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A B S T R A C T 

We study feedback-driven cold dark matter core creation in the EDGE suite of radiation-hydrodynamical dwarf galaxy simulations. 
Understanding this process is crucial when using observed dwarf galaxies to constrain the particle nature of dark matter. While 
previous studies have shown that the stellar mass to halo mass ratio ( M � /M 200 ) determines the extent of core creation, we 
find that in low-mass dwarfs there is a crucial additional effect, namely the timing of star formation relative to reionization. 
Sustained post-reionization star formation decreases central dark matter density through potential fluctuations; conversely, pre- 
reionization star formation is too short-lived to have such an effect. In fact, large stellar masses accrued prior to reionization 

are a strong indicator of early collapse, and therefore indicative of an increased central dark matter density. We parametrize 
this dif ferentiated ef fect by considering M �, post /M �, pre , where the numerator and denominator represent the stellar mass formed 

after and before z ∼ 6 . 5, respectively. Our study covers the halo mass range 10 

9 M � < M 200 < 10 

10 M � (stellar masses in the 
range 10 

4 M � < M � < 10 

8 M �), spanning both ultra-f aint and classical dw arfs. In this regime, M �, post /M �, pre correlates almost 
perfectly with the central dark matter density at z = 0, even when including simulations with a substantially dif ferent v ariant of 
feedback and cooling. We provide fitting formulae to describe the new-found dependence. 

Key w ords: galaxies: dw arf – galaxies: haloes – dark matter. 
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 I N T RO D U C T I O N  

warf galaxies can offer insights into the particle nature of dark
atter. Their abundance is indicative of the small-scale cosmological

ower spectrum and can place constraints on scenarios such as warm
ark matter (e.g. Schneider et al. 2012 ; Newton et al. 2021 ). Their
entral dark matter densities, which can be estimated from kinematic
nalyses (e.g. Binney & Mamon 1982 ; Adams et al. 2014 ; Zoutendijk
t al. 2021 ), place limits on the strength of self-interacting dark matter
e.g. Yoshida et al. 2000 ; Rocha et al. 2013 ; see also Tulin & Yu 2018
or a re vie w) or on the mass of fuzzy dark matter candidates (e.g. Hu,
arkana & Gruzinov 2000 ; Schive et al. 2014 ; Mina, Mota & Winther
022 ). Ho we ver, the ef fect of feedback from stellar populations
s also particularly strong in these low-mass galaxies due to their
hallow potential wells. This baryonic imprint is hard to calculate
nd substantially complicates the interpretation of observations (e.g.
ekel & Silk 1986 ; Efstathiou 1992 , 2000 ; Benson et al. 2002 ;
ontzen & Go v ernato 2014 ; Bullock & Boylan-Kolchin 2017 ). 
Simulations have established that baryonic physics plays an

mportant role in shaping the density profiles of low-mass dark
 E-mail: claudia.muni.21@ucl.ac.uk 
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atter haloes (e.g. Read & Gilmore 2005 ; Mashchenko, Wadsley &
ouchman 2008 ; Go v ernato et al. 2010 ; Pontzen & Go v ernato 2012 ;
 ̃ norbe et al. 2015 ; Ben ́ıtez-Llambay et al. 2019 ). The ‘dark matter
eating’ model (see Pontzen & Go v ernato 2014 for a re vie w) suggests
hat potential fluctuations caused by the supernova (SN) explosions
nd other feedback-driven outflows can inject energy into the dark
atter particles, causing them to migrate outwards. This process

herefore turns the dense dark matter ‘cusps’ expected from pure cold
ark matter (CDM) simulations (e.g. Navarro, Eke & Frenk 1996 ;
ead & Gilmore 2005 ; Teyssier et al. 2013 ; Di Cintio et al. 2014 ;
ead, Agertz & Collins 2016 ) into ‘cores’ of near-constant density.
hile a single blow-out cannot transform cusps into cores (Gnedin &

hao 2002 ), repeated fluctuations from cycles of gas cooling and
eedback can disrupt the dark matter particles’ orbits, causing the
alo to expand and eventually flattening the inner regions of the
ensity profiles. The inner density can also be lowered through a
ombination of stellar feedback and dynamical friction heating from
ubhaloes, gas clouds, and/or star clusters (Orkney et al. 2021 ; see
lso El-Zant, Shlosman & Hoffman 2001 ; Nipoti & Binney 2014 ). 

