run at lower resolution (Porter, 1985; Katz & White, 1993;

Oñorbe et al., 2015). Zoom in simulations resolve the small scale baryonic physics of the
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selected galaxy at high resolution, while still accounting for the large scale gravitational effects

of the full cosmological volume.

The Romulus zooms have a gravitational spline force softening length of 87 pc,

minimum hydrodynamical smoothing length of 11 pc, as well as dark, gas, and maximum initial

star particle masses of 17900, 3310, and 994 M⊙ respectively. We use cosmological parameters

from Planck, as in the Romulus25 run, with Σ0 = 0.3086,Λ = 0.6914, h = 0.67 and

σ8 = 0.77 (Tremmel et al., 2017; Planck Collaboration et al., 2016). These simulations were

ran on 48 core Skylake nodes using PSC Comet and TACC Stampede2, with around 30 nodes

per simulation. Each full zoom simulation takes around 7500 node hours to run to z = 0, and

includes about 26 million particles.

Each star particle represents a simple stellar population following a Chabrier (2003)

initial mass function (IMF). We use the “super bubble” model of supernova feedback, which

better accounts for the combined feedback effects of nearby stars and supernovae compared to

“blastwave” models (Keller et al., 2014). After star particles form, they deposit energy in the

form of stellar winds and eventual supernovae explosions to the nearby gas particles.

Simulations of galaxies ran with CHANGA and GASOLINE have had success in ex-

plaining many observed phenomena including the stellar to halo mass relation (Munshi, 2013;

Munshi et al., 2017), the baryonic Tully-Fisher relation (Christensen & Hjorth, 2017; Brooks

et al., 2017), as well as the properties of both field dwarfs (Brooks et al., 2017) and satellites

of Milky Way mass galaxies (Zolotov et al., 2012; Brooks, 2014). Especially relevant to this

work, the first cored CDM galaxies were produced with GASOLINE (Governato et al., 2010,

2012; Brook et al., 2011).
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Dwarf galaxies from Romulus25 are selected to have log stellar mass 8 <M∗ < 9

and dark matter halos with Vmax between 80-100 km/s. We follow the isolation criteria from

Geha et al. (2012): an isolated galaxy must be at least 1.5 Mpc from a galaxy with stellar

mass M∗ > 2.5 × 1010 M⊙. These selections were made at redshift z = 0.1 to match the

observed data (see section 2.3). Figure 2.1 depicts our selected galaxies in the full population

of Romulus25 central galaxies.

In total 20 galaxies were selected for zoom simulations, each will be ran under CDM

and SIDM models. Currently, 16 CDM simulations are available, and we analyze them for

observables that indicate breathing mode behavior. Table 2.1 summarizes the properties of the

simulations at z = 0. The full set of CDM runs, in addition to their SIDM variants, will be

analyzed in a future work. Each galaxy also has an adiabatic run associated with it, which

is similar to a dark matter only run in that there are no gas physics, but the gas particles are

still simulated. The adiabatic runs can be used for matching a baryonic simulated galaxy to a

similar DMO galaxy in a larger box simulation, which will allow for lensing measurements to

be associated with the zooms.

Post simulation, halos and galaxies are extracted using the Amiga Halo Finder (AHF;

Gill et al., 2004; Knollmann & Knebe, 2009). AHF differs from the “classical” halo finding

Friends-of-Friends algorithm, as it decomposes simulation space into a tree using a hierarchi-

cal grid. Halos are identified as spherical regions with sufficiently high density, as outlined in

