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ABSTRACT

We show how the interplay between feedback and mass-growth histories introduces scatter in the relationship between stellar
and neutral gas properties of field faint dwarf galaxies (M, < 10° M@). Across a suite of cosmological, high-resolution zoomed
simulations, we find that dwarf galaxies of stellar masses 100 < M, < 10° Mg are bimodal in their cold gas content, being
either H I-rich or H1-deficient. This bimodality is generated through the coupling between (i) the modulation of H1 contents by
the background of ultraviolet radiation (UVB) at late times and (ii) the significant scatter in the stellar-to-halo mass relationship
induced by reionization. Furthermore, our H I-rich dwarfs exhibit disturbed and time-variable neutral gas distributions primarily
due to stellar feedback. Over the last four billion years, we observe order-of-magnitude changes around the median My,
factor-of-a-few variations in HT spatial extents, and spatial offsets between HT and stellar components regularly exceeding the
galaxies’ optical sizes. Time variability introduces further scatter in the M,—My;, relation and affects a galaxy’s detectability
in HT at any given time. These effects will need to be accounted for when interpreting observations of the population of faint,

H1-bearing dwarfs by the combination of optical and radio wide, deep surveys.
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1 INTRODUCTION

Mapping the cold gas content of galaxies and its relationship with
their stellar observables provides a unique view into the physics of
the interstellar medium (ISM) and the regulation of star formation
in galaxies (e.g. Young et al. 1995; Bigiel et al. 2008; Catinella
et al. 2010; Saintonge et al. 2011, 2017; Emsellem et al. 2021 and
references therein). This has recently become possible for the faintest
galaxies, as the combination of large radio surveys mapping H1
emission (e.g. Haynes et al. 2011; Peek et al. 2011) and deep follow-
up photometric imaging has uncovered a population of H I-bearing,
often star-forming, low-mass dwarf galaxies (M, < 107 M@; Irwin
et al. 2007; Cole et al. 2014; McQuinn et al. 2015, 2020, 2021; Sand
et al. 2015; Adams & Oosterloo 2018; Brunker et al. 2019; Janesh
et al. 2019; Hargis et al. 2020; Bennet et al. 2022).

The shallow potential wells of such faint systems make them par-
ticularly sensitive to feedback processes that regulate star formation
(see Somerville & Davé 2015; Naab & Ostriker 2017 for reviews),
originating both from within their ISM and from the population of
galaxies throughout the Universe. In particular, explosions of massive
stars are efficient at driving outflows in dwarf galaxies (e.g. Dekel &
Silk 1986; Christensen et al. 2016), but their efficiency in removing
cold gas and modulating HT emission in such systems remains an
open question (e.g. Agertz et al. 2020; Smith et al. 2021). In addition,
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once the intergalactic medium has been heated by the ultraviolet
(UV) radiation of the population of galaxies and quasars around a
redshift of z ~ 6, its Jeans’” mass is raised accordingly, preventing gas
accretion on to the lowest-mass dark matter haloes (e.g. Efstathiou
1992; Noh & McQuinn 2014, see McQuinn 2016 for a review).
Without gas inflows, the faintest dwarfs are unable to maintain a
significant, cold ISM, eventually shutting down their star formation
activity even up to the present time (e.g. Ricotti & Gnedin 2005;
Hoeft et al. 2006; Onorbe et al. 2015; Benitez-Llambay et al. 2017;
Agertz et al. 2020). This suppression thus couples uniquely with
each dwarf’s past history, depending on their respective dynamical
masses at the time of reionization (e.g. Okamoto, Gao & Theuns
2008; Benitez-Llambay et al. 2015; Fitts et al. 2017; Rey et al.
2019b). Furthermore, at later times (z < 2), the dwindling of star
formation and quasar activity coupled with cosmological expansion
steadily reduce the strength of the UVB (z < 1; McQuinn 2016).
This late decay as each object continues to grow in dynamical mass
is key in regulating any re-accretion of gas and potential re-ignition
of star formation in dwarf galaxies (Ricotti 2009; Benitez-Llambay
et al. 2017; Ledinauskas & Zubovas 2018; Rey et al. 2020; Benitez-
Llambay & Fumagalli 2021). The coupling between these time-
dependent feedback mechanisms and each dwarf’s history is thus
expected to introduce significant diversity in their observed stellar
and gaseous properties.

The prospects of discovering numerous HI-rich dwarfs in the
Local Volume in the near future provide us with a timely opportunity
to quantify the scatter in H I contents of gas-rich dwarfs and constrain
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these feedback mechanisms. Next-generation imaging surveys will
reach depths capable of resolving faint systems in the field (e.g.
the Vera Rubin Observatory, Ivezi¢ et al. 2019; the Euclid Space
Telescope, Scaramella et al. 2021). This will allow systematic
cross-matching with current catalogues of HI clouds (e.g. Adams,
Giovanelli & Haynes 2013) as well as those from ongoing and future
radio surveys (e.g. the Square Kilometer Array, Braun et al. 2019;
WALLABY, Koribalski et al. 2020; MeerKAT, Maddox et al. 2021;
Apertif, van Cappellen et al. 2022; the Five-hundred-meter Aperture
Spherical radio Telescope, Zhang et al. 2021). Performing such cross-
matching is highly desirable, as pinpointing which dark matter haloes
retain measurable HI contents and host active star formation has
strong constraining power on alternative dark matter models (e.g.
Papastergis et al. 2011; Pontzen & Governato 2012; Di Cintio et al.
2014; Nadler et al. 2021, see Pontzen & Governato 2014; Bullock &
Boylan-Kolchin 2017 for reviews) and cosmic reionization and its
associated UV suppression (e.g. Ricotti & Gnedin 2005; Tollerud &
Peek 2018; Benitez-Llambay & Frenk 2020).