The stellar-to-halo mass ratio ( M � /M 200 ) is a primary determinant
f the extent of baryonic core creation processes at z = 0 (Pe ̃ narrubia
t al. 2012 ; Di Cintio et al. 2013 , 2014 ; Tollet et al. 2016 ; Bouch ́e
t al. 2022 ; De Leo et al. 2024 ). The ratio M � /M 200 itself varies
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1 These are Halo1445, 1459, 600, 605, 624, and 383. The complete suite was 
first introduced in Orkney et al. ( 2021 ), Rey et al. ( 2022 ), and Gray et al. 
( 2024 ). 
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ystematically with mass M 200 (e.g. Behroozi, Conroy & Wechsler 
010 ; Moster, Naab & White 2013 ; Garrison-Kimmel et al. 2017 ;
ead et al. 2017 ; Nadler et al. 2020 ; Munshi et al. 2021 ; Danieli et al.
023 ). In smaller haloes, with low M � /M 200 , stellar feedback is too
eak to significantly alter the trajectories of the dark matter particles, 

esulting in cuspy inner density profiles. As the stellar mass increases,
eedback becomes sufficiently strong to turn dark matter cusps into 
ores (Pe ̃ narrubia et al. 2012 ; Read, Walker & Steger 2019 ). As the
 � /M 200 ratio increases further, the pressurization of the interstellar 
edium becomes high enough that SNe cannot generate coherent 

otential fluctuations across the galaxy as a whole, making dark 
atter heating inefficient once more. This picture has been shown 

o pro vide qualitativ e agreement with observations of real galaxies 
or −3 � log ( M � /M 200 ) � −1 . 75, although the uncertainties in the
ata remain high (Read et al. 2019 ; Bouch ́e et al. 2022 ; Collins &
ead 2022 ; Cooke et al. 2022 ). 
Ho we ver, there is no theoretical guarantee that M � /M 200 is the

ole determinant of core size and shape. From simulations, Chan 
t al. ( 2015 ) noted that star formation that is contemporaneous with
apid halo collapse is inefficient at forming cores in simulations. 
bservationally, Oman et al. ( 2015 ) highlight significant diversity 

n dwarf irregular galaxy rotation curves at fixed stellar mass. 
hile this may in part reflect observational biases from non- 

ircular motions or holes driven by stellar feedback in the H I

as distributions (Read et al. 2016 ; Marasco et al. 2018 ; Oman
t al. 2018 ; Roper et al. 2023 ), diversity in the observed popu-
ation underscores the need for theoretical analyses that explore 
actors other than total stellar mass. This need is the focus of our
nvestigation. 

In this work, we analyse dark matter density profiles from the En-
ineering Dwarfs at Galaxy formation’s Edge ( EDGE ) suite of state-
f-the-art radiation-hydrodynamical simulations of dwarf galaxies 
Agertz et al. 2020 ). We include simulations from both the EDGE1
nd EDGE2 suites, the latter of which has updated physics that we
ill describe shortly. To study the impact of baryonic feedback, we 

ocus primarily on the central halo density measured at r = 150 pc , a
adius at which observational density estimates may be made both in 
warf spheroidal and irregular galaxies (Read et al. 2019 ). The cusp-
ore transformation process acts to lower this density. We analyse the 
ain factors that drive the core creation, showing that the timing of

tar formation has an important bearing, one which is not captured by
 � /M 200 . This is in agreement with the basic physics of dark matter

eating through potential fluctuations, as discussed abo v e, but has 
itherto received limited attention. 
This paper is organized as follows. Section 2 gives an overview of

he EDGE2 simulations’ physics and how it differs from the previous 
imulation suite ( EDGE1 ), and an outline of the analysis pipeline. In
ection 3 , we present our key results and moti v ate the need for a new
uantity that can represent the effect of feedback on EDGE haloes 
etter than the widely used stellar-to-halo mass ratio ( M � /M 200 ). In
ection 4 , we present our conclusions and discuss future theoretical 
nd observational prospects. 

