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A B S T R A C T 

Moti v ated by the observed bottom-light initial mass function (IMF) in f aint dw arfs, we study how a metallicity-dependent IMF 

affects the feedback budget and observables of an ultra-faint dwarf galaxy. We model the evolution of a low-mass ( ≈ 8 × 10 

8 M �) 
dark matter halo with cosmological, zoomed hydrodynamical simulations capable of resolving indi vidual supernov ae explosions, 
which we complement with an empirically moti v ated subgrid prescription for systematic IMF variations. In this framework, 
at the low gas metallicities typical of faint dwarfs, the IMF of newborn stellar populations becomes top-heavy, increasing the 
efficienc y of superno va and photoionization feedback in regulating star formation. This results in a 100-fold reduction of the 
final stellar mass of the dwarf compared to a canonical IMF, at fixed dynamical mass. The increase in the feedback budget is 
none the less met by increased metal production from more numerous massive stars, leading to nearly constant iron content 
at z = 0. A metallicity-dependent IMF therefore provides a mechanism to produce low-mass (M � ∼ 10 

3 M �), yet enriched 

([Fe / H] ≈ −2) field dwarf galaxies, thus opening a self-consistent avenue to populate the plateau in [Fe / H] at the faintest end 

of the mass–metallicity relation. 
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 I N T RO D U C T I O N  

mpro v ements in deep, wide photometric imaging in recent years
as allowed a rapid increase in the number of observed, faint
warf galaxies (see Simon 2019 for a re vie w), establishing and
haracterizing a population of ultra-faint dwarf (UFD) galaxies
L � � 10 5 L � ). The low stellar masses of UFDs and their shallow
otential wells make them particularly suited to constrain how
tar formation is regulated by feedback mechanisms within the
nterstellar medium (ISM; see Somerville & Dav ́e 2015 ; Naab &
striker 2017 for re vie ws). Achie ving this, ho we ver, requires robust

heoretical predictions, both resolving the ISM processes within
uch small galaxies while sampling their possible cosmological
istories and environments. These imperatives place high demands
n computing power, and has only recently been met by cosmological
ydrodynamical simulations of galaxy formation (e.g. Jeon, Besla &
romm 2017 ; Macci ̀o et al. 2017 ; Re v az & Jablonka 2018 ; Munshi
t al. 2019 ; Wheeler et al. 2019 ; Agertz et al. 2020 ; Applebaum et al.
021 ). 
Following this effort, discrepancies between individual predictions

nd the observed population of UFDs have become apparent. In
articular, the faint-end of the mass–metallicity relation has pro v en a
hallenging and promising regime, due to its acute sensitivity to the
 E-mail: mateoprgomet@hotmail.com (MP); martin.rey@physics.ox.ac.uk 
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odelling of star formation and feedback processes within a UFD
Agertz et al. 2020 ). In isolation, a dwarf’s metallicity is set by (i)
ts o v erall metal production following stellar evolution and (ii) its
bility to retain metals while regulating star formation in a shallow
otential well. A detailed account of such ISM processes remains
omplex ho we ver, due to uncertainties in associating metal yields
o massive stars at low metallicities (e.g. Buck et al. 2021 ; Muley
t al. 2021 ) and to modelling the coupling between supernova and
hotoionization feedback to a dwarf’s ISM (Smith, Sijacki & Shen
019 ; Agertz et al. 2020 ; Smith et al. 2021 ). These uncertainties
ropagate into inconsistent predictions for the chemical properties
f field UFDs (see discussions in Agertz et al. 2020 ; Applebaum
t al. 2021 ), with current models typically underenriching the faintest
alaxies and struggling to explain the observed ‘plateau’ of constant
Fe / H] at the lowest stellar masses (Kirby et al. 2013 ; Simon
019 ). 
Despite their sensitivity to internal ISM processes, these discrep-

ncies might not be uniquely related to star formation and feedback
ithin the dwarfs. The known population of UFDs is primarily
bserved within the virial radius of the Milky Way, thus, also
equiring a quantification of environmental processing (e.g. Buck
t al. 2019 ; Applebaum et al. 2021 ). Tides from a massive host will
referentially strip the metal-poor outskirts, providing a mechanism
o lower a dwarf’s stellar mass at nearly constant [Fe / H] and
otentially populating the faint-end plateau. Alternati vely, outflo ws
rom a nearby host might pollute and pre-enrich a dwarf’s ISM at
arly times, leading to higher metallicities at a given stellar mass
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han expected in isolation. Although such environmental effects 
ikely play a role in shaping the properties of Milky-Way satellites, 
heir detailed contribution and importance remains obscured by their 
oupling with uncertainties in modelling astrophysical processes 
efore infall (Applebaum et al. 2021 ). 
Furthermore, observations of UFDs are operating at the limits 

f current instrumental capabilities – deeper, more complete ob- 
ervations of the metal-poor outskirts of UFDs have revised and 
owered determinations of dwarf metallicities (e.g. Chiti et al. 2021 ), 
roviding a distinct way to ease tension with simulated objects. The 
ext generation of instruments provides us with a unique opportunity 
o tell apart the respective roles of these mechanisms. Forthcoming 
ide and deep photometric surv e ys (e.g. the Vera Rubin Observatory,

he Euclid and Nancy Roman Space Telescopes ) are likely to start
isco v ering isolated UFDs in the field (Mutlu-Pakdil et al. 2021 ;
orlaff et al. 2022 ). Establishing the metallicities and kinematics 
f such isolated objects, either through high-resolution spectroscopy 
f single faint stars (with e.g. the Thirty-Meter and Giant-Magellan 
elescopes) or efficient scanning thanks to multiple x ed spectrographs 
e.g. McConnachie et al. 2016 ), will enable a clean separation on the
espective roles of environmental and internal effects. 