Bryan & Norman (1998). Particles above the gravitational escape velocity are considered un-

bounded and removed from all halos. For additional analysis, we use the PYNBODY analysis

tools (Pontzen & Governato, 2013) and the TANGOS database system (Pontzen & Tremmel,
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Galaxy Romulus25 M∗ Zoom M∗ SSFR b/a c/a fgas ρ (z < 0.35)
log10M⊙ log10 M⊙ yr−1

r431 8.80 9.17 -9.74 0.96 0.52 0.85 -
r442 8.81 9.18 -9.84 0.91 0.63 0.84 -0.32
r468 9.82 9.31 -9.80 0.91 0.81 0.71 -0.42
r492 8.71 9.07 -9.51 0.87 0.57 0.87 0.75
r502 8.72 9.15 -9.56 0.87 0.40 0.80 0.04
r515 8.79 9.04 -9.50 0.83 0.47 0.89 0.58
r523 8.82 8.72 -9.85 0.95 0.56 0.89 0.22
r556 8.81 9.03 -9.82 0.82 0.68 0.77 -0.44
r568 8.73 9.29 -9.64 0.91 0.47 0.73 0.32
r569 8.74 8.68 -9.84 0.91 0.60 0.91 0.48
r571 8.67 8.64 -9.98 0.99 0.60 0.92 0.15
r597 8.70 8.74 -9.81 0.91 0.53 0.87 -0.11
r613 8.62 8.74 -9.74 0.96 0.54 0.89 0.61
r615 8.67 9.47 -9.00 0.52 0.45 0.85 -
r618 8.65 8.64 -9.80 0.57 0.50 0.88 0.10
r634 8.64 8.65 -9.88 0.97 0.58 0.91 0.39

Table 2.1: Parameters of the Romulus zoom galaxies at z = 0. Columns b/a and c/a refer to
the ratios of the axes for each galaxy, as fit with Pynbody. ρ refers to the correlation between
sSFR and σhotgas (see section 3.1). Galaxies r431 and r615 do not have ρ values due to issues
with low z timesteps.
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2018).

Stellar masses are calculated as the sum of star particles determined to be bound to

the dark matter halo by AHF. Similarly, we define star formation rates as the sum of the stars

younger than 100 Myr, and for sSFRs divide that by the same timescale. Following El-Badry

et al. (2017) and Hirtenstein et al. (2019), we calculate velocity dispersions as the median value

of 100 random line of sight, mass weighted, dispersions. Since our observational data measures

emission lines from Hα, which is a tracer of hot ionized gas, we select hot gas (T> 10, 000K)

within 100 pc young stars when measuring gas velocity dispersions. Axis ratios c/a and b/a are

calculated with PYNBODY, which fits a series of homeoidal of increasing radii to the galaxy’s

particles. Displayed in Table 2.1 are the values corresponding to the visible radii of a galaxy’s

stars in generated images. Galaxy images are generated with PYNBODY, which determines

magnitudes of stars using the Marigo stellar population code.

We exclude two Romulus galaxies from our analysis: r431 because of problems with

the identification of star particles in several low-z timesteps, and r615 because it undergoes a

late (z ≈ 0.15) merger. Both of these issues occur within the redshift range of interest, so the

galaxies are omitted from the analysis.

Figure 2.2 depicts the dark matter density profiles, images, and HI profiles (see Ap-

pendix) of our simulated galaxies. From the dark matter density profiles, we can clearly see

that all of the simulated Romulus galaxies have cores. We also find a variety of shapes, with

some galaxies such as r431 and r571 appearing to be more disk like and others, including r468,

having a more globular structure.

We find that the Romulus zoom simulations yield galaxies with some variance in

11



Figure 2.2: Dark matter density profiles, images, and HI profiles for all of our Romulus galaxies.
The dark matter density profiles for each galaxy show a clear constant density core. Images are
rendered with Pynbody and show diversity of morphology and shape. HI profiles also show
some diversity of shape and will be the subject of future work (see Appendix).

12



Figure 2.3: Masses of lower resolution (x-axis) vs zoom simulations (y-axis) for the Romulus
dwarfs at z = 0.1. The black dotted line indicates a 1:1 ratio.

stellar and gas masses compared to their lower resolution counterparts; see Figure 2.3. In a few

cases, this does take the galaxy outside of the targeted 8-9 log mass range. While an interesting

avenue for a future work, we find the scatter not to be large enough to deter our analysis here.

