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A B S T R A C T 

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 

6 M �). Across a suite of cosmological, high-resolution zoomed 

simulations, we find that dwarf galaxies of stellar masses 10 

5 ≤ M � ≤ 10 

6 M � are bimodal in their cold gas content, being 

either H I -rich or H I -deficient. This bimodality is generated through the coupling between (i) the modulation of H I 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 M H I , 
factor-of-a-fe w v ariations in H I spatial extents, and spatial of fsets between H I and stellar components re gularly e xceeding the 
galaxies’ optical sizes. Time variability introduces further scatter in the M � –M H I relation and affects a galaxy’s detectability 

in H I at any given time. These effects will need to be accounted for when interpreting observations of the population of faint, 
H I -bearing dwarfs by the combination of optical and radio wide, deep surv e ys. 
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 I N T RO D U C T I O N  

apping the cold gas content of galaxies and its relationship with
heir stellar observables provides a unique view into the physics of
he interstellar medium (ISM) and the regulation of star formation
n galaxies (e.g. Young et al. 1995 ; Bigiel et al. 2008 ; Catinella
t al. 2010 ; Saintonge et al. 2011 , 2017 ; Emsellem et al. 2021 and
eferences therein). This has recently become possible for the faintest
alaxies, as the combination of large radio surv e ys mapping H I

mission (e.g. Haynes et al. 2011 ; Peek et al. 2011 ) and deep follow-
p photometric imaging has unco v ered a population of H I -bearing,
ften star-forming, low-mass dwarf galaxies ( M � ≤ 10 7 M �; Irwin
t al. 2007 ; Cole et al. 2014 ; McQuinn et al. 2015, 2020, 2021 ; Sand
t al. 2015 ; Adams & Oosterloo 2018 ; Brunker et al. 2019 ; Janesh
t al. 2019 ; Hargis et al. 2020 ; Bennet et al. 2022 ). 

The shallow potential wells of such faint systems make them par-
icularly sensitive to feedback processes that regulate star formation
see Somerville & Dav ́e 2015 ; Naab & Ostriker 2017 for re vie ws),
riginating both from within their ISM and from the population of
alaxies throughout the Universe. In particular, explosions of massive
tars are efficient at driving outflows in dwarf galaxies (e.g. Dekel &
ilk 1986 ; Christensen et al. 2016 ), but their efficiency in removing
old gas and modulating H I emission in such systems remains an
pen question (e.g. Agertz et al. 2020 ; Smith et al. 2021 ). In addition,
 E-mail: martin.rey@physics.ox.ac.uk 
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nce the intergalactic medium has been heated by the ultraviolet
UV) radiation of the population of galaxies and quasars around a
edshift of z ≈ 6, its Jeans’ mass is raised accordingly, preventing gas
ccretion on to the lowest-mass dark matter haloes (e.g. Efstathiou
992 ; Noh & McQuinn 2014 , see McQuinn 2016 for a re vie w).
ithout gas inflows, the faintest dwarfs are unable to maintain a

ignificant, cold ISM, eventually shutting down their star formation
cti vity e ven up to the present time (e.g. Ricotti & Gnedin 2005 ;
oeft et al. 2006 ; O ̃ norbe et al. 2015 ; Ben ́ıtez-Llambay et al. 2017 ;
gertz et al. 2020 ). This suppression thus couples uniquely with

ach dwarf’s past history, depending on their respective dynamical
asses at the time of reionization (e.g. Okamoto, Gao & Theuns

008 ; Ben ́ıtez-Llambay et al. 2015 ; Fitts et al. 2017 ; Rey et al.
019b ). Furthermore, at later times ( z ≤ 2), the dwindling of star
ormation and quasar activity coupled with cosmological expansion
teadily reduce the strength of the UVB ( z ≤ 1; McQuinn 2016 ).
his late decay as each object continues to grow in dynamical mass

s key in regulating any re-accretion of gas and potential re-ignition
f star formation in dwarf galaxies (Ricotti 2009 ; Ben ́ıtez-Llambay
t al. 2017 ; Ledinauskas & Zubovas 2018 ; Rey et al. 2020 ; Benitez-
lambay & Fumagalli 2021 ). The coupling between these time-
ependent feedback mechanisms and each dwarf’s history is thus
xpected to introduce significant diversity in their observed stellar
nd gaseous properties. 

The prospects of disco v ering numerous H I -rich dwarfs in the
ocal Volume in the near future provide us with a timely opportunity

o quantify the scatter in H I contents of gas-rich dwarfs and constrain
© 2022 The Author(s) 
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hese feedback mechanisms. Next-generation imaging surv e ys will 
each depths capable of resolving faint systems in the field (e.g. 
he Vera Rubin Observatory, Ivezi ́c et al. 2019 ; the Euclid Space
elescope , Scaramella et al. 2021 ). This will allow systematic 
ross-matching with current catalogues of H I clouds (e.g. Adams, 
iovanelli & Haynes 2013 ) as well as those from ongoing and future

adio surv e ys (e.g. the Square Kilometer Array, Braun et al. 2019 ;
ALLABY, Koribalski et al. 2020 ; MeerKAT, Maddox et al. 2021 ;
pertif, van Cappellen et al. 2022 ; the Five-hundred-meter Aperture 
pherical radio Telescope, Zhang et al. 2021 ). Performing such cross- 
atching is highly desirable, as pinpointing which dark matter haloes 

etain measurable H I contents and host active star formation has 
trong constraining power on alternative dark matter models (e.g. 
apastergis et al. 2011 ; Pontzen & Governato 2012 ; Di Cintio et al.
014 ; Nadler et al. 2021 , see Pontzen & Go v ernato 2014 ; Bullock &
oylan-Kolchin 2017 for re vie ws) and cosmic reionization and its
ssociated UV suppression (e.g. Ricotti & Gnedin 2005 ; Tollerud & 