 SIMULATION S  

DGE 2 is a state-of-the-art suite of radiation-hydrodynamical dwarf 
alaxy simulations. The suite co v ers the mass range 10 9 M � <

 200 < 10 10 M � (corresponding to 10 4 M � < M � < 10 8 M � in 
tellar masses). The numerical resolution is the same as in the 
revious EDGE 1 runs (dark matter particle mass m DM 

= 940 M �,
nd maximum spatial resolution in hydrodynamics and gravity of 
x ≈ 3 pc), but the original galaxy formation model (described in 
etail in Agertz et al. 2020 ; Rey et al. 2020 ) has been significantly
pdated. 
Some of the most notable changes introduced in EDGE 2 are 

(i) a new implementation of non-equilibrium cooling, which 
ollows Rosdahl et al. ( 2013 ), modified from the equilibrium cooling
rom Courty & Alimi ( 2004 ) used in EDGE 1; 

(ii) the inclusion of photoionization feedback using radiative 
ransfer following the set-up described in Agertz et al. ( 2020 ) across
ll the simulated haloes; and 

(iii) an update of the ultraviolet (UV) background from a modified 
aardt & Madau ( 1996 ) model (see Rey et al. 2020 for a discussion)

o the Faucher-Gigu ̀ere ( 2020 ) photoionization and photoheating 
ates. 

A more detailed description of all the changes introduced in the
ew EDGE 2 simulations will be provided in an upcoming paper (Rey
t al., in preparation). 

In this paper, we look at eight isolated dark matter haloes taken
rom the EDGE 2 simulations, each hosting a dwarf galaxy. Six of
he eight haloes are re-runs of EDGE 1 objects, 1 and can therefore be
sed as direct comparisons to study the effects of different feedback
ecipes. Halo261 and Halo339 are new to the EDGE 2 simulation suite.

The dwarf galaxies are all evolved in isolated cosmological 
nvironments (i.e. they are not satellites). The high resolution allows 
s to model SN explosions as discrete events and to track their effects
n the galaxies e xplicitly, remo ving the uncertainties of modelling
hese processes as sub-grid physics. Our galaxies are evolved to z = 0
rom cosmological zoomed initial conditions constructed with the 
ENETIC software (Stopyra et al. 2021 ). All our simulations use the
arameters �m 

= 0 . 3086, �� 

= 0 . 6914, h = 0 . 6777, σ8 = 0 . 8288,
nd n s = 0 . 9611, which are compatible with Planck Collaboration
VI ( 2014 ). We follow the evolution of dark matter, stars, gas, and

adiation using the adaptive mesh refinement hydrodynamics code 
AMSES-RT (Teyssier 2002 ; Rosdahl et al. 2013 ). The star formation
riteria in EDGE 2 remain unchanged from EDGE 1. 

We process each EDGE 2 simulation with the ADAPTAHOP halo 
nd subhalo finder (Aubert, Pichon & Colombi 2004 ; Tweed et al.
009 ). EDGE 1 simulations are processed with the HOP halo finder
with parameters as described in Eisenstein & Hut 1998 ). Because
e study the deep interior of the major progenitor of a single
alaxy in each simulation, we do not expect the difference in halo
nders to have any bearing on our results. We match haloes and
ubhaloes between simulation snapshots to build merger trees using 
he PYNBODY (Pontzen et al. 2013 ) and TANGOS (Pontzen & Tremmel
018 ) libraries, in an identical way between the two EDGE versions.
alo centres are identified using the shrinking-sphere algorithm 

Power et al. 2003 ), and densities estimated by binning particles.
e use 100 log-spaced bins of width ranging approximately from 

 × 10 −3 to 2.9 kpc, and smooth them o v er a moving window of
0 bins. Densities are shown exterior to 30 pc, which is sufficient
o ensure that numerical softening effects are strongly subdominant 
Muni et al. 2023 ). 