To further pursue model exploration and prepare for these 
rospects, we investigate in this work the sensitivity of dwarf 
etallicities to physical assumptions in computing the available 

eedback and metal budget, to which the initial mass function (IMF),
.e. the mass spectrum of a stellar population, is a key input. The IMF
s generally observed to be universal within the solar neighbourhood 
Bastian, Co v e y & Me yer 2010 ), although e xplaining this lack of
ariations with local interstellar conditions remains challenging (see 
roupa et al. 2013 for a re vie w). Extragalactic observ ations have in

act repeatedly suggested the existence of systematic IMF variations 
n massive elliptical galaxies (e.g. van Dokkum & Conroy 2010 ; Cap-
ellari et al. 2012 ; Ferreras et al. 2013 ; Mart ́ın-Navarro et al. 2015 ,
ee Smith 2020 for a re vie w) and in dwarf galaxies (Dabringhausen,
roupa & Baumgardt 2009 ; Dabringhausen et al. 2012 ; Geha et al.
013 ; Gennaro et al. 2018 ). The y pro vide an empirical picture in
hich metallicity is a key driver of IMF variations (Geha et al. 2013 ;
art ́ın-Navarro et al. 2015 ; Gennaro et al. 2018 ; Liang et al. 2021 ),

uggesting an IMF becoming top heavy in metal-poor, faint dwarfs. 
None the less, there remains significant debate in the interpretation 

nd significance of this correlation. Within f aint dw arf galaxies 
nd their old stellar populations, massive stars are long gone, thus
nly allowing a measurement of the low-to-intermediate-mass IMF 

lope. Inferring the high-mass slope can then be affected by finite 
bservational depth (El-Badry, Weisz & Quataert 2017 , although see 
ilion et al. 2020 for recent deeper efforts), and requires assuming
 fix ed univ ersal, functional shape that might also vary (e.g. Yan,
erabkova & Kroupa 2020 ). Furthermore, such observations are 
ypically obtained from integrated observations across several stellar 
opulations and dwarf galaxies. Theoretical models of the interstellar 
edium suggest metallicity to be a critical parameter for IMF 

ariations due to its role in regulating the efficiency of cloud cooling
nd subsequent fragmentation (Marks et al. 2012 ; Hopkins 2013 ; 
habrier, Hennebelle & Charlot 2014 ; Sharda & Krumholz 2022 ), 
ut how to link, if at all, variations of the IMF o v er galactic scales to
hose on giant molecular cloud and stellar cluster scales, remains a 
hallenge (e.g. Pflamm-Altenburg, Weidner & Kroupa 2009 ; Kroupa 
t al. 2013 ; Dib & Basu 2018 ; Je ̌r ́abkov ́a et al. 2018 ; Guszejnov,
opkins & Graus 2019 ). 
The acute sensitivity of UFDs to galaxy formation physics, thus, 

rovides a chance to discriminate between models and clarify this 
icture – at the low metallicities typical of UFDs ([Fe / H] ≈ −2),
 metallicity-varying IMF would strongly affect the metal and 
eedback budget from massive stars, motivating a quantification of its 
mpact on observables and in particular the mass–metallicity relation. 
n this work, we thus extend ongoing efforts assessing how IMF
 ariations af fect galactic properties (e.g. Guszejnov, Hopkins & Ma
017 ; Barber, Crain & Schaye 2018 ; Gutcke & Springel 2019 ) to
he previously unexplored faintest galaxies. To this end, we perform 

osmological, zoom simulations of a field low-mass galaxy as part 
f the EDGE project (Engineering Dwarfs at Galaxy formation’s 
dge; Rey et al. 2019 , 2020 , 2022 ; Agertz et al. 2020 ; Orkney et al.
021 ). Each simulation includes hydrodynamics, a comprehensive 
alaxy formation model (Agertz et al. 2013 , 2020 ; Agertz &
ravtsov 2015 ) and sufficient resolution ( m DM 

= 960 M �, 3 pc) to
esolv e individual superno va e xplosions within the dwarf’s ISM. We
omplement this setup with a new implementation of a metallicity- 
ependent IMF according to Geha et al. ( 2013 ; see also Kroupa 2002 ;
arks et al. 2012 ), which we describe in Section 2 . We then show

ow a metallicity-dependent IMF boosts both feedback and metal 
roduction in the faintest dwarfs, leading to a reduction in their
nal stellar masses while maintaining significant iron enrichment 
Section 3 ). We conclude in Section 4 . 

 M E T H O D S  

s we aim to quantify and isolate the impact of a varying IMF, we
ocus on a single UFD with a final dynamical halo mass of ≈ 8 ×
0 8 M �. The host dark matter halo evolved with our baseline galaxy
ormation model (hereafter ‘Fiducial’) was first presented in Agertz 
t al. ( 2020 ). We briefly summarize the main features of the ‘Fiducial’
odel in Section 2.1 , before describing how we complement it with

n implementation of IMF variations in Section 2.2 . 