In this work, we use a suite of high-resolution, zoomed cosmo-
logical simulations from the ‘Engineering Dwarf Galaxies at the
Edge of galaxy formation’ (EDGE) project (first presented in Agertz
et al. 2020) to study how feedback mechanisms shape the diversity
of HI contents in the faintest galaxies. Zoomed, hydrodynamical
simulations of galaxy formation allow us to capture the cosmological
mass assembly of a handful of faint dwarf galaxies and provide
an approximate treatment for large-scale radiative effects while
affording sufficient resolution to resolve the ISM of such small
objects (e.g. Maccié et al. 2017; Revaz & Jablonka 2018; Munshi
etal. 2019; Rey et al. 2019b; Wheeler et al. 2019; Agertz et al. 2020;
Applebaum et al. 2021; Gutcke et al. 2021; Orkney et al. 2021).
Each of our simulations has sufficient resolution to resolve individual
supernova explosions within a dwarf galaxy’s ISM, strongly reducing
numerical uncertainties in the injection of energy and momentum
from supernovae (e.g. Kim & Ostriker 2015; Martizzi, Faucher-
Giguére & Quataert 2015). EDGE simulations also make use of
the genetic modification technique (Roth, Pontzen & Peiris 2016;
Rey & Pontzen 2018; Stopyra et al. 2021), allowing us to create
alternative cosmological histories for a chosen dwarf galaxy while
maintaining all its other cosmological aspects, such as environment.
Such an approach is ideal to gain physical insights into the interplay
between feedback and mass growth, enabling a causal account of
how it shapes the observables of faint dwarfs (Rey et al. 2019b,
2020; Orkney et al. 2021).

We describe our simulation suite and how each galaxy is evolved
to z = 0 in Section 2. We present their neutral gas properties in
Section 3 focusing on the mechanisms generating scatter in the
relationship between stellar and H 1 contents in the population of faint
dwarfs. We will provide further insights into the resolved observables
and cold gas kinematics of individual dwarfs in a follow-up paper.
We summarize and discuss the implications of our findings in
Section 4.

2 A SUITE OF SIMULATED FAINT DWARF
GALAXIES

The simulations used in this study were first presented in Rey et al.
(2019b, 2020) and Orkney et al. (2021). We briefly describe in
Section 2.1 how their initial conditions are evolved to z = 0 through
zoomed, cosmological simulations (see Agertz et al. 2020 for a
comprehensive description) and summarize our suite of objects in
Section 2.2.
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2.1 Numerical setup

We construct cosmological initial conditions using the GENETIC
software (Stopyra et al. 2021) with cosmological parameters Qy =
0.309, Q4 = 0.691, 2, = 0.045, Hy = 67.77km s~ Mpc~" (Planck
Collaboration et al. 2014) and generate zoomed initial conditions
reaching dark matter particles masses of mpy = 960 M (see Agertz
et al. 2020 for further details). We evolve these initial conditions
using linear theory to z = 99 (Zel’dovich 1970), and then perform
cosmological, zoomed galaxy formation simulations to follow the
evolution of dark matter, stars, and gas to z = 0 with the adaptive mesh
refinement code RAMSES (Teyssier 2002). Our refinement strategy
ensures a spatial resolution of 3 pc throughout the galaxy’s ISM
(Agertz et al. 2020).

We complement this hydrodynamical setup with an extensive
galaxy formation model described in detail by Agertz et al. (2020)
as ‘Fiducial’. We track the cooling of a primordial plasma using
hydrogen and helium equilibrium thermochemistry (Courty & Alimi
2004; Rosdahl et al. 2013) and model heating from reionization
through a spatially uniform, time-dependent UVB based on an
updated version of Haardt & Madau (1996) as implemented in the
public RAMSES version (see Rey et al. 2020 for further details). We
account for the boost in neutral fraction due to self-shielding at
gas densities nyg > 0.01 cm™> (Aubert & Teyssier 2010; Rosdahl &
Blaizot 2012), and star formation proceeds stochastically following
a Schmidt law (Schmidt 1959; Rasera & Teyssier 2006; Agertz et al.
2013) in gas with density p > 300m, cm™> and temperatures 7 <
100 K.

This modelling and resolution allow us to track the cold and
hot phases within the ISM up to star-forming densities, removing
uncertainties associated with tracking xy; through subgrid models
of the ISM (e.g. Diemer et al. 2018). To compute H1 observables,
we thus directly extract the gas HI fraction, xy;, at every spatial
location by evaluating the code’s internal cooling function for the
local gas temperature and density assuming collisional equilibrium
and a primordial hydrogen mass fraction of 0.76. Our model does not
explicitly track the formation and destruction of molecular hydrogen
in cold gas, potentially leading to unphysically high H1 densities
at which gas should transition from H1 to H, (ny; g 10cm— and
N, £ 10*' cm™2). We verified that including or excluding such high-
density HI gas has negligible impact on our presented results, and
leave to future work a more explicit treatment of molecular chemistry
(e.g. Christensen et al. 2012; Nickerson, Teyssier & Rosdahl 2018;
Sillero et al. 2021).

Combined with this multiphase ISM, our model tracks the in-
jection of energy, momentum, mass, and metallicity according to
the progenitor-dependent evolutionary time-scales of stars within a
stellar particle (Agertz, Teyssier & Moore 2011; Agertz et al. 2013,
2020). We account for stellar winds from massive and asymptotic
giant branch (AGB) stars, together with the explosions of Type Il and
Type Ia supernovae. Our numerical resolution is a key aspect of the
simulations, allowing us to inject each discrete, individual supernova
explosion as thermal energy into the ISM, and self-consistently
follow the build-up of momentum by solving the hydrodynamics
equations (Agertz et al. 2020). Such a scheme greatly reduces
uncertainties in modelling the injection of feedback from supernovae
(Kim & Ostriker 2015; Martizzi et al. 2015).