Where we show errors on densities, these are found by calculating
he Poisson noise in each bin and then using standard Gaussian error
ropagation to estimate an error on the mo ving-av erage quantities;
o we ver, these statistical errors are typically small since our simu-
ations are well resolved. While in the future we will use impro v ed
MNRAS 536, 314–323 (2025) 
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M

Figure 1. SMHM relation of the EDGE 2 haloes. Abundance matching 
relations from real dwarfs are shown in blue and orange. The blue shading 
(spanning the entire halo mass range) shows the 16–84 per cent confidence 
interval for MW satellites from Nadler et al. ( 2020 ). The orange shading 
(spanning only the high mass region) is obtained from isolated dwarfs in Read 
et al. ( 2017 ). The EDGE 2 results agree well with the MW satellites’ relation 
for small values of M 200 where the star formation rate is predominantly 
regulated by reionization quenching. As the halo mass grows, environmental 
effect becomes significant and the EDGE 2 results show better agreement with 
the relation from isolated dwarfs. 
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Figure 2. Dark matter density at r = 150 pc as a function of the stellar- 
to-halo mass ratio in the EDGE 2 and EDGE 1 haloes, shown as circles and 
squares, respectively. The EDGE 2 simulations have an updated physics model 
compared to EDGE 1, as discussed in Section 2 . The Poisson errors on the 
dark matter densities are small (of the order of a few per cent) and therefore 
not visible in the figure. The light grey points represent dwarf galaxies data 
from Read et al. ( 2019 ). The horizontal dashed line shows the expected inner 
density for a Lambda-CDM ( � CDM) cosmology at the mass scale of the EDGE 

haloes. The EDGE results show qualitative agreement with the data; however, 
there is considerable scatter both in the simulations and the observations 
(although the latter has large statistical uncertainties). This suggests that the 
M � /M 200 ratio alone is not sufficient to predict central dark matter density 
profiles. 
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ynamics-based density estimators (Muni et al. 2023 ), for this initial
ork the statistical errors are strongly subdominant to the trends of

nterest. 

 RESU LTS  

.1 Stellar-to-halo mass relation 

ig. 1 shows the stellar mass–halo mass (SMHM) relation measured
or the EDGE 2 haloes. We take M 200 to be the mass enclosed by r 200 ,
he radius within which the mean density is 200 times higher than the
ritical density. We can approximately divide our EDGE 2 haloes into
hree categories: 1445 and 1459 with lower halo masses ( ∼10 9 M �);
00, 605, and 624 with intermediate halo masses ( ∼3 × 10 9 M �);
nd 339, 383, and 261 with larger M 200 ( ∼4 × 10 9 M �). We notice
hat even when the haloes have similar M 200 , their M � can vary
ignificantly, showing a dependence of stellar mass on the formation
istory (see Rey et al. 2019 ). 
The bands in Fig. 1 allow us to compare our results with two

mpirical relations obtained from abundance matching in observed
warf galaxies: Read et al. ( 2017 ), which refers to isolated dwarf
alaxies similar to our simulated objects, but only co v ers the high-
ass range of our sample; and Nadler et al. ( 2020 ), which spans the

orrect mass range for our haloes, but is obtained from Milky Way
MW) satellites’ data. 

In the low- and intermediate-mass regimes, the agreement between
he EDGE 2 data and the MW satellites’ relation is good; our stellar

asses are at the upper end of the observationally inferred range,
ut this can likely be explained by our galaxies being isolated
ather than satellites (although see Christensen et al. 2024 ). The
uration of star formation of ultra-faint dwarfs o v er time is mostly
ontrolled by reionization quenching, but in MW satellites one
ould expect a secondary environmental effect from tides, stripping,

nd other disruption (e.g. Shipp et al. 2018 ; Mutlu-Pakdil et al.
019 ; Weerasooriya et al. 2023 ). In the larger mass regime, these
NRAS 536, 314–323 (2025) 
nvironmental effects may be a dominant factor in the MW satellite
opulation since reionization does not quench them (e.g. Fattahi et al.
018 ; Pace, Erkal & Li 2022 ). In these cases, our simulations form
oo many stars to be compatible with MW satellite observations, but
re in excellent agreement with the relation from isolated galaxies.
ee Rey et al. (in preparation) for a more detailed discussion on the
MHM relation in EDGE 2, and Kim et al. ( 2024 ) for a semi-analytical
ode calibrated to predict EDGE stellar masses across a much larger
tatistical sample of dwarf galaxies. 