2.2 FIRE

Additionally, we use zoom in simulations from the FIRE project, which focuses on

modeling the baryonic physics within galaxies. We analyze galaxies from the m11 suite of

zoom simulations, which fall into the stellar mass range 7.65 ≤ log M∗/M⊙ ≤ 9.59. These

galaxies were introduced in El-Badry et al. (2018) and Hopkins et al. (2018), so we provide a

brief summary here.

The FIRE simulations use the the hydrodynamics code GIZMO (Hopkins, 2015), the

tree based gravity solver from GADGET-3 (Springel, 2005), and the FIRE-2 feedback model.

GIZMO solves the Euler equations through meshless finite mass (MFM) hydrodynamics. MFM

combines aspects of the particle based SPH and grid based methods. Hopkins (2015) find that

MFM maintains the advantages of Lagrangian/particle based methods – such as easy integra-

13



tion into a gravitational tree structure and computationally inexpensive density measurements –

while improving upon shock capturing, convergence rate, and fluid mixing. The FIRE-2 model

of galaxy formation and feedback includes the effects of stellar winds, radiation pressure from

massive stars, type Ia supernovae, local ionization and photoelectric heating, and core collapse

(Hopkins et al., 2014; Hopkins, 2017).

The FIRE simulations used here are cosmological zooms of galaxies originally sim-

ulated in a large volume DMO run. The simulations are ran under a flat cosmology, with

Ωm = 0.272, ΩΛ = 0.728 Ωb = 0.0455, and h = 0.702, and initial conditions generated by

MUSIC (Hahn & Abel, 2011). The resolution of the FIRE zooms varies by galaxy, with grav-

itational softening of 2-4 pc, minimum hydrodynamical smoothing of 0.5 pc, baryon particle

masses ranging between 880-2,173 M⊙, and dark matter particle masses between 4,400-38,900

M⊙. Particle counts for the simulations range between 4.5 and 150 million.

Formed star particles represent a stellar population under a Kroupa (2002) IMF and

transfer energy into surrounding gas particles, as computed by STARBURST99 (Leitherer et al.,

1999, 2010, 2014). Star formation occurs in dense, self-gravitating molecular clouds of gas with

densities of n > 50 cm−2.

Galaxies simulated by the FIRE project have been shown to accurately produce many

observed featuers of low mass galaxies. These include inverted metallicity and age gradients

(El-Badry et al., 2016), dark matter cores (Chan et al., 2015; Oñorbe et al., 2015), dispersion

dominated support (El-Badry et al., 2017; Wheeler et al., 2016), realistic satellites around Milky

Way mass galaxies (Wetzel et al., 2016), the stellar to halo mass relation (Hopkins et al., 2014),

the stellar mass to size relation (El-Badry et al., 2016; Fitts et al., 2019), and both thin and thick

14



Galaxy M⋆ sSFR fgas
log10M⊙ yr−1

m11b 7.65 -10.96 0.91
m11d 9.59 -11.13 0.46
m11e 9.15 -9.60 0.56
m11h 9.56 -9.91 0.47
m11i 8.96 -10.13 0.55
m11q 8.57 -11.58 0.37

Table 2.2: Parameters of the FIRE zoom galaxies at z = 0. Following the FIRE group con-
vention, these masses refer to the stellar mass enclosed within the 90% light radius. For mass
binning purposes, we use the total stellar mass.

disks in Milky Way mass galaxies (Ma et al., 2018). Table 2 provides outlines the FIRE galaxies

we analyze at redshift zero.

Sparre et al. (2016) and Wetzel et al. (2016) found that the range and scatter of star

formation histories produced by FIRE dwarfs agrees well with the local universe. However,

Sparre et al. (2016) also note that the strongest starbursts in FIRE are more extreme than those

of local dwarfs.

Post simulation, as with the Romulus zooms, halos are extracted with AHF. We use

GizmoAnalysis Wetzel et al. (2016) for analysis of the FIRE zooms and calculation of all galaxy

properties. We calculate all simulated quantities as described in Section 2.1.