We identify dark matter haloes using the HOP halo finder (Eisen-
stein & Hut 1998) and determine the build-up of mass and merger
trees of galaxies using the PYNBODY (Pontzen et al. 2013) and
TANGOS (Pontzen & Tremmel 2018) libraries by matching haloes
between 100 simulation snapshots equally spaced in scale factor

MNRAS 511, 5672-5681 (2022)

220Z YoJe\ 60 UO Jasn saoialag Aleiqi uopuoT abs)j0) Ausiaaiun Aq GZ69€59/2/295//1 | G/ejonie/seiuw/woo dnooiwapese//:sdiy woll papeojumoq



5674 M. P. Rey et al.

Table 1. Summary of the EDGE suite of low-mass, faint dwarf galaxies.

Simulation name Moo Mp) M. (< 1kpe) Mp) rip (pe)  Mu(< 1kpe) Me)  rai(Nur = 10" em™2) (pe)  As—ny (po)
Halo 600 33 x 10° 35 % 10° 167 2.9%3% x 10° 482715 140119
GM: delayed mergers 3.2 x 10° 3.1 % 10° 201 19730 % 10° 30771% 7243
Halo 605 3.2 x 10° 1.6 x 10° 206 3173, x 10° 456753 871
Halo 624 2.5 x 10° 5.6 x 10° 264 2.17048 % 10° 2955 1474
GM: higher final mass 3.7 x 10° 1.2 x 10° 233 224038 % 10 359753 g4t1d
Halo 1459 1.4 x 10° 23 x 10° 196 <100 - -
GM: Earlier 1.4 x 10° 4.9 x 10° 131 <100 - -
GM: Later 1.4 x 10° 1.1 x 10° 273 <100 - -
GM: Latest 1.4 x 10° 2.3 x 10* 822 <100 - -
Halo 1445 1.3 x 10° 7.2 x 104 164 <100 - -

Summary of the EDGE suite of low-mass, faint dwarf galaxies. Individual simulated objects (first column) were first described in Rey et al. (2019b,
2020) and Orkney et al. (2021), and we reproduce here their z = 0 dynamical, stellar masses and projected half-light radii (second, third, and fourth
columns, respectively). We quantify in this work their neutral gas properties, computing their H1 masses within the central kpc, their H1 cylindrical
extents above a depth of 10" cm™2, and the spatial offsets between their stellar and H1 centres (fifth, sixth, and seventh columns, respectively). Due
to time variability, HT properties are reported through their median and 50 per cent confidence interval over the last four billion years of each dwarf’s

evolution.

(every ~ 150 Myr). For each galaxy, we determine the respective
centre of stellar, gas, and dark matter components using the shrinking
sphere algorithm (Power et al. 2003), and all projected quantities are
determined against a random line of sight unless otherwise stated.

2.2 Suite summary

‘We now present the galaxies used in this work. The EDGE suite builds
from five independent dark matter haloes within a narrow range of
final dynamical masses (1 x 10° < Mago < 3 x 10° M@; Table 1),
selected for their high likelihood to host faint dwarf galaxies (e.g.
Jethwa, Erkal & Belokurov 2018; Read & Erkal 2019; Nadler et al.
2020). All hosts are embedded within a cosmic void, and are isolated
field systems, with no neighbours more massive within 5 gy (see
Orkney et al. 2021 for a visual).

To probe the response of dwarf galaxies to their past histories, three
hosts are complemented by genetically modified re-simulations.
Genetic modifications make targeted adjustments to the cosmological
initial conditions of a given dwarf, in order to achieve a desired mod-
ification of their non-linear mass assembly (Roth et al. 2016; Rey &
Pontzen 2018; Stopyra et al. 2021). Each modified initial condition
makes minimal changes to other untargeted aspects, for example
maintaining the same large-scale filamentary structure around the
galaxy (e.g. Pontzen et al. 2017; Rey, Pontzen & Saintonge 2019a).

Specifically, we use three genetically modified mass growths
targeting the early mass assembly of a low-mass host (Halo 1459
in Table 1; see Rey et al. 2019b for details). These histories sweep
through the possible range of dynamical masses at the time of
reionization, while all converging to the same final mass at z =
0. We further include the genetically modified version of a middle-
mass halo (Halo 624) increasing its dynamical mass at all times, and
the alternate history of a high-mass host (Halo 600) delaying its late
(z < 1) mass growth (see Rey et al. 2020 for details). Combining
independent histories with their genetically modified counterparts,
we obtain a suite of 10 low-mass, isolated dwarf galaxies whose
properties are summarized in Table 1.

3 RESULTS

We now analyse our suite of 10 low-mass, isolated dwarf galaxies
with independent histories, which span an extended range of stellar
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masses (4 x 10* $ M, <2 x 10° M; Table 1) and exhibit a diver-
sity of gas contents and star formation activity at z = 0 (Rey et al.
2020). To help the analysis of their HI observables, we order them
into three broad classes:

(1) Gas-poor relics. They formed the entirety of their stars early
(z > 4) and have not retained a sizeable gas reservoir, either hot or
cold, by z = 0 (Halo 1445, Halo 1459, and its modified histories;
black in Table 1).