eek 2018 ; Benitez-Llambay & Frenk 2020 ). 
In this work, we use a suite of high-resolution, zoomed cosmo- 

ogical simulations from the ‘Engineering Dwarf Galaxies at the 
dge of galaxy formation’ (EDGE) project (first presented in Agertz 
t al. 2020 ) to study how feedback mechanisms shape the diversity
f H I contents in the faintest g alaxies. Zoomed, h ydrodynamical
imulations of galaxy formation allow us to capture the cosmological 
ass assembly of a handful of faint dwarf galaxies and provide 

n approximate treatment for large-scale radiati ve ef fects while 
f fording suf ficient resolution to resolve the ISM of such small
bjects (e.g. Macci ́o et al. 2017 ; Re v az & Jablonka 2018 ; Munshi
t al. 2019 ; Rey et al. 2019b ; Wheeler et al. 2019 ; Agertz et al. 2020 ;
pplebaum et al. 2021 ; Gutcke et al. 2021 ; Orkney et al. 2021 ).
ach of our simulations has sufficient resolution to resolve individual 
uperno va e xplosions within a dwarf galaxy’s ISM, strongly reducing 
umerical uncertainties in the injection of energy and momentum 

rom supernovae (e.g. Kim & Ostriker 2015 ; Martizzi, Faucher- 
igu ́ere & Quataert 2015 ). EDGE simulations also make use of

he genetic modification technique (Roth, Pontzen & Peiris 2016 ; 
ey & Pontzen 2018 ; Stopyra et al. 2021 ), allowing us to create
lternative cosmological histories for a chosen dwarf galaxy while 
aintaining all its other cosmological aspects, such as environment. 
uch an approach is ideal to gain physical insights into the interplay
etween feedback and mass growth, enabling a causal account of 
ow it shapes the observables of faint dwarfs (Rey et al. 2019b ,
020 ; Orkney et al. 2021 ). 
We describe our simulation suite and how each galaxy is evolved 

o z = 0 in Section 2 . We present their neutral gas properties in
ection 3 focusing on the mechanisms generating scatter in the 
elationship between stellar and H I contents in the population of faint
warfs. We will provide further insights into the resolved observables 
nd cold gas kinematics of individual dwarfs in a follow-up paper. 
e summarize and discuss the implications of our findings in 

ection 4 . 

 A  SUITE  O F  SIMULATED  FA IN T  DWA R F  

A L A X I E S  

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

e construct cosmological initial conditions using the GENETIC 

oftw are (Stop yra et al. 2021 ) with cosmological parameters �M 

=
.309, �� 

= 0.691, �b = 0.045, H 0 = 67 . 77 km s −1 Mpc −1 (Planck
ollaboration et al. 2014 ) and generate zoomed initial conditions 

eaching dark matter particles masses of m DM 

= 960 M � (see Agertz
t al. 2020 for further details). We evolve these initial conditions
sing linear theory to z = 99 (Zel’dovich 1970 ), and then perform
osmological, zoomed galaxy formation simulations to follow the 
volution of dark matter, stars, and gas to z = 0 with the adaptive mesh
efinement code RAMSES (Teyssier 2002 ). Our refinement strategy 
nsures a spatial resolution of 3 pc throughout the galaxy’s ISM 

Agertz et al. 2020 ). 
We complement this hydrodynamical setup with an e xtensiv e 

alaxy formation model described in detail by Agertz et al. ( 2020 )
s ‘Fiducial’. We track the cooling of a primordial plasma using
ydrogen and helium equilibrium thermochemistry (Courty & Alimi 
004 ; Rosdahl et al. 2013 ) and model heating from reionization
hrough a spatially uniform, time-dependent UVB based on an 
pdated version of Haardt & Madau ( 1996 ) as implemented in the
ublic RAMSES version (see Rey et al. 2020 for further details). We
ccount for the boost in neutral fraction due to self-shielding at
as densities n H ≥ 0.01 cm 

−3 (Aubert & Teyssier 2010 ; Rosdahl &
laizot 2012 ), and star formation proceeds stochastically following 
 Schmidt law (Schmidt 1959 ; Rasera & Teyssier 2006 ; Agertz et al.
013 ) in gas with density ρ ≥ 300 m p cm 

−3 and temperatures T ≤
00 K. 
This modelling and resolution allow us to track the cold and

ot phases within the ISM up to star-forming densities, removing 
ncertainties associated with tracking x H I through subgrid models 
f the ISM (e.g. Diemer et al. 2018 ). To compute H I observables,
e thus directly extract the gas H I fraction, x H I , at every spatial

ocation by e v aluating the code’s internal cooling function for the
ocal gas temperature and density assuming collisional equilibrium 

nd a primordial hydrogen mass fraction of 0.76. Our model does not
xplicitly track the formation and destruction of molecular hydrogen 
n cold gas, potentially leading to unphysically high H I densities
t which gas should transition from H I to H 2 ( n H I � 10 cm 

−3 and
 H I � 10 21 cm 

−2 ). We verified that including or excluding such high-
ensity H I gas has negligible impact on our presented results, and
eave to future work a more explicit treatment of molecular chemistry
e.g. Christensen et al. 2012 ; Nickerson, Teyssier & Rosdahl 2018 ;
illero et al. 2021 ). 
Combined with this multiphase ISM, our model tracks the in- 

ection of energy, momentum, mass, and metallicity according to 
he progenitor-dependent evolutionary time-scales of stars within a 
tellar particle (Agertz, Teyssier & Moore 2011 ; Agertz et al. 2013 ,
020 ). We account for stellar winds from massive and asymptotic
iant branch (AGB) stars, together with the explosions of Type II and
ype Ia supernovae. Our numerical resolution is a key aspect of the
imulations, allowing us to inject each discrete, individual supernova 
xplosion as thermal energy into the ISM, and self-consistently 
ollow the build-up of momentum by solving the hydrodynamics 
quations (Agertz et al. 2020 ). Such a scheme greatly reduces
ncertainties 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-
tein & Hut 1998 ) and determine the build-up of mass and merger
rees of galaxies using the PYNBODY (Pontzen et al. 2013 ) and
ANGOS (Pontzen & Tremmel 2018 ) libraries by matching haloes 
etween 100 simulation snapshots equally spaced in scale factor 
MNRAS 511, 5672–5681 (2022) 
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M