2.3 Observed data

We took spectral data of dwarf galaxies using Keck DEIMOS for 3 full nights in

February of 2022. We selected galaxies from the COSMOS 2015 catalog with 30 band photo-z

below z = 0.25, and log stellar masses between 8 ≤M⋆ ≤ 9. The data was reduced using

15



PypeIt (Prochaska et al., 2020), a Python based tool for spectral data reduction, with standard

DEIMOS settings. While we observed over 1000 galaxies across several slitmasks, we had

trouble with object detection in many cases, likely due to some slits being exceptionally narrow

(around or below 2 arcseconds).

After reduction, we found 330 galaxies with sufficient quality emission lines to take

spectral redshift measurements. For each galaxy, we calculate the sSFR over the past 100 Myr

and the stellar mass through SED fitting with Prospector (Johnson et al., 2021). For full details

of the fitting parameters, see section 2.4 of Luo et al. (2023). We calculate the Hα velocity

dispersion with the Python pPXF package (Cappellari & Emsellem, 2004; Cappellari, 2017,

2022). pPXF fits a set of templates to a galaxy’s spectrum and photometric spectral energy

distribution (SED) to extract stellar and gas kinematics. The radius of the observed dwarfs is

from prior HST observations. After reduction, our observed Keck DEIMOS dataset falls into

the mass range 7.0 < log10 M⋆/M⊙ < 9.6 and redshift 0.02 < z < 0.73. For our analysis, we

consider galaxies in the redshift range 0.02 < z < 0.35, as it encompasses the vast majority of

our data, and is closer to the redshift target for future work with the data.
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Chapter 3

Results

3.1 Breathing Modes in Romulus Dwarfs

Galaxies simulated under Romulus and Changa have been shown to produce realistic

dark matter cores generated by stellar feedback. Using our suite of Romulus zooms, we test for

the relation found in El-Badry et al. (2017).

We plot the sSFR over the past 100 Myr and the velocity dispersion of hot gas near

young stars, σhotgas, for our Romulus zoom galaxies for z ≤ 0.35. We average sSFR over

100 Myr as it provides a tighter relation to galaxy kinematics than shorter periods because

the changes in sSFR and σ are offset by about 50 Myr (El-Badry et al., 2017). Figure 3.1

depicts the sSFR/σ correlation for the Romulus zooms. We find a correlation between sSFR

and σhotgas in some of the Romulus galaxies, but it is much weaker across the dataset than was

found in FIRE Galaxies. El-Badry et al. (2017) note that at redshift z ≤ 0.05, all but one of

the FIRE m11 galaxies exhibit Spearman rank correlation coefficients above 0.5, whereas the
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Figure 3.1: sSFR over the past 100 Myr and σhotgas for our Romulus zooms for timesteps
with z ≤ 0.35. Many of the galaxies display strong correlations that support sSFR/σ as an
observational test of breathing modes but, unlike El Badry et al. (2017), we have multiple
galaxies that do not display such a correlation.
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Romulus suite only has three galaxies that feature a coefficient above 0.5. We do not find a

trend between strength of breathing mode signal and galaxy morphology, shape or final stellar

mass. However, we note that all of the Romulus galaxies that display this signal have relatively

high gas fractions, but its hard to draw any conclusions from this as the signal is inherently tied

to a galaxy containing a large quantity of gas.

In order to test for breathing mode signals in our observed data, a better metric is how

the Romulus simulations behave as a population, not a collection of individual correlations.

While we cannot follow real galaxies through their evolution like we do with the simulations,

with a large enough dataset we can expect to observe galaxies at a variety of points in their star

forming processes and therefore at different states in the breathing mode cycle. To mimic this

dataset with the simulations, we treat each individual simulation snapshot under z < 0.35 as

its own data point. Then, after binning these snapshot galaxies by their stellar mass, we can

compare our simulated galaxies to observations. We follow the same process with the FIRE

galaxies. Our simulated galaxies do not cover the full mass range of the observed data, but we

have good coverage of the 8.5 < M⋆ < 9.5 range.

Figure 3.2 shows the sSFR/σ correlations of these mass bins for both simulation

suites. As expected, Romulus displays a strong correlation for log stellar mass below 9.0, and

progressively weaker correlations as mass increases and gravitational potentials deepen. In the

mass bins where we have a significant number of datapoints, the Romulus galaxies exhibit little

to no correlation between sSFR and hot gas velocity dispersion.