Our simulations are not specifically tuned to reproduce the SMHM
elation, and as such the comparison abo v e giv es some confidence.
one the less, it should be viewed with caution. Nadler et al. ( 2020 )

dvise that their model of the MW satellite SMHM is a useful em-
irical relation, but is not intended to capture the complexities of star
ormation in ultra-faint dwarfs, where there is a very strong sensitivity
o accretion history (Rey et al. 2019 ; Kim et al. 2024 ). The behaviour
f the Read et al. ( 2017 ) field relation for M � � 4 × 10 6 M � is
lso unclear since a direct extrapolation to lower halo masses is not
ecessarily justified. Also, there is evidence that this relation is based
n H I -rich dwarfs, which are outliers in stellar mass for their halo
ass (Kim et al. 2024 ). In this context, we conclude that the EDGE 2

esults approximately span the correct stellar mass range given their
alo masses, but there are still considerable uncertainties in how
alaxies truly occupy the SMHM plane; future facilities such as the
era Rubin Observatory will have a major impact on tightening these
ncertainties (Simon 2019 ). 

.2 Cor e cr eation as a function of M � / M 200 

ig. 2 shows the dark matter density at r = 150 pc as a function of
he stellar-to-halo mass ratio for our EDGE haloes. The observational
ignificance of this radius was discussed in Section 1 ; from now
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Figure 3. Evolution of the dark matter densities at 150 pc for the eight EDGE 2 haloes (top rows) alongside their galaxies’ SFHs (bottom rows) as a 
function of cosmic time since the big bang. The vertical pink shaded region shows the time prior to reionization ( z � 6 . 5) and the horizontal dashed line at 
ρDM 

= 2 × 10 8 M � kpc −3 shows the expected density for a � CDM cosmology (same as in Fig. 2 ). The haloes are ordered according to their M �, post /M �, pre 

ratio (the stellar mass post-reionization divided by the stellar mass prior to reionization). The first three haloes from the top retain cuspy profiles, while the rest 
of the haloes form cores of various sizes. Haloes that show star formation continuing until today display lower central dark matter densities; conversely, haloes 
that have early star formation reach higher concentrations before reionization, and therefore have higher inner densities at the present day. 
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n, we will refer for brevity to ρDM 

implying that it has been
 v aluated at this radius, unless otherwise specified. A higher value
f the density ρDM 

corresponds to ‘cuspier’ haloes. The grey points 
how the values measured for real dwarf galaxies (both isolated and 
atellites) obtained from Read et al. ( 2019 ) (and references therein).
ur simulation suite co v ers halo masses up to ∼10 10 M �, allowing
s to probe only the low-mass end of this relation. The simulation
ensities and associated statistical uncertainties were calculated as 
escribed in Section 2 , and the resulting Poisson errors are too small
o display (ranging between 1 . 8 × 10 6 and 3 . 5 × 10 6 M � kpc −3 , i.e.
f the order of a few per cent). 
The results of the EDGE 2 simulations (circles) show broad agree- 
ent with the data, with an average decrease in the central densities

s the value of M � /M 200 increases, consistent also with the theoretical
icture discussed in Section 1 . Ho we ver, there is significant scatter
n the simulation results. The Pearson’s coefficient for the combined 
DGE1 and EDGE 2 suites of simulations was found to be r = −0 . 54.
omparing pairs of haloes in EDGE 2 such as Halo339 and Halo605, or
alo600 and Halo624, we obtain similar values of the M � /M 200 ratio,
ut diverse central dark matter densities, with variations up to a factor
f 2.7. Conversely, Halo600, Halo383, and Halo261 all have similar 
alues of ρDM 

, but their stellar-to-halo mass ratio is extremely varied. 
he observational data are also compatible with these variations in 
DM 

at fixed M � /M 200 , although the small sample size and large sta-
istical uncertainties make it difficult to assess the population scatter 
uantitatively. 
While the correlation of ρDM 

with M � /M 200 is clear in the EDGE 2
imulations ( r = −0 . 58) and the combined EDGE 1 + 2 sample, if
ne remo v es the EDGE 2 simulations (circles) and considers EDGE 1
squares) alone, there is no identifiable trend ( r = −0 . 13). For
xample, Halo383 and Halo600 in EDGE 1 both have high values of
 � /M 200 but the former is cored and the latter is cuspy. Furthermore,
alo600 and Halo605 are cored in EDGE 2 but retain high central
ensities in EDGE 1, underscoring the impact of changing the feedback 
mplementation (Section 2 ). 

From the abo v e, it appears that the M � /M 200 ratio alone is not a
eliable indicator of the presence of cores in the EDGE haloes. The
atio does not capture essential information about the history of the
alaxies, which affects the dark matter density at present day. We
ill next show that these results, including the differences between 

eedback recipes, can be explained once the timing of star formation
s taken into account. 