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

Simulation name M 200 (M �) M � ( < 1 kpc ) (M �) r 1/2 (pc) M H I ( < 1 kpc ) (M �) r H I ( N H I ≥ 10 19 cm 

−2 ) (pc) � � −H I (pc) 

Halo 600 3.3 × 10 9 3.5 × 10 5 167 2 . 9 + 3 . 5 −2 . 8 × 10 5 482 + 166 
−482 140 + 105 

−32 
GM: delayed mergers 3.2 × 10 9 3.1 × 10 5 201 1 . 9 + 2 . 1 −1 . 2 × 10 5 307 + 112 

−75 72 + 34 
−32 

Halo 605 3.2 × 10 9 1.6 × 10 6 206 3 . 1 + 1 . 3 −0 . 57 × 10 5 456 + 65 
−55 87 + 70 

−45 

Halo 624 2.5 × 10 9 5.6 × 10 5 264 2 . 1 + 0 . 66 
−0 . 77 × 10 5 295 + 44 

−30 14 + 4 −3 
GM: higher final mass 3.7 × 10 9 1.2 × 10 6 233 2 . 2 + 1 . 38 

−0 . 79 × 10 5 359 + 33 
−98 84 + 13 

−36 

Halo 1459 1.4 × 10 9 2.3 × 10 5 196 < 100 – –
GM: Earlier 1.4 × 10 9 4.9 × 10 5 131 < 100 – –
GM: Later 1.4 × 10 9 1.1 × 10 5 273 < 100 – –
GM: Latest 1.4 × 10 9 2.3 × 10 4 822 < 100 – –

Halo 1445 1.3 × 10 9 7.2 × 10 4 164 < 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 H I masses within the central kpc, their H I cylindrical 
e xtents abo v e a depth of 10 19 cm 

−2 , and the spatial offsets between their stellar and H I centres (fifth, sixth, and se venth columns, respecti vely). Due 
to time variability, H I properties are reported through their median and 50 per cent confidence interval o v er the last four billion years of each dwarf’s 
evolution. 
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1 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. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/511/4/5672/6536925 by U
niversity C

ollege London Library Services user on 09 M
arch 2022
ev ery ≈ 150 Myr ). F or each galaxy, we determine the respectiv e
entre of stellar, gas, and dark matter components using the shrinking
phere algorithm (Power et al. 2003 ), and all projected quantities are
etermined against a random line of sight unless otherwise stated. 

.2 Suite summary 

e now present the galaxies used in this work. The EDGE suite builds
rom five independent dark matter haloes within a narrow range of
nal dynamical masses (1 × 10 9 � M 200 � 3 × 10 9 M �; Table 1 ),
elected for their high likelihood to host faint dwarf galaxies (e.g.
ethwa, Erkal & Belokurov 2018 ; Read & Erkal 2019 ; Nadler et al.
020 ). All hosts are embedded within a cosmic void, and are isolated
eld systems, with no neighbours more massive within 5 r 200 (see
rkney et al. 2021 for a visual). 
To probe the response of dwarf galaxies to their past histories, three

osts are complemented by genetically modified re-simulations.
enetic modifications make targeted adjustments to the cosmological

nitial conditions of a given dwarf, in order to achieve a desired mod-
fication of their non-linear mass assembly (Roth et al. 2016 ; Rey &
ontzen 2018 ; Stopyra et al. 2021 ). Each modified initial condition
akes minimal changes to other untargeted aspects, for example
aintaining the same large-scale filamentary structure around the

alaxy (e.g. Pontzen et al. 2017 ; Rey, Pontzen & Saintonge 2019a ). 
Specifically, we use three genetically modified mass growths

argeting the early mass assembly of a low-mass host (Halo 1459
n Table 1 ; see Rey et al. 2019b for details). These histories sweep
hrough the possible range of dynamical masses at the time of
eionization, while all converging to the same final mass at z =
. We further include the genetically modified version of a middle-
ass halo (Halo 624) increasing its dynamical mass at all times, and

he alternate history of a high-mass host (Halo 600) delaying its late
 z ≤ 1) mass growth (see Rey et al. 2020 for details). Combining
ndependent histories with their genetically modified counterparts,
e obtain a suite of 10 low-mass, isolated dwarf galaxies whose
roperties are summarized in Table 1 . 

 RESULTS  

e now analyse our suite of 10 low-mass, isolated dwarf galaxies
ith independent histories, which span an extended range of stellar
NRAS 511, 5672–5681 (2022) 
asses (4 × 10 4 � M � � 2 × 10 6 M �; Table 1 ) and e xhibit a div er-
ity of gas contents and star formation activity at z = 0 (Rey et al.
020 ). To help the analysis of their H I observables, we order them
nto three broad classes: 

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

(ii) Gas-ric h relics. The y formed the entirety of their stellar
ontent early ( z ≥ 4), b ut ha ve gro wn suf ficiently in dynamical
ass at late times to accumulate gas into their centre (e.g. Ricotti

009 ; Benitez-Llambay & Frenk 2020 ; Rey et al. 2020 ). Ho we ver,
he gradual cooling of gas is hampered by internal heating from old
tellar populations within the galaxy, and has not yet led to the re-
gnition of star formation at z = 0 (Rey et al. 2020 ; Halo 624 and
alo 600-GM: later mergers 1 ; brown in Table 1 ). 
(iii) Gas-ric h, star-forming dwarfs. The y hav e restarted the forma-

ion of stars after a temporary quenching following the reionization of
he Universe, and have been actively star forming in the last billion
ears at average rates ≈ 10 −5 M � yr −1 (Halo 600, Halo 605, and
alo 624-GM: higher final mass; blue in Table 1 ). As we will see

n Section 3.1 , these galaxies can temporarily quench and lose their
SM following feedback cycles, but are able to re-accrete gas and
orm new stellar populations at least every 400 Myr. 