(i1) Gas-rich relics. They formed the entirety of their stellar
content early (z > 4), but have grown sufficiently in dynamical
mass at late times to accumulate gas into their centre (e.g. Ricotti
2009; Benitez-Llambay & Frenk 2020; Rey et al. 2020). However,
the gradual cooling of gas is hampered by internal heating from old
stellar populations within the galaxy, and has not yet led to the re-
ignition of star formation at z = 0 (Rey et al. 2020; Halo 624 and
Halo 600-GM: later mergers'; brown in Table 1).

(iii) Gas-rich, star-forming dwarfs. They have restarted the forma-
tion of stars after a temporary quenching following the reionization of
the Universe, and have been actively star forming in the last billion
years at average rates ~ 107> M yr~! (Halo 600, Halo 605, and
Halo 624-GM: higher final mass; blue in Table 1). As we will see
in Section 3.1, these galaxies can temporarily quench and lose their
ISM following feedback cycles, but are able to re-accrete gas and
form new stellar populations at least every 400 Myr.

3.1 Neutral gas properties of faint dwarf galaxies

We start by illustrating the diversity in HI column densities and
masses across our suite of simulated faint dwarf galaxies in Fig. 1.
We show the evolution of the central HI mass (bottom panel)
for example objects in our three classes of dwarf galaxies, and
plot HI column density maps (top to third row) at three different
snapshot times in the last billion years of evolution (left to right).
All images are centred on the stellar component with the projected
half-light radius shown as a blue circle. Frames are 3 kpc wide,
oriented face-on with respect to the gas angular momentum and

! Although this galaxy has re-ignited star formation at z = 0.03 (500 Myr
ago) to form two generations of stars, its evolution in the last billion years is
dominated by slow gas accretion, hence why we place it in this category.
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Figure 1. Illustrating the diversity of HI properties across our suite of simulated low-mass, faint dwarf galaxies, showing neutral hydrogen column density
maps at (top to third row; spatial resolution of 6 pc) and H1 content (bottom row) over time for three example objects. Faint dwarfs that have stopped forming
stars after reionization can exhibit (i) undetectable levels of H1 (third row and black in the bottom panel) or (ii) sizeable, stable H1 reservoirs if they have grown
sufficiently in dynamical mass at late times to re-accrete gas (second row and brown). Galaxies that have further grown enough to re-ignite the formation of
young stars (top row and blue) show H1 properties varying over short time-scales due to star formation and its associated feedback (left- to right-hand panels),
driving variability in their overall content (Fig. 2) and spatial structure (Fig. 3). This diversity is generated at similar final galaxy stellar masses at z = 0 (top
right-hand corners, and growth histories in the bottom panel).

with a spatial resolution of 6 pc (i.e. our simulations’ resolution, We start with an example gas-poor, relic dwarf galaxy (black in
see Appendix A for alternate spatial resolutions). Contours of the bottom panel and third row of panels), which shows undetectable
constant 10'8, 10", and 10%° cm~2 H 1 column densities are shown in levels of HT at late times. Such galaxies are in fact almost entirely
black. devoid of gas, both hot or cold in their centres (Rey et al. 2020),
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due to the build-up of the UVB around z ~ 6 following reionization
(see McQuinn 2016 for a review). This suppresses gas accretion on
to low-mass dark matter haloes (e.g. Efstathiou 1992; Hoeft et al.
2006; Noh & McQuinn 2014), preventing gas reservoirs from being
replenished after the last star formation events and leaving these
galaxies with vanishing HI contents at z = 0.

By contrast, dwarf galaxies that assemble a sufficiently deep
potential well at late times can overcome this barrier, and re-
accrete gas into their centres (e.g. Ricotti 2009; Benitez-Llambay &
Frenk 2020; Rey et al. 2020). This gradual re-accretion might,
however, not reach star-forming densities by z = 0, giving rise to
gas-rich, quiescent relics (brown in the bottom panel and second
row) and gas-rich, star-forming dwarfs (blue in the bottom panel
and top row). Both formation scenarios exhibit extended neutral
gas reservoirs at detectable levels for deep, radio observatories
(Nu; > 5 x 10 em™2; e.g. Bernstein-Cooper et al. 2014; Adams &
Oosterloo 2018).

Quiescent dwarfs have stable H1 content and morphology over
time (second row, left to right), while star-forming objects show
strong variability (top row). Star-forming dwarfs undergo ejective
feedback events following the formation of new stars, driving
disturbed H 1 morphologies that strongly differ from one timestamp
to the next (e.g. top left and centre) and spatial offsets between
H1 and stellar components (e.g. top left-hand panel). Furthermore,
when observed after an intense outflow, these galaxies may be found
without any detectable neutral gas (e.g. top right-hand panel).

The interplay between each galaxy’s dynamical mass growth,
photoionization feedback from the cosmic UVB, and the regulative
cycle of star formation in a shallow potential well thus leads to
a complex diversity in the H1 observables of faint dwarfs at z =
0. This diversity occurs at nearly constant galaxy stellar mass (top
right-hand corners of panels), highlighting strong scatter at the faint
end of the M,—My, relation, which we quantify next.

3.2 The M,—My, relation of low-mass dwarf galaxies

We now quantify the relationship between stellar and neutral gas
content for each galaxy in our suite, showing in Fig. 2 their neutral
gas and stellar masses enclosed within 1 kpc. This radius ensures a
complete account of HI and stellar material, enclosing the typical
extent of the H1 distribution (Section 3.3) and several half-light
radii (Table 1). As HI masses are variable over time (Fig. 1), we
construct their timeseries over the last four billion years (z & 0.5;
~240 simulation snapshots)? along the major progenitor and show the
sample density (contours), median (diamonds), and the interquartile
range (IQR; black lines) of each timeseries. Galaxies without HT are
shown as upper limits (black diamonds).