.3 The importance of star formation timing 

ig. 3 shows the evolution o v er time of the dark matter density ρDM 

t our chosen radius ( r = 150 pc) for the eight EDGE 2 haloes (top
ows) alongside the galaxies’ star formation histories (SFHs; bottom 

ows), as a function of cosmic time since the big bang. The small
uctuations in ρDM 

arise from statistical noise due to the limited 
umber of particles. 
Halo1459, Halo624, and Halo1445 (first three in the top row) are

he only haloes whose ρDM 

remains constant as time progresses, 
eaning that they retain steep cusps throughout their history. The 

nner gradients of the remaining haloes flatten o v er time forming
MNRAS 536, 314–323 (2025) 
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ores of various sizes. 2 The decrease in the central density of the
ored haloes is gradual, underscoring that stellar feedback causes the
ark matter halo to slowly e xpand o v er time through several smaller
utflow episodes, rather than a single e xplosiv e incident. 3 

Among the cored haloes, we notice a correlation between their
entral densities and their virial masses (which is given in each
anel), with more massive haloes showing progressively lower ρDM 

n average. The decrease in ρDM 

with M 200 is consistent with the
verage decline in densities as a function of M � /M 200 in Fig. 2 , since
 200 and M ∗ are connected by the SMHM relation. Ho we ver, as

oted abo v e for the stellar-to-halo mass ratio, there is considerable
catter around this trend. Taking, for example, the comparison
etween Halo600 and Halo624, both have almost identical M 200 

nd M � values but their final dark matter density is very different.
he reason for this becomes clear when we compare the SFHs

bottom rows of Fig. 3 ). While Halo624 forms almost all its stars
t high redshift, many of them before reionization, Halo600 builds
p its stellar population predominantly at late times. As such, it
roceeds through many more cycles of gas collapse, star formation,
nd gas expulsion; this cyclical engine is necessary to gradually
educe the dark matter density o v er time (Pontzen & Go v ernato
014 ). Moreo v er, because Halo624 collapses quickly at high redshift,
ts central cusp is more concentrated at early times, reaching a
eak value of ρDM 

= 2 . 5 × 10 8 M � kpc −3 compared with Halo600’s
DM 

= 1 . 4 × 10 8 M � kpc −3 . 
The link between earlier star formation and higher dark mat-

er densities is further reinforced by comparing Halo600 with
alo605. Both objects have similar virial masses and extended

tar formation after reionization, yet the final density of Halo605
s ρDM 

= 1 . 0 × 10 8 M � kpc −3 , compared with the lower ρDM 

=
 . 6 × 10 7 M � kpc −3 of Halo600. This is despite Halo605 forming
ore stars (2 . 9 × 10 6 M �) than Halo600 (0 . 6 × 10 6 M �); the

entral density trend is inverted with respect to expectations from
 � /M 200 . The inverted trend arises because Halo605 collapsed

arlier, forming with a higher dark matter density than Halo600 at
arly times ( t ∼ 2 Gyr ); consequently, the z = 0 dark matter density
f the former remains high compared with the latter. This difference is
orrelated with early star formation, but not causally affected by it; we
nd that it is also present in the dark matter-only simulations, where

he densities at t � 2 Gyr are 1 . 4 × 10 8 M � kpc −3 for Halo600 and
 . 6 × 10 8 M � kpc −3 for Halo605. 
In summary, there are two separate mechanisms that link dark mat-

er density and SFH. The difference between Halo600 and Halo624
an be causally explained by the amount of sustained, late -time
tar formation. A greater amount of sustained star formation leads
irectly to lower central densities, through the gravitational dynamics
iscussed in Section 1 . Meanwhile, the difference between Halo600
nd Halo605 can be explained by the high central concentration due
o early collapse of the latter. Early star formation is correlated with
igher central densities, since it is an indicator of early collapse and
he feedback does not have time to significantly flatten the density
rofile. 
NRAS 536, 314–323 (2025) 

 Note that the value of the density at 150 pc alone does not strictly indicate 
he presence of a cusp or core at z = 0. For a clearer understanding of why 
e refer to Halo1445, 1459, and 624 as cuspy and to the rest of the haloes in 