.1 Neutral gas properties of faint dwarf galaxies 

e start by illustrating the diversity in H I column densities and
asses across our suite of simulated f aint dw arf galaxies in Fig. 1 .
e show the evolution of the central H I mass (bottom panel)

or example objects in our three classes of dwarf galaxies, and
lot H I column density maps (top to third row) at three different
napshot times in the last billion years of evolution (left to right).
ll images are centred on the stellar component with the projected
alf-light radius shown as a blue circle. Frames are 3 kpc wide,
riented face-on with respect to the gas angular momentum and
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Figure 1. Illustrating the diversity of H I 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 H I content (bottom row) o v er time for three example objects. Faint dwarfs that have stopped forming 
stars after reionization can exhibit (i) undetectable levels of H I (third row and black in the bottom panel) or (ii) sizeable, stable H I reservoirs if the y hav e 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 H I properties varying o v er short time-scales due to star formation and its associated feedback (left- to right-hand panels), 
dri ving v ariability in their o v erall 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). 
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ith a spatial resolution of 6 pc (i.e. our simulations’ resolution, 
ee Appendix A for alternate spatial resolutions). Contours of 
onstant 10 18 , 10 19 , and 10 20 cm 

−2 H I column densities are shown in
lack. 
We start with an example gas-poor, relic dwarf galaxy (black in
he bottom panel and third row of panels), which shows undetectable 
evels of H I at late times. Such galaxies are in fact almost entirely
evoid of gas, both hot or cold in their centres (Rey et al. 2020 ),
MNRAS 511, 5672–5681 (2022) 
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Figure 2. Central neutral hydrogen mass as a function of galaxy stellar mass 
in our simulated suite. For g as-rich g alaxies, variability o v er time generates an 
extended distribution in H I content over the last four billion years (coloured 
contours show sample densities and black lines show interquartile range), 
with medians (diamonds) o v erlapping with the observed population (grey 
symbols). Feedback episodes can temporarily remo v e or ionize neutral gas, 
generating vertical scatter at fixed M � in all H I -rich galaxies, with the most 
violent events leading to vanishing H I 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 Univ erse hav e undetectable neutral gas contents (black upper limits), but 
none the less o v erlap in galaxy stellar mass with H I -bearing dwarfs, leading 
to a bimodal M � –M H I relation at z = 0. 
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ue to the build-up of the UVB around z ∼ 6 following reionization
see McQuinn 2016 for a re vie w). This suppresses gas accretion on
o low-mass dark matter haloes (e.g. Efstathiou 1992 ; Hoeft et al.
006 ; Noh & McQuinn 2014 ), preventing gas reservoirs from being
eplenished after the last star formation events and leaving these
alaxies with vanishing H I contents at z = 0. 

By contrast, dwarf galaxies that assemble a sufficiently deep
otential well at late times can o v ercome this barrier, and re-
ccrete gas into their centres (e.g. Ricotti 2009 ; Benitez-Llambay &
renk 2020 ; Rey et al. 2020 ). This gradual re-accretion might,
o we ver, not reach star-forming densities by z = 0, giving rise to
as-rich, quiescent relics (brown in the bottom panel and second
ow) and gas-rich, star-forming dwarfs (blue in the bottom panel
nd top row). Both formation scenarios exhibit extended neutral
as reservoirs at detectable levels for deep, radio observatories
 N H I ≥ 5 × 10 19 cm 

−2 ; e.g. Bernstein-Cooper et al. 2014 ; Adams &
osterloo 2018 ). 
Quiescent dwarfs have stable H I content and morphology o v er

ime (second row, left to right), while star-forming objects show
trong variability (top row). Star-forming dwarfs undergo ejective
eedback events following the formation of new stars, driving
isturbed H I morphologies that strongly differ from one timestamp
o the next (e.g. top left and centre) and spatial offsets between
 I and stellar components (e.g. top left-hand panel). Furthermore,
hen observed after an intense outflow, these galaxies may be found
ithout any detectable neutral gas (e.g. top right-hand panel). 
The interplay between each galaxy’s dynamical mass growth,

hotoionization feedback from the cosmic UVB, and the re gulativ e
ycle of star formation in a shallow potential well thus leads to
 complex diversity in the H I observables of faint dwarfs at z =
. This diversity occurs at nearly constant galaxy stellar mass (top
ight-hand corners of panels), highlighting strong scatter at the faint
nd of the M � –M H I relation, which we quantify next. 

.2 The M � –M H I relation of low-mass dwarf galaxies 

e now quantify the relationship between stellar and neutral gas
ontent for each galaxy in our suite, showing in Fig. 2 their neutral
as and stellar masses enclosed within 1 kpc . This radius ensures a
omplete account of H I and stellar material, enclosing the typical
xtent of the H I distribution (Section 3.3 ) and several half-light
adii (Table 1 ). As H I masses are variable o v er time (Fig. 1 ), we
onstruct their timeseries o v er the last four billion years ( z ≈ 0.5;
40 simulation snapshots) 2 along the major progenitor and show the

ample density (contours), median (diamonds), and the interquartile
ange (IQR; black lines) of each timeseries. Galaxies without H I are
hown as upper limits (black diamonds). 