To aid in comparison between the simulation and observed data, we parameterize σ

of the simulations as σ(M⋆,sSFR), independent of the observed data. We fit the simulated data

19



Figure 3.2: Mass binned snapshots for the Romulus and FIRE simulations. Points are colored
by stellar mass. The ρ in each panel refers to the Spearman rank correlation coefficient for each
mass bin.

to the following equation

log(σsim) = a log(sSFR) + b log(M⋆) + c log(sSFR) log(M⋆) (3.1)

Hirtenstein et al. (2019) performed the same fit and found that their observed data fit the trend

from FIRE quite well, so this provides us with a method of comparing quality of fit between the

two studies.

3.2 Comparison of Romulus, FIRE, and Keck Data

Both FIRE and Romulus/CHANGA have been shown to produce dwarf galaxies that

are cored by stellar feedback, and demonstrate a correlation between sSFR and gas velocity

dispersion that can be tested in real galaxies. Hirtenstein et al. (2019) found that at fixed stellar
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mass, real galaxies at intermediate redshift in the log mass range 8 <M⋆ < 9 exhibit good

agreement with FIRE galaxies. In order to test this relationship at lower redshift, we perform a

similar test using our observed Keck data, and both Romulus and FIRE simulation suites.

Applying this same test to the Keck data, we find little to no correlation across all

mass bins. Figure 3.3 overplots the Keck and Romulus data points. We fit the Romulus data to

equation 3.1 and plot the fit and the RMS scatter. Across the mass bins where we have coverage

by the simulations, we do not find evidence that the observed dwarfs are undergoing breathing

mode behavior.

Similarly, we overplot the FIRE and Keck data in Figure 3.4, and again find that the

observed data does not match the predictions from simulation.
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Figure 3.3: Keck galaxies are circles, colored by stellar mass. Black x’s indicate simulation
snapshots. The black line and grey bar are the fit to equation and the RMS scatter respectively.
ρ in each box is the Spearman rank correlation coefficient for the Keck data.
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Figure 3.4: Keck galaxies are circles, colored by stellar mass. Black x’s indicate FIRE snap-
shots. The black line and grey bar are the fit of the FIRE data to equation 3.1 an the RMS scatter
respectively. ρ in each panel is the Spearman rank correlation coefficient for the Keck data.
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Chapter 4

Discussion

We explore the relationship between sSFR and gas velocity dispersion. Previous stud-

ies have found that, at redshift 1.2 ≤ z ≤ 2.3 and log stellar mass between eight and nine,

galaxies exhibit a clear correlation between sSFR and gas velocity dispersion. We do not find

such a correlation in our low redshift Keck data.

Simulations predict that stellar feedback can drive core creation in dwarf galaxies if

two conditions are met. The first is that the fluctuations in interstellar gas driven by stellar

feedback must be dynamically significant. The second is that multiple feedback events, rather

than a single violent episode, are required to eventually form a central core. If gas fluctuations

are not large enough, the galaxy’s potential will not undergo enough of a change to impact

the distribution of stars and dark matter and generate a core. Our analysis of the gas velocity

dispersion rates and sSFR of dwarf galaxies examines the first condition.

Our results do not indicate that star formation causes large gas outflows in dwarf

galaxies at low redshift. However, this result does not discount the validity of feedback driven
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cores. From Hirtenstein et al. (2019) we know that for higher redshift galaxies with log stellar

mass 8 <M⋆ < 9, stellar feedback is significant enough to drive strong gas outflows. Addition-

ally, higher redshifts are observed to be the peak of sSFR density (e.g. Madau & Dickinson,