.1 Fiducial numerical setup 

e target an isolated dark matter halo (no neighbours more massive
han it within five virial radii) embedded within a cosmic under-
ensity to minimize the chances of environmental interactions (see 
gertz et al. 2020 for further details and Orkney et al. 2021 for a
isual). We construct zoomed, cosmological initial conditions for this 
ark matter halo using the GENETIC softw are (Stop yra et al. 2021 )
ith dark matter particles of mass m DM 

= 945 M � and baryonic
esolution �b /�m 

m DM 

= 161 M �. We follow the evolution of
tars, dark matter, and gas using the adaptive-mesh-refinement code 
AMSES (Teyssier 2002 ), achieving a maximum spatial resolution 
f 3 pc across the dwarf’s ISM. We account for the cooling of
as out of equilibrium (Rosdahl et al. 2013 ), and the formation of
tars using a Schmidt-like law with a star formation efficiency of
0 per cent (Agertz et al. 2020 ). Star particles are formed through
tochastic sampling on a cell-by-cell basis at every simulation fine 
tep (Rasera & Teyssier 2006 ) with a birth mass of 300 M �, sufficient
o ensure a complete sampling of the canonical IMF in each stellar
opulation (e.g. Smith 2021 ). We note that complete sampling 
or each individual population is not guaranteed once the IMF is
llo wed to v ary (Section 2.2 ), but we show in Appendix A that the
MF av eraged o v er the multiple stellar populations of a UFD’s star
ormation history is well-sampled, thus ensuring the robustness of 
he total, integrated feedback and metal production budgets. As we 
ish to compare results with our ‘Fiducial’ model, we keep this
arameter fixed in this study, and plan to explore in future work the
mportance of IMF sampling (see also discussion in Section 4 ). 

We track the injection of momentum, energy, iron, and oxygen 
rom stellar winds, Type II and Type Ia supernovae in the dwarf’s
MNRAS 513, 2326–2334 (2022) 
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Figure 1. Modifications to the feedback and metal budget for a stellar 
population with an IMF varying with metallicity. As the high-mass slope 
decreases (top axis) with decreasing metallicities (bottom axis), the IMF 
becomes more top-heavy, boosting the number of available SNe II (red) and 
bolometric luminosity (black dashed). In parallel, oxygen (yellow) and iron 
(brown) production is enhanced due to the increased number of massive 
stars. We cap the metallicity evolution for the most metal-poor populations 
([Fe / H] ≤ −3, grey shading). 
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SM (SNe II, SNe Ia, see Agertz et al. 2013 ; Agertz & Kravtsov 2015 ;
gertz et al. 2020 for details). Our resolution allows us to directly in-

ect thermal energy associated with supernovae and self-consistently
ollow the build-up of momentum by solving the hydrodynamics
quations, thus, strongly reducing uncertainties associated with mod-
lling supernova feedback (Kim & Ostriker 2015 ; Martizzi, Faucher-
igu ̀ere & Quataert 2015 ; Smith et al. 2019 ). In addition, some of our

imulations model photoionization feedback with radiative transfer,
ollo wing the e volution of radiation discretized into six photon
roups to form a low-resolution spectrum, and computing its advec-
ion across cell boundaries using RAMSES-RT (Rosdahl et al. 2013 ;
osdahl & Teyssier 2015 , see Agertz et al. 2020 for further informa-

ion). We record the evolution of two metals, iron and oxygen, and
e initialize oxygen at 10 −3 Z � to account for unresolved enrichment

rom Population-III stars. We model reionization as a homogeneous
ime-dependent, ultraviolet (UV) background as in Faucher-Gigu ̀ere
t al. ( 2009 ). 

.2 Implementing a metallicity-dependent initial mass function 

e complement the ‘Fiducial’ model with an IMF which varies
epending on metallicity. Each stellar particle is treated as a single
tellar population (SSP) with an associated two-part Kroupa IMF
Kroupa 2001 ) 

 ( M) = A 

{
C 1 M 

−1 . 3 for 0 . 1 ≤ M < 0 . 5 M �, 

C 2 M 

−α for 0 . 5 ≤ M < 100 M �, 
(1) 

here � is the number of stars of mass M , A is a normalization
onstant, and C 1 , C 2 ensure continuity between the two mass regimes.
or our ‘Fiducial’ model with a fixed IMF, the high-mass slope is set

o α = 2.35. 
In this work, we assume that the IMF varies with metallicity using

n observ ationally moti v ated relation (Geha et al. 2013 , see also
roupa 2002 ), given as 

= 

{
0 . 5 × [Fe / H] i + 2 . 35 if [Fe / H] i > −3 , 
0 . 85 if [Fe / H] i ≤ −3 , 

(2) 

here [Fe/H] i is the metallicity of star particle i . Equation ( 2 ) follows
n empirical determination of IMF variations in UFDs (Geha et al.
013 , fig. 5), which we extrapolate from the last observational
oint at [Fe/H] = −2.5 to [Fe/H] = −3.0 1 and renormalize to
atch our fiducial IMF (Kroupa 2001 ) at solar metallicity. We

tress that IMF variations driven through ISM metallicity remain
heoretically moti v ated (e.g. Sharda & Krumholz 2022 ) although
ebated, suggesting future implementations of additional variation
hannels through molecular cloud density (e.g. Marks et al. 2012 ) or
SM turbulence (e.g. Hopkins 2013 ) are moti v ated. 

A direct consequence of equation ( 2 ) is that the number of massive
tars in each stellar population increases as metallicity decreases ( α
ecreases and the IMF becomes more top heavy). Quantitatively, the
ass fraction of massive stars ( M > 8 M �) at solar metallicity is

9 per cent, compared to 94 per cent at [Fe/H] = −3. Modifying the
umber of massive stars affects the energy, metal, and radiation
 udget a vailable in each stellar population, which we quantify
ow. 
NRAS 513, 2326–2334 (2022) 

 We impose a floor to the extrapolation at the lowest metallicities, to prevent 
xtreme stellar populations in the first generation of stars initialized with 
anishing [Fe/H]. We verified that such events represent at most ∼3 per cent 
f the total number of stellar populations, following rapid enrichment of the 
SM to [Fe/H] ≥ −3 by the first few SNe II. 
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Fig. 1 shows the fractional change in the number of SNe II in each
tellar population, N SNeII (red), compared to a fiducial, fixed IMF
grey). In the range most rele v ant to UFD galaxies ( −3 ≤ [Fe/H]