For comparison, we plot an observed population of Local Volume,
eld H I -rich faint dwarfs (McConnachie 2012 ; Cole et al. 2014 ;
cQuinn et al. 2015, 2020, 2021 ; Sand et al. 2015 ; Adams &
osterloo 2018 ; Brunker et al. 2019 ; Janesh et al. 2019 ; Hargis et al.
020 ; Bennet et al. 2022 ; blue and brown for quiescent and star-
orming objects, respectively, reporting error bars when available).

edian M H I for our H I -bearing dwarfs are within the observed
opulation scatter at their stellar masses. [Structural stellar properties
lso span across their respective observed scatter (Rey et al. 2019b ,
NRAS 511, 5672–5681 (2022) 

 We choose this time interval as a compromise between having sufficient 
napshot number to obtain statistical properties, while remaining sufficiently 
mall compared to physical evolution within galaxies (e.g. due to the re- 
ccretion of gas; Rey et al. 2020 ). 

(
 

m  

H  

P  

a  
020 ).] We omit gas-poor faint dwarfs observed as satellites of
he Milky Way from this comparison, as it remains unclear how
nvironmental processing affects their H I reservoirs compared to
ur simulated field systems. The lack of observed counterpart to
ur H I -poor faint dwarfs (black diamonds) likely reflects the current
bserv ational dif ficulties to detect such isolated objects in the field
ithout pre-selection on e.g. H I content, but hints of them might

lready exist (e.g. Eridanus 2; Simon et al. 2021 ) and their systematic
etection should be possible with the next generation of wide-sky
eep photometric surv e ys (Simon 2019 ). 

We reco v er across our whole suite the dichotomy in H I content
llustrated in Fig. 1 , with half of our simulated galaxies exhibiting
etectable H I contents, while the other half have no H I reservoirs.
n low-mass haloes, retaining gas is at first order determined by
ssembling a sufficiently deep potential well at late times, after
osmic reionization (e.g. Ben ́ıtez-Llambay et al. 2015 ; Fitts et al.
017 ; Benitez-Llambay & Frenk 2020 ; Rey et al. 2020 ). If able to
etain its gas, a galaxy’s average content is then set by its dynamical
ass (Benitez-Llambay & Frenk 2020 ). The similar median H I

ontents across our H I -bearing dwarfs are thus naturally explained
y their relatively narrow spread in final dynamical masses at z = 0
Table 1 ). 

We thus re-affirm that photoionization feedback from the cos-
ic UVB yields a natural truncation to the faint end of the
 I mass function (e.g. Ben ́ıtez-Llambay et al. 2017 ; Tollerud &
eek 2018 ). Ho we ver, we demonstrate that this truncation is not
ssociated with a single cut in stellar mass, with dwarfs with
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3 We 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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 × 10 5 ≤ M � ≤ 5 × 10 5 M � exhibiting both M H I ≥ 1 × 10 5 M �
nd vanishing M H I in our suite. This scatter arises from the interplay
etween each galaxy’s growth of dynamical mass and reionization- 
nduced feedback, in setting both (i) the final stellar mass and 
ii) the final H I content. Unlike the gas content that links to late
ass assemblies, the final stellar mass is strongly shaped by how 

uch mass is assembled early, pre-reionization (Rey et al. 2019b ). 
uf ficient early gro wth can gro w M � , without being met by enough

ate-time growth to create a sizeable H I reservoir. Conversely, 
uf ficient late gro wth can lead to measurable M H I without being
et by early growth, diminishing M � . Across a spectrum of final

alo masses, the diversity of early and late assemblies hence leads 
o a bimodality at the faint end of the M � –M H I relation, with H I -
earing and H I -poor isolated dwarf galaxies in the same range of
tellar masses. 

Our limited sample size does not allow us to robustly quantify 
he width of this bimodality, which would require modelling a larger 
opulation of mass accretion histories and halo masses. Ho we ver, 
bservational hints already point towards a more extended range 
f stellar masses, with H I -bearing dwarfs proposed below M � ≤
0 5 M � (Janesh et al. 2019 , brown points shown as upper limits in
tellar masses). This makes this feature a crucial modelling point 
or future studies aiming to constrain reionization and cosmological 
warf formation with a population of H I galaxies (e.g. Tollerud &
eek 2018 ). 
Beyond the bimodality observed across our suite, we also note 

hat each H I -rich dwarf exhibits significant spread in neutral gas
ass across their past four billion years, with 50 per cent confidence

nterval (black lines) around the median (diamonds) ranging from 

.2 to 1.8 dex. These variations are generated at nearly fixed stellar
asses, which hardly evolve over the same time-scale. [Stellar 
ass-loss in old stellar populations is small, and the formation 

f young stars at rates ≈ 10 −5 M � yr −1 in active galaxies con- 
ributes at most a few per cent of their total stellar mass (Rey
t al. 2020 ).] Time variability thus provides an additional physical 
echanism to generate scatter in the M � –M H I relation of low-mass

warfs. 
The physical nature of time variability is distinct for star-forming 

blue) and quiescent dwarfs (brown). Quiescent dwarfs see their 
ontent vary due to the combination of (i) slow accretion of gas
ncreasing their total gas reservoir and (ii) feedback from old, pre- 
eionization stars such as Type Ia supernovae and AGB stars stirring
p their internal reservoirs (Rey et al. 2020 ). By contrast, dwarfs
hat are actively forming stars undergo violent e vents, follo wing the
xplosion of Type II supernovae in newborn massive stars. This 
eads to a marked difference in their respective time distributions, 
ith active galaxies showing systematic long tails towards low or 
anishing H I contents (blue vertical stripes). Furthermore, despite 
ts extended extent, our uncovered regular time variability in isolated 
eld systems is unlikely to explain the full breadth of the population
catter. Environmental interactions with nearby structures or mergers 
rovide a way to trigger sudden, single replenishments of the ISM
nd subsequent increases in M H I (e.g. Wright et al. 2019 ), which
ould add to our mechanisms and might help explain extremely 
 I -rich objects (e.g. Coma P; Brunker et al. 2019 ; blue circles with
 � / M H I > 10 marked by a grey line). 
The partial or total removal of neutral gas by short-lived, feedback- 