2014), so it is possible that feedback creates cores in galaxies at higher redshifts and the pro-

cess stops as stellar masses increase and star formation densities decrease. Different studies

have found different timescales for core formation. Chan et al. (2015) report cores established

around z = 1 that continue to grow at late times in FIRE galaxies, while GASOLINE based

simulations by Madau et al. (2014) argue that core creation halts by z = 1. Studies of star

formation histories in ANGST dwarfs indicate that the bulk of star formation occurs well be-

fore redshift 1 (Weisz et al., 2011). Such a star formation history suggests that feedback at low

redshifts may not be strong enough to induce large gas outflows in dwarfs, which is supported

by our observational findings. Analytical work on breathing modes has found that if feedback

driven outflows occur sufficiently fast compared to a galaxy’s dynamical time, which simu-

lations have indicated is the case, then the change in central density caused by outflows will

persist even as gas returns to the center of the galaxy (Pontzen & Governato, 2012; Zhaozhou

et al., 2023). With these results in mind, our results support the case that feedback driven coring

stops before galaxies reach the redshift range probed here.

The FIRE simulation suites predict a sSFR/σ correlation at low redshift, while Romulus

galaxies have no such correlation. In this regard, the Romulus simulations provide a better pre-

diction to real galaxies, but all simulated galaxies we examine here have lower trending velocity

dispersions than we observe. It is possible some of this discrepancy can be attributed to a red-

shift dependence – our redshift range of 0.0 ≤ z ≤ 0.35 encompasses about four billion years –
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which we do not investigate here. Our results indicate that the feedback model of the Romulus

code is more accurate when it comes to the ability of stellar feedback to create significant gas

outflows at low redshift. The FIRE-2 feedback model is largely more physically motivated than

the Romulus/CHANGA feedback model, but there has been some indication that FIRE star-

bursts can be stronger than would be realistic at low redshift (Sparre et al., 2016). Our results

can help to constrain future improvements to feedback modeling.
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Chapter 5

Conclusion

We analyze a suite of zoom simulations of galaxies from the Romulus25 run for

observational signs of feedback driven breathing modes at low redshift, and compare to galaxies

from the FIRE project. We compare low redshift dwarf galaxies, 0.02 ≤ z ≤ 0.35, observed

with Keck DEIMOS to the predictions from the Romulus and FIRE dwarfs. Our main results

are as follows

1. FIRE simulations predict an sSFR/σhotgas correlation at low redshift; Romulus does not.

El-Badry et al. (2017)) find that at fixed mass, dwarf galaxies cored by stellar feedback

that have higher specific star formation rates also have higher stellar dispersion. We find

a similar correlation with hot gas velocity dispersion in the FIRE zoom simulations at low

redshift. However, the Romulus zooms do not have this correlation.

2. Observed low redshift dwarf galaxies show no indication of stellar feedback induced gas

outflows. Following the framework of Hirtenstein et al. (2019), we use small mass bins

and fit simulation data with a parameterization that includes a stellar mass dependence.
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Our observed data does not match the predictions of the FIRE simulations; we see no

correlation between sSFR and σHα in the observed data. This result matches the lack

of sSFR/σhotgas correlation found in the Romulus simulations, and supports theoretical

work indicating that core formation stops around redshift z = 1.
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Appendix A

Toward Designing a test for SIDM

A.1 Self Interacting Dark Matter

While stellar feedback driven breathing modes provide a potential solution to the

cusp-core problem without modification to the ΛCDM paradigm, it remains unclear if feed-

back models are sufficiently realistic and if, in the future, they will solve the diversity problem

without changes to ΛCDM. As a result, modifications to the CDM paradigm are in consider-

ation. These non-CDM theories include warm dark matter (WDM) (Fitts et al., 2019; Nadler

et al., 2021), self-interacting dark matter (SIDM) (Santos-Santos et al., 2018; Kamada et al.,

2017) and fuzzy dark matter (Hu et al., 2000). WDM and FDM have been ruled out as strong

candidates through observational constraints (e.g. Macciò et al., 2012; Klypin, 2015; Brook &

Di Cintio, 2015 for WDM and Burkert, 2020), but SIDM has been shown to resolve the diver-

sity problem in simulations (Vogelsberger et al., 2012; Rocha et al., 2013; Kamada et al., 2017;