−1, which encompasses the complete metallicity distribution
ithin our simulated galaxies), the number of SNe II is boosted
y a roughly constant factor of 2.5 compared to the fiducial case.
his directly translates into an increased energy budget for feedback

hrough E SNII = N SNeII ˜ E SNeII as, following our fiducial model, we
ssume all individual supernovae events to release the same energy
˜ 
 SNeII = 10 51 erg. We leave an exploration of progenitor-dependent

xplosion budgets (e.g. Sukhbold et al. 2016 ) as future work. 
We note a peak, followed by a slight lessening, in the increase of
 SNeII at the lowest metallicities. This feature is due to our assumption

hat SNe II are sampled from progenitors with masses ranging from
 to 40 M � within their parent stellar particle – a specific IMF
lope hence maximizes the number of massive stars within this mass
ange (here α ≈ 1.45 at [Fe / H] ≈ −1 . 8). A more top-heavy IMF
hen o v erproduces supermassiv e stars that are not accounted as SNe
I. Given the remaining uncertainties in the mass upper limit for
rogenitors of SNe II (see e.g. Janka 2012 ; Janka, Melson & Summa
016 and references therein), we leave a detailed quantification of
ts importance in determining the feedback budget of a dwarf to a
uture study. 

We further update the metal budget by computing progenitor-mass
ependent yields for each SNe II (Kim et al. 2014 , equations 5 and
) and show the total mass of iron (brown) and oxygen (yellow)
eleased by SNe II in Fig. 1 as the IMF is v arying. Follo wing the
ncrease in N SNeII , the o v erall metal production is boosted compared
o the fiducial, baseline scenario. Progenitor-mass-dependent yields,
o we ver, introduce dif ferent weightings for each indi vidual metal as
Ne II originating from massive progenitors contribute exponentially
ore than low-mass events. Oxygen production is, thus, boosted by

art/stac1074_f1.eps
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Figure 2. Stellar mass growth of each UFD as we resimulate their same dark 
matter host halo with varying physical models. Allowing the IMF to vary 
with metallicity (solid red) enhances the number of SNe II (Fig. 1 ), causing 
a reduction in the stellar mass of the dwarf compared to the fiducial scenario 
(solid turquoise). This effect combines with the increased effectiveness of 
photoionization feedback under a varying IMF (dashed red), further reducing 
the final stellar mass of our ultra-faint by a dex compared to the fiducial 
scenario accounting for radiative feedback (dashed turquoise). 
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p to a factor ≈ 7.5, while iron production can be increased up to a
actor ≈ 4. 

Finally, we account for modifications to the photon budget in- 
roduced by a metallicity-dependent IMF, as radiative feedback is 
 key process to regulating star formation in UFDs (Agertz et al.
020 ; Smith et al. 2021 ). To capture the early, photoionizing phase
uring which the total luminosity of each SSP is UV-dominated, we 
escale uniformly the flux in each fiducial photon group for ∼40 Myr

the time after which all massive stars tracked in the model have
urned supernova. This is necessary to ensure the correct bolometric, 
nd hence UV, luminosity for each SSP. We compute a library of
MF-weighted, bolometric luminosities for zero-age 300 M � SSPs 
sing STARBURST99 (SB99; Leitherer et al. 1999 ), scanning through 
he IMFs slopes expected for ISM metallicities up to solar in our

odel. 2 For each IMF mapping on to a metallicity, we then compute
he boost in luminosity compared to the canonical slope, which we 
inearly interpolate o v er the metallicity range to obtain the uniform
escaling of photon groups (black dashed in Fig. 1 ). As expected
rom an increased number of massive stars with more top-heavy 
MFs, the integrated bolometric luminosity of each SSP increases 
ith decreasing metallicity, by up to a factor of ∼6.5 compared to

he fiducial case. 
We stress that modifying the bolometric luminosity only provides 

 first approximation to the available photon budget with top-heavy 
MFs – in principle, each photon group should be rescaled inde- 
endently to account for changes in the spectral energy distribution. 
ur model is none the less a lower limit for the UV flux, as top-
eavier IMFs would shift the peak of the SSP spectrum towards 
horter wavelengths, further increasing the energy of photoionization 
eedback. We leave an implementation of such schemes as future 
ork. 
We identify the dark matter halo of galaxies using the HOP halo

nder (Eisenstein & Hut 1998 ) and extract stellar properties using the
YNBODY (Pontzen et al. 2013 ) library. We derive stellar spectra for
ach IMF associated with a stellar particle using SB99, and perform 

ock observations of the galaxy by computing the radiative transfer 
hrough astronomical dust using a method similar to the SUNRISE code 
Jonsson 2006 ) and a dust attenuation curve from Li & Draine ( 2001 ).

e pick a random line of sight to compute surface brightness radial
rofiles and determine the half-light radius, r 1/2 , of each simulated 
alaxy. Since observational abundances are determined from bright 
tars in the inner galaxy (e.g. Simon & Geha 2007 ; Kirby et al. 2010 ;
. Kim et al., in preparation), we select all stars within 2 r 1 / 2 to
etermine the galaxy’s mean iron metallicity, [Fe / H] (Agertz et al.
020 , eq. 5), the 1D equi v alent of velocity dispersion, σ � and total
bsolute V -band magnitude, M V (Agertz et al. 2020 , sec. 3.4). 

 RESULTS  

aving accounted for variations in energy, metal, and photon budget 
ith metallicity, we are now equipped to assess how IMF variations 

ffect the observable properties of an UFD galaxy. 