DGE 2 as cored, see the density profiles in Fig. 6 . 
 We do not observe any cores forming and then reverting back into cusps at 
ater times; in the haloes where the gradient does not gradually flatten o v er 
ime, the density remains constant o v er their entire history. This may be due 
o the limited sample size (see Section 4 ). 
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This perspective also explains the densities in the remaining EDGE 2
aloes. The cuspy haloes (first three in the top row of Fig. 3 ) have
lready formed almost all of their stars by z ∼ 6, while cored haloes
ee extended star formation until today, reducing their central dark
atter density steadily o v er the Hubble time. Among the cored

aloes, we see a correlation between the dark matter density and
mount of stars formed at recent times: lower densities at z = 0 are
inked to particularly active star formation post-reionization. 

While there are a variety of ways in which one could divide
tar formation into ‘early’ and ‘late’ regimes, reionization provides
 natural transition time. As mentioned in Section 1 , reionization
ompletely quenches low-mass dwarf galaxies. The smallest ultra-
 aint dw arf galaxies form all their stars at high redshift, before losing
heir gas. The most massive dwarfs, by contrast, have a sufficient
otential depth and reservoir of dense gas by the time of reionization
hat they self-shield against the external ionizing radiation. In such
ases, internal self-regulation is the primary factor limiting star
ormation rate, and reionization has only a secondary impact. In
ntermediate-mass cases, the timing of star formation is strongly
ependent on the accretion history relative to reionization, and in
ome cases the galaxy may temporarily quench before later achieving
 sufficient mass to restart star formation (Rey et al. 2019 , 2020 ). 

The pivotal role of reionization in these cases underscores why it
orms a natural division between the two competing effects on the
ark matter density. For the rest of our investigation, we will use 

 �, post = 

∫ t today 

t= t reion 

SFR d t (1) 

i.e. the amount of star formation that occurred in the galaxy’s
rogenitors after reionization) as a proxy for the late-time star
ormation capable of flattening dark matter cusps. Conversely, we
ill use the quantity 

 �, pre = 

∫ t reion 

t= 0 
SFR d t (2) 

i.e. the amount of star formation that occurred within the galaxy’s
rogenitors prior to reionization) as a proxy for the early collapse,
hich encourages higher densities of dark matter. While reionization

s a gradual process, we adopt z � 6 . 5 ( t � 0 . 84 Gyr) when dividing
he stellar populations. In Fig. 3 , as well as in the calculation of
 �, post and M �, pre , we use the total mass formed at birth in the rele v ant

tellar populations, rather than their remaining mass at z = 0, and
e include stars formed in all progenitors of the galaxy (rather than

ust the major progenitor). 
In Section 4 , we will discuss these choices further, but our results

elo w sho w that they successfully summarize a complex story in two
imple competing effects. Specifically, we now explore the use of the
 �, post /M �, pre ratio as an indicator for the expected central density

f CDM haloes. 

.4 The M �, post / M �, pre ratio 

n Fig. 4 , we show the dark matter density profiles of the EDGE 2
aloes. The y-axis has been multiplied by r 2 to emphasize the shape
f the inner regions, and the profiles have been colour-coded based
n the values of the galaxies’ M �, post /M �, pre ratio. Lighter colours
ndicate higher M �, post /M �, pre , i.e. star formation occurring at more
ecent times. The M �, post /M �, pre ratio accurately correlates with the
xtent of core formation in the haloes: the higher the value, the lower
he central density relative to the unmodified Navarro–Frenk–White
NFW) profile (black dashed line). 
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Figure 4. Dark matter density profiles of the EDGE 2 haloes at z = 0, colour- 
coded by the value of their M �, post /M �, pre ratio (the post-reionization stellar 
mass as a fraction of the stellar mass prior to reionization). The y-axis has been 
multiplied by r 2 to emphasize the inner regions. The NFW profile (dashed 
black line) for a dark matter halo of mass 2 × 10 8 M � and concentration 
c = 15 at z = 0 is shown for comparison. The vertical dotted line marks 
r = 150 pc. The shapes of the dark matter density profiles clearly depend 
on the galaxies’ values of the M �, post /M �, pre ratio, especially in the inner 
regions. 
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Figure 5. Dark matter density at 150 pc as a function of the M �, post /M �, pre 