For comparison, we plot an observed population of Local Volume,
field H1-rich faint dwarfs (McConnachie 2012; Cole et al. 2014,
McQuinn et al. 2015, 2020, 2021; Sand et al. 2015; Adams &
Oosterloo 2018; Brunker et al. 2019; Janesh et al. 2019; Hargis et al.
2020; Bennet et al. 2022; blue and brown for quiescent and star-
forming objects, respectively, reporting error bars when available).
Median My, for our HI-bearing dwarfs are within the observed
population scatter at their stellar masses. [Structural stellar properties
also span across their respective observed scatter (Rey et al. 2019b,

2We choose this time interval as a compromise between having sufficient
snapshot number to obtain statistical properties, while remaining sufficiently
small compared to physical evolution within galaxies (e.g. due to the re-
accretion of gas; Rey et al. 2020).
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Figure 2. Central neutral hydrogen mass as a function of galaxy stellar mass
in our simulated suite. For gas-rich galaxies, variability over time generates an
extended distribution in H1 content over the last four billion years (coloured
contours show sample densities and black lines show interquartile range),
with medians (diamonds) overlapping with the observed population (grey
symbols). Feedback episodes can temporarily remove or ionize neutral gas,
generating vertical scatter at fixed M, in all HI-rich galaxies, with the most
violent events leading to vanishing HI masses (vertical stripes) in actively
star-forming objects (blue), which are absent in quiescent objects (brown).
Simulated galaxies that have not retained gas following the reionization of
the Universe have undetectable neutral gas contents (black upper limits), but
none the less overlap in galaxy stellar mass with H I-bearing dwarfs, leading
to a bimodal M,—My, relation at z = 0.

2020).] We omit gas-poor faint dwarfs observed as satellites of
the Milky Way from this comparison, as it remains unclear how
environmental processing affects their HI reservoirs compared to
our simulated field systems. The lack of observed counterpart to
our H I-poor faint dwarfs (black diamonds) likely reflects the current
observational difficulties to detect such isolated objects in the field
without pre-selection on e.g. HI content, but hints of them might
already exist (e.g. Eridanus 2; Simon et al. 2021) and their systematic
detection should be possible with the next generation of wide-sky
deep photometric surveys (Simon 2019).

We recover across our whole suite the dichotomy in HI content
illustrated in Fig. 1, with half of our simulated galaxies exhibiting
detectable HI contents, while the other half have no HI reservoirs.
In low-mass haloes, retaining gas is at first order determined by
assembling a sufficiently deep potential well at late times, after
cosmic reionization (e.g. Benitez-Llambay et al. 2015; Fitts et al.
2017; Benitez-Llambay & Frenk 2020; Rey et al. 2020). If able to
retain its gas, a galaxy’s average content is then set by its dynamical
mass (Benitez-Llambay & Frenk 2020). The similar median H1
contents across our HI-bearing dwarfs are thus naturally explained
by their relatively narrow spread in final dynamical masses at z =0
(Table 1).

We thus re-affirm that photoionization feedback from the cos-
mic UVB yields a natural truncation to the faint end of the
H1 mass function (e.g. Benitez-Llambay et al. 2017; Tollerud &
Peek 2018). However, we demonstrate that this truncation is not
associated with a single cut in stellar mass, with dwarfs with
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2 x 105 < M, <5 x 10° M exhibiting both My, > 1 x 10° Mg
and vanishing My, in our suite. This scatter arises from the interplay
between each galaxy’s growth of dynamical mass and reionization-
induced feedback, in setting both (i) the final stellar mass and
(ii) the final H1 content. Unlike the gas content that links to late
mass assemblies, the final stellar mass is strongly shaped by how
much mass is assembled early, pre-reionization (Rey et al. 2019b).
Sufficient early growth can grow M,, without being met by enough
late-time growth to create a sizeable HI reservoir. Conversely,
sufficient late growth can lead to measurable My, without being
met by early growth, diminishing M,. Across a spectrum of final
halo masses, the diversity of early and late assemblies hence leads
to a bimodality at the faint end of the M,—My, relation, with H1-
bearing and HI-poor isolated dwarf galaxies in the same range of
stellar masses.

Our limited sample size does not allow us to robustly quantify
the width of this bimodality, which would require modelling a larger
population of mass accretion histories and halo masses. However,
observational hints already point towards a more extended range
of stellar masses, with HI-bearing dwarfs proposed below M, <
10° M (Janesh et al. 2019, brown points shown as upper limits in
stellar masses). This makes this feature a crucial modelling point
for future studies aiming to constrain reionization and cosmological
dwarf formation with a population of H1 galaxies (e.g. Tollerud &
Peek 2018).

Beyond the bimodality observed across our suite, we also note
that each HI-rich dwarf exhibits significant spread in neutral gas
mass across their past four billion years, with 50 per cent confidence
interval (black lines) around the median (diamonds) ranging from
0.2 to 1.8 dex. These variations are generated at nearly fixed stellar
masses, which hardly evolve over the same time-scale. [Stellar
mass-loss in old stellar populations is small, and the formation
of young stars at rates ~ 107> Mg yr~' in active galaxies con-
tributes at most a few percent of their total stellar mass (Rey
et al. 2020).] Time variability thus provides an additional physical
mechanism to generate scatter in the M,—My;, relation of low-mass
dwarfs.