ri ven e vents can thus affect our ability to detect H I emission from
uch galaxies at a given time. We quantify this duty cycle in our
hree star-forming galaxies, finding that each galaxy spends 3, 4, and 
0 per cent of the last four billion years with M H I ≤ 10 2 M � (i.e.
o neutral gas reservoir), and 3, 22, and 34 per cent with M H I ≤
0 5 M � (i.e. belo w the lo west reported H I mass for an observed
warf galaxy). Our results thus predict the existence of isolated 
 aint dw arfs that are temporarily hidden in H I , as feedback-driven
 ariability dri ves them belo w current observ ational capabilities of
adio observatories. A clear observational signature to distinguish 
uch temporarily hidden galaxies from long-lived quiescent objects 
s that they should exhibit young stars and evidence of recent star
ormation, as no galaxies in our star-forming sample stay without H I

or longer than 400 Myr. 
Quantifying how time variability will affect the o v erall population

f H I -bearing dwarf galaxies remains challenging at this stage, as our
mall sample size does not allow us to average over dependences on
he specific star formation histories of our dwarfs. None the less, this
trongly moti v ates dedicated modelling of such feedback-dri ven duty
ycle, to account for potential detectability biases when interpreting 
onstraints from the population of H I -detected galaxies, but also
s a promising discriminant between feedback models and their 
f ficiency at dri ving outflo ws. Future studies with larger samples
f low-mass dwarfs, and the ability to accurately track gas dynamics
 v er short time-scales (e.g. Genel et al. 2013 ; Cadiou, Dubois &
ichon 2019 ), will be key to achieving this aim. 

.3 Spatial distribution of neutral gas 

s illustrated in Fig. 1 , the spatial distribution of H I undergoes large
ariations o v er time. We now turn to quantifying variability in the
tructural properties of H I reservoirs. For each H I -bearing galaxy,
e compute their radial column density profile along a random line
f sight 3 using 150 bins equally spaced in log space and determine
he radius at which the profile drops below depths of 5 × 10 19 and
0 19 cm 

−2 o v er the last four billion years. We show the distribution
f values o v er time in Fig. 3 (left and centre). When the entire
 I distribution is fainter than a chosen depth cut, we associate
 vanishing H I size with this galaxy, creating the vertical tails in
ig. 3 extending below twice the maximum spatial resolution of the
imulation (6 pc; shading). 

There is qualitative agreement between the medians of our 
imulated galaxies and observed H I sizes in galaxies of compa-
able stellar masses such as Leo T with r( N H I ≥ 3 × 10 19 cm 

−2 ) ≈
00 pc (Adams & Oosterloo 2018 ) and Leo P with r( N H I ≥ 5 ×
0 19 cm 

−2 ) ≈ 300 pc (Giov anelli et al. 2013 ). Ho we ver, our results
ighlight that, similar to the variability in total H I mass, such sizes are
ignificantly time-varying in all galaxies, with 50 per cent confidence 
ntervals extending from 0.14 to 0.60 dex around the medians at
ensitivities N H I ≥ 5 × 10 19 cm 

−2 . We verified that time variations 
n spatial extents are positively correlated with those in neutral gas
asses (i.e. larger H I masses correlate with larger H I extents; see

lso e.g. Wang et al. 2016 ), although with an extended scatter and
hus driving surface-brightness fluctuations in 21 cm. 

Ongoing and future radio surv e ys will likely reach depths closer
o N H I = 1 × 10 19 cm 

−2 (e.g. Maddox et al. 2021 ) when probing a
warf’s H I distribution. This systematically increases the median 
 I extent of each galaxy as expected (middle columns), but also

educes variability with systematically smaller confidence intervals. 
Conversely, restricting the extent to N H I = 1 × 10 20 cm 

−2 produces 
he opposite trend, with smaller medians and larger confidence 
nterv als.) Shallo wer depths focus on a galaxy’s centre, where most
MNRAS 511, 5672–5681 (2022) 
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M

Figure 3. Time distribution of H I structural parameters o v er the past four 
billion years in our simulated H I -rich dwarfs (indi vidual contours), sho wing 
the cylindrical radius enclosing depths of 5 × 10 19 and 10 19 cm 

−2 (left 
and centre, respectively) and the three-dimensional distance between H I 

and stellar centres (right). Stellar feedback induces extended scatter in H I 

spatial extents, with factor-of-a-few variations o v er time (IQR shown as black 
line). This variability is reduced with deeper H I 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 H I components comparable to the galaxy’s optical sizes ( ≈
200 pc ). 
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tirring due to feedback from old and young stars occurs. Deeper
 I observations reaching outwards spatially average perturbations

n the galaxy’s centre, leading to more stable sizes whose variability
s then driven by larger, rarer events. 

Our results demonstrate that the level of variability in H I surface
rightnesses thus depends on depth, which has complex conse-
uences for the detectability of a given dwarf. Modelling it requires
ccounting for the interplay between variability, an object’s distance,
nd a given survey design of sensitivity and angular resolution (see
ppendix A for a visual illustration). Carefully quantifying how

ime v ariability af fects completeness limits in a population of Local
olume, H I -rich dwarfs is thus a necessary undertaking for future
tudies aiming to constrain cosmological galaxy formation through
eutral gas observations and inform surv e y strate gy through detection
ates. 