Elbert et al., 2018).
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Under SIDM, dark matter particles collide and exchange energy within a dark matter

halo, unlike the CDM paradigm where dark matter only interacts with itself and standard model

particles through gravity. These self interactions impact the inner regions of a halo, allowing

SIDM to to inherit the large scale successes of CDM (Vogelsberger et al., 2012; Rocha et al.,

2013; Peter et al., 2013; Vogelsberger et al., 2016). Analysis of the kinetic energy of dark matter

within galaxies indicate that, in order to be feasible, SIDM must have a velocity dependent cross

section that decreases as velocity increases (Kaplinghat et al., 2016; Peter et al., 2013; Elbert

et al., 2018), a requirement that fits within existing models of particle physics (Kaplinghat et al.,

2016; Buckley & Hooper, 2010).

A.2 Testing SIDM

In order to test theories of dark matter, an understanding of the galaxy-halo connection

is crucial, especially connecting a galaxy to it’s dark matter virial mass and mass distribution

(Buckley & Peter, 2018). Since the problems with ΛCDM happen at the small scale, study-

ing dwarf galaxies is key to better understanding the nature of dark matter. In particular the

mass range 8 < log M∗/M⊙ < 9 is ideal for understanding correlations between the baryonic

and dark matter of dwarf galaxies (Di Cintio et al., 2014b; Relatores et al., 2019). However,

due to their smaller size, dwarf galaxies can provide their own challenges when it comes to

observation.

Galaxies with stellar masses M⋆ > 109M⊙ can be connected to their dark matter

halos through the use of gravitational weak lensing, primarily galaxy-galaxy lensing, but this
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is not yet a method that is commonly performed on dwarf galaxies (Leauthaud et al., 2012;

Hudson et al., 2014). While efforts are currently underway to make lensing measurements of

dwarf galaxies (e.g. Leauthaud et al., 2020; Luo et al., 2023), a more complete picture of a

galaxy can be obtained by combining lensing with analysis of a galaxy’s dynamics.

One way of analyzing the dynamics of galaxies is to understand the relation between

the peak halo velocity and the observed baryonic rotation velocity of a galaxy. Rotation curves

have for decades provided a method of constraining a galaxy’s dark matter halo, but due to

the smaller size of dwarf galaxies their rotation curves are often still rising beyond the edge of

observable rotation, making an accurate measurement of maximum rotation velocity unlikely

(Hunter et al., 2012; Ott et al., 2012; McQuinn et al., 2022). Single dish radio observations

can capture the rotation velocity of neutral hydrogen (HI) even at the low densities expected

in dwarf galaxies. The HIPASS and ALFALFA surveys have used the width of the HI profile

at half the peak value (W50) as a proxy for 2vmax, where vmax is the maximum velocity of

baryons in the galaxy. Galaxies at a fixed vmax can be matched to halos with peak velocity

Vmax statistically using simulated dark matter halos in a process known as abundance matching.

W50 underestimates the dark matter halo velocity Vmax in massive galaxies, a problem that is

exasperated in dwarfs (Brooks et al., 2017; Brook & Shankar, 2015; Dutton et al., 2018b).

However, measurements of the width of the HI profile taken at 20% of the peak value, W20,

help to reduce this disagreement (Brooks et al., 2017; Dutton et al., 2018b; Macciò et al., 2016).

In the near future, accurate rotation measurements coupled with lensing signals will

allow for a observers to more completely characterize the dark matter population of dwarf galax-

ies. Here, we outline how the Romulus zooms introduced in this paper will be used to develop
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a theoretical framework intended to test SIDM in dwarf galaxies.

A.3 HI Line Profiles

We take mock observations of each zoom simulation using a resolution matching the

ALFALFA survey: 54x54 pixel images across twice the virial radius of each galaxy, with 11

km/s resolution. We take HI rotation profiles of mock observations for all of our galaxies, and

measure the widths at 50% and 20% of the max. Most of our galaxies have Gaussian shaped

profiles, which is common for dwarf galaxies, as they tend to be more dispersion supported.