The physical nature of time variability is distinct for star-forming
(blue) and quiescent dwarfs (brown). Quiescent dwarfs see their
content vary due to the combination of (i) slow accretion of gas
increasing their total gas reservoir and (ii) feedback from old, pre-
reionization stars such as Type Ia supernovae and AGB stars stirring
up their internal reservoirs (Rey et al. 2020). By contrast, dwarfs
that are actively forming stars undergo violent events, following the
explosion of Type II supernovae in newborn massive stars. This
leads to a marked difference in their respective time distributions,
with active galaxies showing systematic long tails towards low or
vanishing HI contents (blue vertical stripes). Furthermore, despite
its extended extent, our uncovered regular time variability in isolated
field systems is unlikely to explain the full breadth of the population
scatter. Environmental interactions with nearby structures or mergers
provide a way to trigger sudden, single replenishments of the ISM
and subsequent increases in My, (e.g. Wright et al. 2019), which
would add to our mechanisms and might help explain extremely
H1-rich objects (e.g. Coma P; Brunker et al. 2019; blue circles with
M, /My, > 10 marked by a grey line).

The partial or total removal of neutral gas by short-lived, feedback-
driven events can thus affect our ability to detect HI emission from
such galaxies at a given time. We quantify this duty cycle in our
three star-forming galaxies, finding that each galaxy spends 3, 4, and
20 per cent of the last four billion years with My, < 10? Mg G.e.
no neutral gas reservoir), and 3, 22, and 34 percent with My, <
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10° Mg (i.e. below the lowest reported HI mass for an observed
dwarf galaxy). Our results thus predict the existence of isolated
faint dwarfs that are temporarily hidden in H1, as feedback-driven
variability drives them below current observational capabilities of
radio observatories. A clear observational signature to distinguish
such temporarily hidden galaxies from long-lived quiescent objects
is that they should exhibit young stars and evidence of recent star
formation, as no galaxies in our star-forming sample stay without H1
for longer than 400 Myr.

Quantifying how time variability will affect the overall population
of H1-bearing dwarf galaxies remains challenging at this stage, as our
small sample size does not allow us to average over dependences on
the specific star formation histories of our dwarfs. None the less, this
strongly motivates dedicated modelling of such feedback-driven duty
cycle, to account for potential detectability biases when interpreting
constraints from the population of HI-detected galaxies, but also
as a promising discriminant between feedback models and their
efficiency at driving outflows. Future studies with larger samples
of low-mass dwarfs, and the ability to accurately track gas dynamics
over short time-scales (e.g. Genel et al. 2013; Cadiou, Dubois &
Pichon 2019), will be key to achieving this aim.

3.3 Spatial distribution of neutral gas

As illustrated in Fig. 1, the spatial distribution of H1undergoes large
variations over time. We now turn to quantifying variability in the
structural properties of HI reservoirs. For each H1-bearing galaxy,
we compute their radial column density profile along a random line
of sight® using 150 bins equally spaced in log space and determine
the radius at which the profile drops below depths of 5 x 10" and
10" cm~2 over the last four billion years. We show the distribution
of values over time in Fig. 3 (left and centre). When the entire
H1 distribution is fainter than a chosen depth cut, we associate
a vanishing H1 size with this galaxy, creating the vertical tails in
Fig. 3 extending below twice the maximum spatial resolution of the
simulation (6 pc; shading).

There is qualitative agreement between the medians of our
simulated galaxies and observed HT sizes in galaxies of compa-
rable stellar masses such as Leo T with (N, > 3 x 10" cm™2) ~
400 pc (Adams & Oosterloo 2018) and Leo P with r(Ny; > 5 x
10" em~2) & 300 pc (Giovanelli et al. 2013). However, our results
highlight that, similar to the variability in total H I mass, such sizes are
significantly time-varying in all galaxies, with 50 per cent confidence
intervals extending from 0.14 to 0.60 dex around the medians at
sensitivities Ny, > 5 x 10 cm~2. We verified that time variations
in spatial extents are positively correlated with those in neutral gas
masses (i.e. larger HT masses correlate with larger HT extents; see
also e.g. Wang et al. 2016), although with an extended scatter and
thus driving surface-brightness fluctuations in 21 cm.

Ongoing and future radio surveys will likely reach depths closer
to Ny; = 1 x 10" cm™2 (e.g. Maddox et al. 2021) when probing a
dwarf’s HT distribution. This systematically increases the median
H1 extent of each galaxy as expected (middle columns), but also
reduces variability with systematically smaller confidence intervals.
(Conversely, restricting the extent to Ny; = 1 x 102 cm~2 produces
the opposite trend, with smaller medians and larger confidence
intervals.) Shallower depths focus on a galaxy’s centre, where most

3We will present kinematic analysis of the suite in a follow-up paper but find
no preferential orientation or ordered rotation for our star-forming dwarfs,
consistent with the observed population (McQuinn et al. 2021).
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Figure 3. Time distribution of HT structural parameters over the past four
billion years in our simulated H I-rich dwarfs (individual contours), showing
the cylindrical radius enclosing depths of 5 x 10'® and 10" cm=2 (left
and centre, respectively) and the three-dimensional distance between H1
and stellar centres (right). Stellar feedback induces extended scatter in H1
spatial extents, with factor-of-a-few variations over time (IQR shown as black
line). This variability is reduced with deeper HI observations (black lines in
left compared to centre) that better average spatial fluctuations, highlighting
dependences of the expected variability of observables on an experiment’s
depth. The same physical mechanism commonly generates offsets between
the stellar and H1 components comparable to the galaxy’s optical sizes (=
200 pc).

stirring due to feedback from old and young stars occurs. Deeper
HT observations reaching outwards spatially average perturbations
in the galaxy’s centre, leading to more stable sizes whose variability
is then driven by larger, rarer events.