As well as modifying the size of the H I distribution, stellar
eedback also induces asymmetric morphologies and spatial offsets
etween the neutral gas and stellar components (Fig. 1 , see also e.g.
ead et al. 2016 ; El-Badry et al. 2018 ). We quantify this latter aspect

n Fig. 3 (right-hand columns), reporting the median and IQR for
he three-dimensional distance between the stellar and H I centres
 v er the last four billion years. All galaxies exhibit spatial offsets
etween their stars and neutral gas that are regularly comparable
o their optical sizes ( r 1 / 2 ≈ 200 pc , see Table 1 ). Feedback-driven
utflows thus provide a natural explanation to o v erlapping, but
ffset, distributions of stellar and neutral gas material at a given
ime (as reported by e.g. Janesh et al. 2019 ). Our results further
rovide an alternative interpretation to environmental processing in
NRAS 511, 5672–5681 (2022) 
xplaining misaligned distributions and asymmetric morphologies
ithin galaxies closer to us, where it remains unclear whether they

re interacting with our Milky Way (e.g. Leo T; Adams & Oosterloo
018 ). 

 DI SCUSSI ON  A N D  C O N C L U S I O N S  

e have sho wn ho w future surveys should uncover diversity in the
eutral gas observables of faint, low-mass dwarf galaxies ( M � �
0 7 M �). We assembled a suite of 10 simulated dwarf galaxies
volved to z = 0 using high-resolution zoomed cosmological simu-
ations from the EDGE project (Rey et al. 2019b , 2020 ; Agertz et al.
020 ; Orkney et al. 2021 ), bracketing the transition from quiescent
o gas-rich to star-forming low-mass dwarfs (Rey et al. 2020 ). We
emonstrated how the interplay between dynamical mass assemblies
nd feedback introduces extended scatter in the relationship between
 I and stellar observables at the faint end (illustrated in Fig. 1 ). 

(i) We re-affirm that cosmic reionization and photoionization
eedback from the UVB plays a key role in truncating the faint
nd of the H I mass function (e.g. Efstathiou 1992 ; Ben ́ıtez-Llambay
t al. 2017 ; Tollerud & Peek 2018 ), but show that this cut-off is
ot localized in galaxy stellar mass. Rather, the diversity of possible
ssemblies at early and late times leads to a bimodality at the faint end
f the M � –M H I relation with H I -bearing and H I -deficient isolated
warf galaxies cohabitating o v er an e xtended range of stellar masses
Fig. 2 ). 

(ii) Stellar feedback within such shallow potential wells ( M 200 �
 × 10 9 M �) drives significant time variability in H I observables,
enerating order-of-magnitude scatter around the median M H I at
x ed M � o v er the last four billion years (Fig. 2 ). Furthermore,
tar-forming dwarfs undergo re gular, short-liv ed episodes without
etectable neutral gas reservoirs following intense outflows. This
eads to a feedback-driven duty cycle in low-mass dwarfs’ H I

ontents affecting their detectability by radio observatories. 
(iii) Feedback also generates time-varying sizes and asymmetric
orphologies in H I spatial distributions (Fig. 3 ). This implies regular

urface-brightness fluctuations o v er time and offsets between H I and
tellar components, providing a natural explanation for disturbed and
isaligned H I morphologies in low-mass dwarfs. Such disturbed

istributions make mass modelling – either through rotation curve
nalysis or assuming steady-state hydrostatic equilibrium – chal-
enging in these galaxies, which will be the focus of a forthcoming
tudy. 

The physical mechanisms unco v ered in this work hav e ke y
onsequences for future studies aiming to constrain reionization, the
istory of the UVB across cosmic time, and cosmological dwarf
alaxy formation through the population of H I -bearing systems
e.g. Ben ́ıtez-Llambay et al. 2017 ; Tollerud & Peek 2018 ; Benitez-
lambay & Frenk 2020 ). In particular, capturing the existence of
otential starless H I clouds and our exposed bimodality at the faint
nd of the M � –M H I relation requires modelling at once the growth of
tellar mass in dark matter haloes pre- and post-reionization, while
ccounting for the interplay between the UVB and their dynamical
ass assemblies setting their gas reservoirs at late times. Performing

uch an e x ercise on a large sample of dark matter haloes is thus
ighly desirable. In future work (Kim et al., in preparation), we plan
o use a semi-analytic model of dwarf galaxy formation to predict
he width of the bimodality at the faint end of the M � –M H I relation. 

In turn, the characterization of the relationship between stellar and
 I masses across a population of dwarfs could provide constraints
n cosmic reionization complementary to more direct measures
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e.g. Tollerud & Peek 2018 ). Our results strongly moti v ate future
tudies aiming to perform this inference, b ut rob ust constraints are
hallenging at this stage. In addition to the interaction between 
ass growth and feedback exhibited by our study, the timing of

eionization at high redshift for each given dwarf depends on their 
ocal environment (e.g. Katz et al. 2020 ; Ocvirk et al. 2020 ). This
ill introduce a modulation for their pre-reionization stellar masses 

ndependent of later evolution, whose impact on the z = 0 M � –M H I 

elation will have to be quantified. Furthermore, uncertainties in 
he amount of heating at intermediate redshifts (due to helium 

eionization, z ≈ 3; e.g. Upton Sanderbeck, D’Aloisio & McQuinn 
016 ) and later times ( z ≤ 1; e.g. Gaikwad et al. 2017 ; Khaire
t al. 2019 ) affect the absolute halo mass capable of hosting an H I

warf at a given time. Such aspects will need to be explored by
uture studies aiming to robustly constrain reionization through the 
bserved population of H I -bearing dwarf galaxies. 
Furthermore, modelling the scatter in the M � –M H I relation will 

equire quantifying the expected variability in H I of low-mass 
warfs due to feedback exhibited in this work. This will be a
ey undertaking for future studies due to its implications for the 
etectability of low-mass dwarfs at a given time. A duty cycle of the
 v erall H I content, combined with our exposed surface-brightness
uctuations in 21 cm emission, will be necessary to account for
hen interpreting completeness estimates of observed populations 
f H I -bearing dwarfs and predicting detection rates to inform
urv e y strate gy for future e xperiments (e.g. the Square Kilometer
rray). 
A key aspect to achieve this aim will be to understand the