However, a couple of galaxies diverge from this shape, see Figure A.1. There is some evidence

that the shape of a galaxy’s HI profile is influenced by its kinematics. El-Badry et al. (2018)

were able to analytically predict the shape of HI profiles given a galaxy’s rotation curve, gas

surface density and gas dispersion. Most relevant to our galaxies, their toy model suggests

that rotation dominated galaxies will have flat or double horned HI profiles while dispersion

dominated galaxies feature a Gaussian shaped profile. While a deeper analysis is required, from

a look at the visible structure of our simulated galaxies and their HI profiles this prediction

certainly seems reasonable (also see Figure 2.2).

While the Romulus zooms provide good resolution and baryonic physics, the cos-

mological volume of Romulus25 is too small for lensing measurements. To make lensing

measurements, we have a separate suite of dark matter only simulations ran under both CDM

and SIDM models. These simulations are based on the L-GADGET code and have been intro-

duced in Banerjee et al. (2020). Romulus galaxies will be matched to DMO galaxies under
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Figure A.1: HI profiles for all 16 of our simulated Romulus galaxies. Two galaxies, r431 and
r492, have completed SIDM runs which are over-plotted as blue lines. For each galaxy, we
take the HI profile at three orientations, which correspond to the x, y, and z directions of the
simulation and are effectively random orientations of the galaxy.
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Figure A.2: HI profile velocity widths of simulated r431 galaxy compared to its true rotational
velocity. The solid red and green lines indicate the dark matter rotation curves of the baryonic
and adiabatic runs, respectively. The red dashed line indicates the HI rotation curve of the
baryonic run. W20 (the black dashed line) more accurately measures the peak adiabatic rotation
velocity, indicated here by the green dot, than W50 (the purple dashed line). The red square
marks the HI velocity at the HI radius, defined here as the 90% gas mass radius.
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their respective dark matter model using the rotation velocity of the adiabatic version of the

Romulus zoom. Ideally, the HI profile widths from the mock observations would perfectly

match the adiabatic rotation velocity, however this is not quite the case. In Figure A.2, we can

see that in both the galaxies mentioned above, W20 provides a good approximation of the adia-

batic rotation velocity; certainly better than the W50 measurement. For the simulations, we can

of course accurately know the rotation velocity of a galaxy regardless of the HI profile width,

but it is important to understand how accurately W20 captures the rotation profiles of dwarf

galaxies to be able to use the simulations to interpret observational data.
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ApJ, 827, L23

Wheeler C., et al., 2016, Monthly Notices of the Royal Astronomical Society, 465, 2420

Xu Y., et al., 2023, EMPRESS. XII. Statistics on the Dynamics and Gas Mass Fraction of

Extremely-Metal Poor Galaxies, http://arxiv.org/abs/2303.12467

Zentner A., Dandavate S., Slone O., Lisanti M., 2022

Zhaozhou L., Avishai D., Nir M., Jonathan F., 2023

Zolotov A., et al., 2012, ApJ, 761, 71

Zwaan M. A., Meyer M. J., Staveley-Smith L., 2010, Monthly Notices of the Royal Astronom-

ical Society, 403, 1969

49

http://dx.doi.org/10.1073/pnas.1308716112
http://dx.doi.org/10.1073/pnas.1308716112
http://dx.doi.org/10.1088/0004-637x/739/1/5
http://dx.doi.org/10.3847/2041-8205/827/2/L23
http://dx.doi.org/10.1093/mnras/stw2583
http://arxiv.org/abs/2303.12467
http://dx.doi.org/10.1088/0004-637X/761/1/71
http://dx.doi.org/10.1111/j.1365-2966.2009.16188.x
http://dx.doi.org/10.1111/j.1365-2966.2009.16188.x

	List of Figures
	List of Tables
	Abstract
	Dedication
	Acknowledgments
	Introduction
	Data and Methods
	Romulus Simulations
	FIRE
	Observed data

	Results
	Breathing Modes in Romulus Dwarfs
	Comparison of Romulus, FIRE, and Keck Data

	Discussion
	Conclusion
	Toward Designing a test for SIDM
	Self Interacting Dark Matter
	Testing SIDM
	HI Line Profiles