.1 Stellar masses and sizes with a varying IMF 

n Fig. 2 , we compare the stellar mass assembly of our simulated
FDs, evolved with and without a metallicity-dependent IMF. We 
 Although STARBURST99 is only calibrated down to 0 . 05 Z �, the metallicity 
ependency of stellar evolution in this regime is subdominant compared to 
hanges to the number of massive stars as we vary the IMF. 

3

m
m

elect all stars at z = 0 encompassed within a sphere defined by
he virial radius and centered around the galaxy, extract their birth
imes and accumulate their final masses o v er time. 3 This provides an
rchaeological record of the stellar mass across all progenitors, as 
ould be observed from a dwarf in the Local Group today. 
We first note that star formation proceeds up to z ∼ 4 in all

imulated versions of our UFD and is quenched permanently after this 
ime. This quenching is imposed by cosmic reionization which, by z 

8 − 6, has heated the intergalactic medium up to T ∼ 10 4 K. This
ncreased pressure support prevents gas accretion into the potential 
ell of small dwarf galaxies (final dynamical masses � 10 9 M �,

.g. Efstathiou 1992 ; Hoeft et al. 2006 ; Okamoto, Gao & Theuns
008 ; Noh & McQuinn 2014 ). Self-shielded gas within the galaxy
an allow star formation to proceed up to z ∼ 4 (Susa & Umemura
004 ; O ̃ norbe et al. 2015 ; Agertz et al. 2020 ), but the gas reservoir of
he galaxy is never replenished, eventually leading to the definitive 
essation of star formation. 

We now compare the UFD evolved with the ‘Fiducial’ model 
etailed in Agertz et al. ( 2020 ) to our new implementation allowing
or a metallicity-dependent IMF (‘Fiducial + IMF(Z)’). A varying 
MF leads to systematically lower stellar masses at all times, and
 reduction in the final stellar mass by a factor of ∼2.5 compared
o the ‘Fiducial’ case. This reduction is naturally explained by the
ncreased number of massive stars with a metallicity-varying IMF –
MNRAS 513, 2326–2334 (2022) 

 The final masses of each star particle are, thus, computed after their lifetime’s 
ass-loss from supernovae and winds, which can lead to total galactic stellar 
asses lower than an individual birth mass early-on. 
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M

Figure 3. Absolute, total V -band magnitudes and half-light radii of our 
simulated galaxies compared to a compilation of observed, Local Group 
dwarf galaxies (grey points). As the budget of feedback increases through 
a metallicity-dependent IMF (turquoise to red), the total magnitude of 
our simulated ultra-faint increases, mirroring its stellar mass (Fig. 2 ). All 
galaxies, ho we v er, hav e similar sizes ( r 1 / 2 ∼ 150 pc ), yielding both o v erall 
fainter and more diffuse dwarfs (diagonal grey lines show constant central 
surface brightnesses). Our most e xtensiv e model including a varying IMF and 
increased radiative feedback (red triangle) lacks observed counterparts – its 
properties place it below the detection capabilities of current instruments but 
future photometric surv e ys (e.g. the Vera Rubin Observatory, the Euclid and 
Nancy Roman Space Telescopes ) will enable us to verify its physical nature. 
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ll stellar particles within our ultra-faint have [Fe / H] ≤ −1 . 1 at z =
, and hence see their number of SNe II at least doubled (Fig. 1 ). 
Turning to photoionization feedback and its combined effect with

 varying IMF, we first introduce the ‘Fiducial + RT’ version of
he UFD from Agertz et al. ( 2020 ), reco v ering that accounting for
dditional radiative feedback from massive stars lowers the final
tellar mass of the galaxy by a factor of ≈5.4 compared to the
Fiducial’ model. Further accounting for the increased photoionizing
udget from a varying IMF (recall Fig. 1 ), here denoted ‘Fiducial
 IMF(Z) + RT’, results in a much stronger suppression of up to
 dex compared to the ‘Fiducial’ model. By increasing the available
upernov a and radiati ve feedback budget, a metallicity-varying IMF
trongly reduces star formation in UFDs before cosmic reionization
ermanently shuts down their gas supply. It therefore predicts the
xistence of low mass, field ultra-faints, here with M � ∼ 10 3 M � and
ynamical masses ≈ 8 × 10 8 M � at z = 0. 
Fig. 3 then compares the sizes and total absolute V -band magni-

udes of our simulated objects to a compilation of known, satellite
warf galaxies in the Local Group (grey points; McConnachie 2012 ;
irby et al. 2014 ; Homma et al. 2019 ; Torrealba et al. 2019 ; Simon
019 ). As expected from the evolution of the final stellar masses, the
otal V -band magnitude increases as we account for a varying IMF
nd radiative feedback. All models, however, produce an UFD with
 similar half-light radius of r 1 / 2 ≈ 150 − 200 pc , and we further
erified similar 1D stellar velocity dispersions ( σ� ≈ 5 − 6 km s −1 ).
e therefore reaffirm that re-simulating the same dark matter history
ith variations to the feedback budget yield similar dynamical
roperties for UFDs (Agertz et al. 2020 ), as these are primarily
NRAS 513, 2326–2334 (2022) 
et by the mass and growth history of the host dark matter halo (e.g.
ey et al. 2019 ). 
A direct consequence of reducing stellar mass at fixed size is

o create both o v erall fainter, and lower surface brightness dwarfs
constant central surface brightness lines are shown in grey in Fig. 3 ).
ll simulations are compatible with observed systems, except for

he model featuring both IMF variations and radiative transfer (red
riangle), which creates a more diffuse ultra-faint than currently
bserved. 
This mismatch is best explained by the current observational

ifficulties of detecting objects at such low surface brightnesses.
iven its total magnitude and size, this simulated ultra-faint would