elationship between variability and the expected burstiness of star 
ormation in such shallow potential wells. Despite the resolution of 
ur simulations and our accurate modelling of superno va e xplosions, 
ncertainties remain in their coupling with the dwarf’s surrounding 
SM and subsequent efficiency in driving outflows (Smith, Sijacki & 

hen 2019 ; Agertz et al. 2020 ; Smith et al. 2021 ). In particular,
he addition of feedback channels such as photoionization feedback 
an lead to more gentle, less e xplosiv e re gulation of star formation
e.g. Agertz et al. 2020 ; Smith et al. 2021 ). Re-simulating all dwarfs
ccounting for radiative effects is beyond the scope of this work 
nd will be tackled in future work (Taylor et al., in preparation),
ut we provide an illustration of the sensitivity of H I variability
o feedback models. We repeat our analysis on a re-simulation of
ur prototypical star-forming, gas-rich dwarf (Halo 600) artificially 
educing the strength of supernova feedback (‘Weak feedback’ model 
n Agertz et al. 2020 , first presented in Rey et al. 2020 ). This results
n an unphysically high galaxy stellar mass (from M � = 3 . 5 × 10 5 

o 1 . 5 × 10 7 M � at z = 0) at this halo mass (Read et al. 2017 ),
ut demonstrates that less efficient outflows suppress variability in 
 I mass (IQR going from 1.83 to 0.13 dex around the median).
ith this model, the galaxy also never undergoes ‘unobservable’ 

pisodes with M H I < 1 × 10 5 M �. Pinpointing these uncertainties, 
rom additional feedback channels (e.g. Agertz et al. 2020 ; Smith 
t al. 2021 ) or physical alterations to the feedback budget (e.g.
rgomet et al. 2021 ), will thus be critical. 
Finally, this demonstrated sensitivity to feedback models also 
oti v ates future studies aiming to constrain the H I duty cycle from

n observed population of dwarfs. Constraining such duty cycle and 
ariability from data bears strong similarities to the modelling of vari- 
ble active galactic nuclei populations, which provides constraints 
n their luminosity o v er time and the available feedback budget to
ouple to their host galaxies (e.g. Wyithe & Loeb 2002 ; Conroy &

hite 2013 ; Delvecchio et al. 2020 ). Such statistical measurement 
ould be an ideal complement to resolved, multiwavelength studies 
f f aint dw arfs (McQuinn, van Zee & Skillman 2019 ; Zheng et al.
020 ) to inform on the pre v alence and mass-loading factors of
utflows in the smallest star-forming galaxies. 
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urface-brightness fluctuations in H I emission (Section 3.3 ). In 
his appendix, we provide a visual illustration of how these two 
ffects combine, highlighting the importance of modelling both when 
redicting the observability of a faint H I dwarf. 
Fig. A1 shows column density maps from our ‘star-forming, 

as-rich’ dwarf at the same time snapshots as in Fig. 1 (top row
eproduced between figures). We then convolve these images with 
 Gaussian beam with 200 and 500 pc diameter (middle and 
ottom ro w, respecti vely), and sho w contours of constant 10 18 ,
0 19 , and 10 20 cm 

−2 H I column densities in black. As expected,
 I emission becomes more diffuse and symmetric with decreasing 

patial resolution (top to bottom in each individual column). 
Comparing between columns in Fig. A1 illustrates the coupling 

etween time variability and spatial resolution in affecting a dwarf’s 
igure A1. Illustrating how different spatial resolutions combine with time variab
aps from our example ‘star-forming, gas-rich’ dwarf in Fig. 1 (top row) convol

patial resolution is degraded, H I emission becomes more diffuse and symmetric,
ffect couples with feedback-driven surface-brightness fluctuations (Section 3 , indi
eservoir has been temporarily remo v ed (e.g. bottom right) or because H I emission

his paper has been typeset from a T E 

X/L 

A T E 

X file prepared by the author. 
etectability. A sizeable H I reservoir at high spatial resolution 
top left) might remain detectable at medium resolution (centre 
eft), showcasing a contour with N H I ≥ 1 × 10 20 cm 

−2 offset but 
 v erlapping with r 1/2 (blue circle), but would be challenging to
etect at low angular resolution (column densities al w ays below
 H I ≤ 5 × 10 19 cm 

−2 ; bottom left). By contrast, the same object
00 Myr later (middle column) would likely be detectable at all
patial resolutions, and in turn undetectable at all resolutions a 
urther 600 Myr later (right-hand column). The duty cycle of 
observable’ episodes in H I for a given dwarf thus depends on
he available spatial resolution. Accounting for these effects will 
e key to interpret completeness in the census of low-mass dwarfs
rom H I surv e ys, and to inform observational strategies in future
urv e ys. 
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ility to affect a dwarf’s detectability. We show the same H I column density 
ved by a Gaussian beam of 200 and 500 pc (middle and bottom rows). As 
 eventually fading out the dwarf and its features (individual columns). This 
vidual lines), which can make a dwarf challenging to observe because its H I 

 is too diffuse at the available spatial resolution (bottom left). 
D
ow

nloaded from
 https://ac
adem

ic.oup.com
/m

nras/article/511/4/5672/6536925 by U
niversity C

ollege London Library Services user on 09 M
arch 2022

art/stac502_fa1.eps

	1 INTRODUCTION
	2 A SUITE OF SIMULATED FAINT DWARF GALAXIES
	3 RESULTS
	4 DISCUSSION AND CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES
	APPENDIX A: THE COUPLING BETWEEN TIME VARIABILITY AND SPATIAL RESOLUTION