Our results demonstrate that the level of variability in HT surface
brightnesses thus depends on depth, which has complex conse-
quences for the detectability of a given dwarf. Modelling it requires
accounting for the interplay between variability, an object’s distance,
and a given survey design of sensitivity and angular resolution (see
Appendix A for a visual illustration). Carefully quantifying how
time variability affects completeness limits in a population of Local
Volume, H I-rich dwarfs is thus a necessary undertaking for future
studies aiming to constrain cosmological galaxy formation through
neutral gas observations and inform survey strategy through detection
rates.

As well as modifying the size of the HI distribution, stellar
feedback also induces asymmetric morphologies and spatial offsets
between the neutral gas and stellar components (Fig. 1, see also e.g.
Read et al. 2016; El-Badry et al. 2018). We quantify this latter aspect
in Fig. 3 (right-hand columns), reporting the median and IQR for
the three-dimensional distance between the stellar and H1 centres
over the last four billion years. All galaxies exhibit spatial offsets
between their stars and neutral gas that are regularly comparable
to their optical sizes (71,2 &~ 200 pc, see Table 1). Feedback-driven
outflows thus provide a natural explanation to overlapping, but
offset, distributions of stellar and neutral gas material at a given
time (as reported by e.g. Janesh et al. 2019). Our results further
provide an alternative interpretation to environmental processing in
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explaining misaligned distributions and asymmetric morphologies
within galaxies closer to us, where it remains unclear whether they
are interacting with our Milky Way (e.g. Leo T; Adams & Oosterloo
2018).

4 DISCUSSION AND CONCLUSIONS

We have shown how future surveys should uncover diversity in the
neutral gas observables of faint, low-mass dwarf galaxies (M, g
10’ Mg). We assembled a suite of 10 simulated dwarf galaxies
evolved to z = 0 using high-resolution zoomed cosmological simu-
lations from the EDGE project (Rey et al. 2019b, 2020; Agertz et al.
2020; Orkney et al. 2021), bracketing the transition from quiescent
to gas-rich to star-forming low-mass dwarfs (Rey et al. 2020). We
demonstrated how the interplay between dynamical mass assemblies
and feedback introduces extended scatter in the relationship between
H1 and stellar observables at the faint end (illustrated in Fig. 1).

(1) We re-affirm that cosmic reionization and photoionization
feedback from the UVB plays a key role in truncating the faint
end of the H1 mass function (e.g. Efstathiou 1992; Benitez-Llambay
et al. 2017; Tollerud & Peek 2018), but show that this cut-off is
not localized in galaxy stellar mass. Rather, the diversity of possible
assemblies at early and late times leads to a bimodality at the faint end
of the M,—My, relation with H1-bearing and HI-deficient isolated
dwarf galaxies cohabitating over an extended range of stellar masses
(Fig. 2).

(i) Stellar feedback within such shallow potential wells (Mag <
3 x 10° M) drives significant time variability in H1 observables,
generating order-of-magnitude scatter around the median My, at
fixed M, over the last four billion years (Fig. 2). Furthermore,
star-forming dwarfs undergo regular, short-lived episodes without
detectable neutral gas reservoirs following intense outflows. This
leads to a feedback-driven duty cycle in low-mass dwarfs’ HI
contents affecting their detectability by radio observatories.

(iii) Feedback also generates time-varying sizes and asymmetric
morphologies in H I spatial distributions (Fig. 3). This implies regular
surface-brightness fluctuations over time and offsets between H 1 and
stellar components, providing a natural explanation for disturbed and
misaligned HI morphologies in low-mass dwarfs. Such disturbed
distributions make mass modelling — either through rotation curve
analysis or assuming steady-state hydrostatic equilibrium — chal-
lenging in these galaxies, which will be the focus of a forthcoming
study.

The physical mechanisms uncovered in this work have key
consequences for future studies aiming to constrain reionization, the
history of the UVB across cosmic time, and cosmological dwarf
galaxy formation through the population of HI-bearing systems
(e.g. Benitez-Llambay et al. 2017; Tollerud & Peek 2018; Benitez-
Llambay & Frenk 2020). In particular, capturing the existence of
potential starless HT clouds and our exposed bimodality at the faint
end of the M,—My;, relation requires modelling at once the growth of
stellar mass in dark matter haloes pre- and post-reionization, while
accounting for the interplay between the UVB and their dynamical
mass assemblies setting their gas reservoirs at late times. Performing
such an exercise on a large sample of dark matter haloes is thus
highly desirable. In future work (Kim et al., in preparation), we plan
to use a semi-analytic model of dwarf galaxy formation to predict
the width of the bimodality at the faint end of the M,—My; relation.

In turn, the characterization of the relationship between stellar and
H1 masses across a population of dwarfs could provide constraints
on cosmic reionization complementary to more direct measures
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(e.g. Tollerud & Peek 2018). Our results strongly motivate future
studies aiming to perform this inference, but robust constraints are
challenging at this stage. In addition to the interaction between
mass growth and feedback exhibited by our study, the timing of
reionization at high redshift for each given dwarf depends on their
local environment (e.g. Katz et al. 2020; Ocvirk et al. 2020). This
will introduce a modulation for their pre-reionization stellar masses
independent of later evolution, whose impact on the z = 0 M,—My;,
relation will have to be quantified. Furthermore, uncertainties in
the amount of heating at intermediate redshifts (due to helium
reionization, z ~ 3; e.g. Upton Sanderbeck, D’ Aloisio & McQuinn
2016) and later times (z < 1; e.g. Gaikwad et al. 2017; Khaire
et al. 2019) affect the absolute halo mass capable of hosting an H1
dwarf at a given time. Such aspects will need to be explored by
future studies aiming to robustly constrain reionization through the
observed population of HI-bearing dwarf galaxies.