urrently be undetectable within the virial radius of the Milky Way
y a modern imaging surv e y (e.g. DES; Drlica-Wagner et al. 2020 ,
g. 5), let alone in the field where our simulated objects reside.
nother source of uncertainty in this comparison lies in that observed

 aint dw arfs all reside within the Milky Way. Their sizes and stellar
ontents could, thus, potentially be processed by their host’s tidal
nvironment during infall. Ho we v er, v ery few, if any, UFDs appear
o be tidally limited today based on their orbits (Simon 2018 ), their
tellar kinematics lack tidal processing signatures (Zoutendijk et al.
021 ), while the identification of member stars out to large radii
n at least one case further argues against significant tidal stripping
Chiti et al. 2021 ). It, thus, remains unclear whether, and by how
uch, tidal processing affects the observables of currently known
FDs, suggesting our comparison is likely to be valid to leading
rder. Furthermore, dwarf galaxy sizes could also be underestimated
t the faintest end, due to finite observational depth in the outskirts of
alaxies (e.g Chiti et al. 2021 ). We plan in future work to quantify the
mportance of this effect when comparing simulated and observed
bjects (S. Kim et al., in preparation). 
Such faint and diffuse systems beyond observational reach have

een predicted to arise through different physical mechanisms, such
s tidal stripping in a Milky-Way environment in which observed
ystems reside (e.g. Applebaum et al. 2021 ), from an altogether
ifferent modelling of feedback and galaxy formation physics (e.g.
heeler et al. 2019 ), or from the diversity of possible assembly

istories in field UFDs (Rey et al. 2019 ) – a metallicity-dependent
MF therefore provides a distinct and new avenue to create faint
FDs beyond the reach of current surveys. 
Our results, thus, suggest IMF-variations as a plausible framework

o interpret photometric observations of UFDs, although it remains
o be quantified whether systematic variations across every dwarf’s
SM would be consistent with the o v erall observ ed population. Such
uantification requires us to both (i) sample multiple cosmological
istories at a given halo mass to quantify how IMF variations affect
he scatter in stellar masses and sizes (see also Rey et al. 2019 ),
nd (ii) sample alternate halo masses to pinpoint the response of
bservables as the IMF tends towards its canonical shape at higher
asses and metallicities. Our study provides a strong moti v ation for

uture studies to pursue this assessment, in particular, to establish
hich levels of IMF variations are compatible with the more

omplete census of faint dwarfs’ sizes and absolute magnitudes that
ill be obtained by upcoming photometric surv e ys such as the Vera
ubin Observatory and Nancy Roman telescope. We leave this to

uture work and focus now on the imprint of IMF variations on
pectroscopic properties of faint dwarfs. 

.2 Iron enrichment and the mass–metallicity relation 

he mass–metallicity relation is a sensitive probe of alterations to the
eedback, outflow and metal budgets in a dwarf galaxy (Agertz et al.
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Figure 4. Mean iron metallicities and absolute V -band magnitudes of 
our simulated galaxies. Compared to the fiducial model (turquoise circle), 
radiative feedback (turquoise triangle) regulates star formation less explo- 
si vely, lo wering the final stellar mass while retaining similar metal amounts. 
Allowing for IMF variations (red circle) yields comparable outcomes, as 
the increased number of supernovae is compensated by an increased metal 
production (Fig. 1 ). Combining these two effects (red triangle) amplifies this 
trend, leading to a faint but significantly enriched field ultra-faint within the 
observed metallicity ‘plateau’ from Local Group galaxies (both confirmed 
and candidates reported as grey points). Enhancing the strength of supernova 
feedback (yellow) also produces fainter systems but drastically reduces 
their mean metallicities, discrepant with observations due to o v erly ejectiv e 
regulation of star formation. 
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020 ), all of which are modified when introducing a metallicity- 
ependent IMF (Fig. 1 , see also e.g. K ̈oppen, Weidner & Kroupa
007 ). We quantify the impact of a varying IMF on the metallicity
ontent of our simulated dwarfs by showing the mass weighted, 
verage, iron metallicity as a function of their absolute, total V -band
agnitude in Fig. 4 . 
We start by comparing the impact of IMF variations without 

ccounting for photoionization feedback from massive stars (circles). 
s discussed in Section 3.1 , allowing for a metallicity-dependent 

MF increases the number of SNe II, reducing the galaxy’s final 
tellar mass and making it fainter o v erall. Ho we v er, the o v erall
roduction of iron by a stellar population is also significantly boosted 
hen allowing for a varying IMF, resulting in an increased [Fe/H] 

rom −2.1 to −1.8. A metallicity-dependent IMF therefore provides 
 way to decrease an ultra-faint’s stellar mass, while maintaining 
 similar metal content within the galaxy by increasing metal 
roduction. 
In this first scenario, star formation is regulated by repeated 

lo wouts follo wing the e xplosions of superno vae in the dwarf’s ISM.
hotoionization from massive stars, howev er, pro vides an alternativ e 
egulation mechanism, keeping the dwarf’s ISM warmer, decreasing 
he clustering of supernovae and in turn the strength of galactic 
utflows (Agertz et al. 2020 ; Smith et al. 2021 ). This allows for
reater metal retention within the dwarf galaxy, thus, also resulting 
n a lowering of the galaxy’s stellar mass at roughly fixed [Fe/H]
turquoise triangle). 
These two effects combine further when accounting for both pho- 
oionization feedback and a metallicity-dependent IMF (red triangle). 
he o v erproduction of massiv e stars increases the ef fecti veness of

adiative feedback by boosting the early UV luminosity of each stellar 
opulation (Fig. 1 ). This results in an ever-fainter dwarf galaxy, but
ith a metallicity only decreased from –2.1 to –2.5 compared with

he fiducial case. Thus, an increasingly top-heavy IMF in metal-poor 
SMs lowers the stellar masses of UFDs by up to 2 dex, without
ignificantly lowering their metal content by increasing both metal 
roduction per population and retention within the ISM. 
The significance of this statement is emphasized by comparing 

ur simulated galaxies with an observed sample of dwarf galaxies 
round our Milky Way (grey points; Kirby et al. 2013 ; Simon 2019
howing both candidates and confirmed UFDs). An apparent feature 
n the observed mass–metallicity relation is the plateau in metallicity 
t [Fe / H] ≈ −2 . 5 for f aint dw arf galaxies with M V � −7.5. This
lateau has pro v en to be a significant predictive challenge for current
umerical simulations of UFDs (Agertz et al. 2020 ), with most
tudies underenriching dwarf galaxies in iron at the faintest end both
hen modelling faint dwarfs in the field and within a Milky-Way

nvironment (Macci ̀o et al. 2017 ; Wheeler et al. 2019 ; Applebaum
t al. 2021 ). The robustness of the faint-end plateau remains uncertain
ue to the small number of confirmed observations (Simon 2019 ), but
ts ability to discriminate between galaxy formation models makes it 
 particularly promising prospect in the near future. 

We further show how such enrichment patterns cannot be repro- 
uced by remaining uncertainties in supernova feedback. Although 
ur resolution allows us to accurately follow the explosion of 
ndi vidual supernov ae, pinpointing their clustering and subsequent 
oupling to the dwarf’s ISM remains challenging (Smith et al. 2019 ;
gertz et al. 2020 ; Smith et al. 2021 ). We show re-simulations
f the ‘Fiducial’ galaxy artificially increasing the strength of each 
upernov ae e vent 10-fold, 100-fold, and turning off all feedback
hannels (yellow symbols, see also Agertz et al. 2020 ). As the
trength of supernova feedback increases, blowouts of gas become 
ore efficient at regulating star formation, reducing the final stellar 
ass of the dwarf. This more ejective regulation mode, ho we ver,

teeply lowers the retained metal content, resulting in underenriched 
warfs at a given stellar mass. 
Our study therefore reaffirms the faint end of the mass–metallicity 

elation as an acute test of galaxy formation and ISM physics. We
emonstrate that observationally motivated IMF variations (Geha 
t al. 2013 ) provide a self-consistent mechanism to enrich isolated,
eld UFD galaxies to the observed metallicity ‘plateau’, strongly 
oti v ating further assessments of the role played by IMF variations

n shaping the observables of the dwarf galaxy population. 
In particular, quantifying whether IMF variations as considered in 

his work would stay consistent with the observed mass–metallicity 
elation at higher masses should be a key focus for future studies. As
tellar masses and ISM metallicities increase, the IMF will smoothly 
ransition towards its canonical value at solar metallicity to remain 
onsistent with Milky-Way determinations. This potentially provides 
 natural explanation for the transition from a plateau to a slope in the
ass–metallicity relation, but might also o v er-enrich dwarfs at higher 
asses compared to current data. Pinpointing which levels of IMF 

 ariations are allo wed across the classical and faint dwarf population
ill, thus, be key to constrain our understanding of star formation.
nother interesting signature to differentiate a varying from a 

anonical IMF could be to target the significant o v erproduction of α
lements due to IMF variations (recall Fig. 1 , gold). As an example,
he average [O / Fe] abundance is increased from 0.75 to 0.92 when
omplementing the ‘Fiducial + RT’ model with IMF variations. 
MNRAS 513, 2326–2334 (2022) 
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imilar α-enrichment patterns have been reported in local UFDs of
imilar masses (e.g. Vargas et al. 2013 ; Frebel, Simon & Kirby 2014 ;
imon 2019 ), but abundance data is limited to a handful of bright stars
ithin each observed dwarf and the g alaxy-to-g alaxy and star-to-star

catter makes quantitative comparisons currently challenging. 
Finally, implementing a varying IMF at these low metallicities

roduces rather extreme stellar populations, some only consisting
f a few massive stars. We show in Appendix A that the integrated
etal and feedback budget o v er a dwarf’s history is robust to the mass

nd phase–space sampling of the IMF, but the impact of sampling
oise on the instantaneous coupling between feedback and the local
SM remains to be quantified with strongly top-heavy IMFs (see also
roupa et al. 2013 ; Su et al. 2018 ; Grudi ́c et al. 2019 ; Applebaum

t al. 2020 ; Smith 2021 for discussions with a canonical IMF). In
uture work, we plan on coupling our varying-IMF implementation
ith the ability to resolve energy and metal injection from individual
assive stars in a galaxy’s ISM (e.g. Emerick, Bryan & Mac Low

019 ; Andersson, Agertz & Renaud 2020 ; Gutcke et al. 2021 ). This
ill allow us to quantify the robustness of our predictions to IMF-

ampling uncertainties, while allowing for a more robust comparison
ith spectroscopic observations focusing on limited numbers of

ndividual bright stars. 

 DISCUSSION  A N D  C O N C L U S I O N S  

e have studied how a varying IMF with a metallicity-dependent
lope affects the observable properties, such as mass and metallicity,
f a faint dwarf galaxy. We performed zoom-in, cosmological
imulations capable of resolving individual supernovae explosions
 m DM 

= 960 M �, 3 pc ), re-simulating a ∼ 8 × 10 8 M � host dark
atter halo with varying physical models. We complemented the
DGE galaxy formation model (Agertz et al. 2020 ) with a new

mplementation of a metallicity-dependent IMF as suggested by
bservational reports (Geha et al. 2013 ), self-consistently modelling
he resulting alterations to the energy, momentum, radiation, and
etal budget within the dwarf as the IMF varies. 
Under this framework, the IMF becomes top heavy in stellar

opulations born with lower gas metallicities. In the metallicity
ange rele v ant to UFDs ( −3 ≤ [Fe/H] ≤ −1), the subsequent
ncrease in the fraction of massive stars per population boosts the
 v erall number of supernovae and UV luminosity (Fig. 1 ), enhancing
he ef fecti v eness of superno va and photoionization feedback at
egulating star formation. 