Furthermore, modelling the scatter in the M,—My, relation will
require quantifying the expected variability in HI of low-mass
dwarfs due to feedback exhibited in this work. This will be a
key undertaking for future studies due to its implications for the
detectability of low-mass dwarfs at a given time. A duty cycle of the
overall HI content, combined with our exposed surface-brightness
fluctuations in 21 cm emission, will be necessary to account for
when interpreting completeness estimates of observed populations
of HI-bearing dwarfs and predicting detection rates to inform
survey strategy for future experiments (e.g. the Square Kilometer
Array).

A key aspect to achieve this aim will be to understand the
relationship between variability and the expected burstiness of star
formation in such shallow potential wells. Despite the resolution of
our simulations and our accurate modelling of supernova explosions,
uncertainties remain in their coupling with the dwarf’s surrounding
ISM and subsequent efficiency in driving outflows (Smith, Sijacki &
Shen 2019; Agertz et al. 2020; Smith et al. 2021). In particular,
the addition of feedback channels such as photoionization feedback
can lead to more gentle, less explosive regulation of star formation
(e.g. Agertz et al. 2020; Smith et al. 2021). Re-simulating all dwarfs
accounting for radiative effects is beyond the scope of this work
and will be tackled in future work (Taylor et al., in preparation),
but we provide an illustration of the sensitivity of H1 variability
to feedback models. We repeat our analysis on a re-simulation of
our prototypical star-forming, gas-rich dwarf (Halo 600) artificially
reducing the strength of supernova feedback (‘Weak feedback” model
in Agertz et al. 2020, first presented in Rey et al. 2020). This results
in an unphysically high galaxy stellar mass (from M, = 3.5 x 103
to 1.5 x 107 Mg at z = 0) at this halo mass (Read et al. 2017),
but demonstrates that less efficient outflows suppress variability in
H1 mass (IQR going from 1.83 to 0.13 dex around the median).
With this model, the galaxy also never undergoes ‘unobservable’
episodes with My, < 1 x 10° Mg . Pinpointing these uncertainties,
from additional feedback channels (e.g. Agertz et al. 2020; Smith
et al. 2021) or physical alterations to the feedback budget (e.g.
Prgomet et al. 2021), will thus be critical.

Finally, this demonstrated sensitivity to feedback models also
motivates future studies aiming to constrain the H1 duty cycle from
an observed population of dwarfs. Constraining such duty cycle and
variability from data bears strong similarities to the modelling of vari-
able active galactic nuclei populations, which provides constraints
on their luminosity over time and the available feedback budget to
couple to their host galaxies (e.g. Wyithe & Loeb 2002; Conroy &
White 2013; Delvecchio et al. 2020). Such statistical measurement
would be an ideal complement to resolved, multiwavelength studies
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of faint dwarfs (McQuinn, van Zee & Skillman 2019; Zheng et al.
2020) to inform on the prevalence and mass-loading factors of
outflows in the smallest star-forming galaxies.
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APPENDIX A: THE COUPLING BETWEEN
TIME VARIABILITY AND SPATIAL
RESOLUTION

In Fig. 1, we show HI column densities maps derived on a scale
close to our simulations’ resolution (6 pc) to showcase the full
extent of the simulated data. However, the achieved spatial resolution
by a given instrument depends on its angular resolution and the
size of the observed object on the sky. A population of faint
dwarfs spawning a distribution of distances will thus be observed at
varying spatial resolutions, while feedback-driven variability leads to
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surface-brightness fluctuations in HI emission (Section 3.3). In
this appendix, we provide a visual illustration of how these two
effects combine, highlighting the importance of modelling both when
predicting the observability of a faint H1 dwarf.

Fig. Al shows column density maps from our ‘star-forming,
gas-rich’ dwarf at the same time snapshots as in Fig. 1 (top row
reproduced between figures). We then convolve these images with
a Gaussian beam with 200 and 500 pc diameter (middle and
bottom row, respectively), and show contours of constant 10'¢,
10", and 10**cm~2 HI column densities in black. As expected,
H1 emission becomes more diffuse and symmetric with decreasing
spatial resolution (top to bottom in each individual column).

Comparing between columns in Fig. Al illustrates the coupling
between time variability and spatial resolution in affecting a dwarf’s
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detectability. A sizeable HI reservoir at high spatial resolution
(top left) might remain detectable at medium resolution (centre
left), showcasing a contour with Ny, > 1 x 102 cm™? offset but

overlapping with r, (blue circle), but would be challenging to
detect at low angular resolution (column densities always below

Ny; <5 x 10" cm™2; bottom left). By contrast, the same object
300 Myr later (middle column) would likely be detectable at all
spatial resolutions, and in turn undetectable at all resolutions a
further 600 Myr later (right-hand column). The duty cycle of
‘observable’ episodes in HI1 for a given dwarf thus depends on
the available spatial resolution. Accounting for these effects will
be key to interpret completeness in the census of low-mass dwarfs
from HI surveys, and to inform observational strategies in future
surveys.
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Figure Al. Illustrating how different spatial resolutions combine with time variability to affect a dwarf’s detectability. We show the same H1I column density
maps from our example ‘star-forming, gas-rich’ dwarf in Fig. 1 (top row) convolved by a Gaussian beam of 200 and 500 pc (middle and bottom rows). As
spatial resolution is degraded, H1 emission becomes more diffuse and symmetric, eventually fading out the dwarf and its features (individual columns). This
effect couples with feedback-driven surface-brightness fluctuations (Section 3, individual lines), which can make a dwarf challenging to observe because its H1
reservoir has been temporarily removed (e.g. bottom right) or because H1 emission is too diffuse at the available spatial resolution (bottom left).
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