This increase results in a hundred-fold suppression of the final
tellar mass of the galaxy at fixed halo mass today compared to a
anonical IMF (Fig. 2 ). Furthermore, because we re-simulate the
ame halo and growth history every time, the ultra-faint’s final size
oes not significantly vary with each re-simulation. We therefore
emonstrate that such IMF variations provide a new mechanism
o create very low-surface-brightness, field dwarfs (Fig. 3 ), which
ill become observable with the next-generation of wide and deep
hotometric surv e ys such as the Vera Rubin Observatory. 
In parallel to boosting the available feedback budget, a top-heavy

MF at low ISM metallicities enhances the production of metals in
ach stellar population (Fig. 1 ). The net result is a reduction of a
warf’s stellar mass, while maintaining nearly constant iron content
Fig. 4 ). Our implementation of IMF variations therefore provides a
echanism to produce faint, yet enriched, UFDs. This allows us to

opulate the faint-end ( M V � −6) of the observed mass–metallicity
elation, which has remained a significant challenge for modern,
umerical simulations of UFDs (e.g. Wheeler et al. 2019 ; Agertz
t al. 2020 ; Applebaum et al. 2021 ). 
NRAS 513, 2326–2334 (2022) 
Our study, thus, establishes a metallicity-varying IMF as a plau-
ible and compelling framework to interpret observations of UFDs,
trongly moti v ating further studies. A k ey line of future w ork will
e to extend our findings to multiple objects and formation histories,
n order to quantify whether this change in physical model remains
ompatible with the o v erall observ ed population of faint and higher
ass, classical dwarfs. Furthermore, our results reaffirm the faint

nd of the mass–metallicity relation as an acute probe of galaxy
ormation models. This sensitivity encourages further model testing
n the ultra-faint regime, for example, extending our approach to a
hysically moti v ated ansatz for how the IMF varies (e.g. with local
SM density, pressure, or turbulence; Bonnell, Clarke & Bate 2006 ;

arks et al. 2012 ; Hopkins 2013 ), alternate IMF shapes (e.g. Yan
t al. 2020 ) or different empirically motivated scalings (e.g. with
tellar velocity dispersion; Cappellari et al. 2012 ). Undertaking this
uantification will be key to derive constraints from current and
oming photometric and spectroscopic surv e ys, particularly in light
f the prospect to detect isolated, field UFDs in the near-future. This
ill offer a promising avenue to distinguish ISM-based alterations,

ike a varying IMF or additional feedback channels (e.g. Agertz
t al. 2020 ; Smith et al. 2021 ), from environmental processing by a
ilky-Way host (e.g. Applebaum et al. 2021 ). 
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f stellar particles used in this work (300 M �) is robust to sampling
oise for a canonical IMF (Smith 2021 ), but this robustness remains
o be quantified for IMFs with a varying slope. In this Appendix, we
how that the IMF inte grated o v er the course of a dwarf’s history is
ell-sampled, ensuring that the o v erall budget of energy, momentum,
etal, and radiation from massive stars is stable against Poisson noise

rising from sampling the IMF. 
To verify this, we compute the distribution of stars in a given stellar
ass bin drawn from a single realization of the IMF in a 10 4 M �

tellar mass population. This stellar mass is larger than individual

igure A1. Mass frequency of stars for four high-mass-end slopes of the IMF
hich bracket our range of variations with metallicity. Lines and contours

how the medians and 16–84 scatter in the distribution of stars for a single
ealization of the IMF o v er a total mass of 10 4 M �, representative of the total
ntegrated stellar mass formed within our UFDs (Fig. 2 ). 
NRAS 513, 2326–2334 (2022) 
irth masses of our star particles, but is representative of the total
tellar mass formed o v er the history of our UFDs (Fig. 2 ). We show
n Fig. A1 the obtained medians and 68 per cent confidence intervals
or four high-mass-end slopes of the IMF. 

The number of stars in each bin abo v e 8 M � (our assumed limit
or massive stars modelling, dashed line) shows limited noise around
he median for slopes between 0.85 and 1.85, which range across the

etallicity distribution of our UFDs ( −3 . 0 ≤ [Fe / H] ≤ −1 . 0; Fig. 1 )
nd bracket the available IMF o v er their star formation history. Quan-
itatively, the number of massive stars reads N ( m > 8 M �) = 276 + 7 

−8 

or α = 1.35 (corresponding to [Fe / H] = −2 . 0), which translates
nto a total SN II energy budget converged to below 10 per cent
 ̃

 E SNeII = 2 . 76 + 0 . 07 
−0 . 08 × 10 53 erg). We, thus, conclude that the total

istribution of massive stars is well-sampled over an entire dwarf
alaxy’s history, ensuring the robustness of trends in observables
est interpreted through shifts in the o v erall, inte grated feedback and
etal budgets between models (Section 3 ). 
Individual star particles, however, remain subject to sampling

oise, which will affect the instantaneous coupling between feedback
hannels and the local ISM. It remains unclear how this uncertainty
ranslates to the final dwarf’s observables – quantifying the noise
xpected in our predictions from sources of stochasticity will, thus,
e essential for future dedicated studies, whether stochasticity arises
rom IMF sampling at such high resolutions or through chaotic
mplification and random seeding of star formation algorithms (e.g.
enel et al. 2019 ; Keller et al. 2019 ; Pontzen et al. 2021 ). 
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