ratio. The circles show the EDGE 2 haloes, while the squares are results from the 
EDGE 1 simulations. A linear fit to the combined relation, given by equation 
( 3 ), is shown in red. The horizontal dashed line shows the expected inner 
density from � CDM cosmology at the mass scale of the EDGE haloes. We 
notice a tight correspondence between the central dark matter density at z = 0 
and M �, post /M �, pre , which was not captured by the M � /M 200 ratio. 
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Fig. 5 shows more quantitatively how M �, post /M �, pre is predictive 
f the central density e v aluated at a fixed 150 pc radius. 
The correlation of this dark matter inner density is much stronger

ith M �, post /M �, pre than with the stellar-to-halo mass ratio (Fig. 2 ),
specially for the EDGE 1 haloes (squares). If we fit these points with
he relation 

log 10 ρDM 

(150 pc ) = m log 10 

(
M �, post 

M �, pre 

)
+ c, (3) 

he values of the coefficients for the combined sample are m =
0 . 23 ± 0 . 03 and c = 8 . 13 ± 0 . 03. This fit is shown as a red line in
ig. 5 . 
As examples of why the correlation has impro v ed, consider the

ase of EDGE 2 Halo600 contrasted with Halo383 and Halo261; as
iscussed in Section 3.2 , Halo600 has a very different M � /M 200 , but
 similar value of ρDM 

(150 pc). Fig. 5 highlights that Halo600 has
n M �, post /M �, pre ratio in approximate agreement with Halo383 and 
alo261, making sense of the low central density . Similarly , Halo339

nd Halo605 have comparable M � /M 200 , but Halo605 underwent 
ost of its star formation pre-reionization, resulting in a lower value 

f M �, post /M �, pre and higher central dark matter density. In other 
ords, what appeared as random scatter in Fig. 2 now appears as
art of a tight trend in Fig. 5 . We conclude that the scatter in the
elationship between M � /M 200 and ρDM 

can be accounted for by the 
iming effects identified in Section 3.3 . 

Since the duration of star formation in dwarf galaxies is heavily 
ontrolled by reionization, our results are sensitive to the choice of
eparation time between pre- and post-reionization stars, especially 
or the haloes where M �, post is small. The dividing time we adopt
 t = 0 . 84 Gyr) maximizes the Pearson’s coefficient ( r = −0 . 93) of
he ρDM 

−M �, post /M �, pre relation for the combined suites of EDGE 1 
nd EDGE 2 simulations. This coefficient has a significantly increased 
agnitude compared with the correlation coefficient between ρDM 

nd M ∗/M 200 ( r = −0 . 58, see Section 3.2 ), indicating that the
 �, post /M �, pre ratio possesses a much stronger correlation to the halo 

entral density. When moving the dividing time by ±0.1 Gyr, the 
oint Pearson’s coefficient decreases by 7 per cent, showing a clear 
reference for the adopted reionization time across the combined 
uite. Ho we ver, dif ferences in the adopted UV background mean
hat reionization happens at different times between EDGE 1 and 
DGE 2. In EDGE 2 taken alone, we see the tightest correlation earlier in
ime ( t = 0 . 72 Gyr; r = −0 . 96). Thus, residual scatter in the EDGE 2
esults (circles in Fig. 5 ) is largely accounted for by the fact that we
dopt a fixed time for reionization across the combined suite. 

.5 Dependence on the sub-grid model 

he extent of baryonic core creation is known to be strongly sensitive
o the way in which star formation and feedback are implemented in
imulations (Pontzen & Go v ernato 2012 ; Chan et al. 2015 ; O ̃ norbe
t al. 2015 ; Ben ́ıtez-Llambay et al. 2019 ). The most important factor
or enabling a significant response from the dark matter is that gas
eaches densities comparable to the central dark matter cusp, and that
 significant fraction of the gas mass repeatedly flows in and out of the
entral ∼kpc of the galaxy (e.g. Read & Gilmore 2005 ; Pontzen &
o v ernato 2012 , 2014 ). This naturally occurs if stars form only

rom high-density gas and there is sufficient numerical resolution to 
apture the multiphase interstellar medium (Pontzen & Go v ernato 
012 ; Dutton et al. 2019 ). Teyssier et al. ( 2013 ) highlighted that
his results in ‘bursty’ star formation, with a peak-to-trough ratio 
f 5–10 and a duty cycle comparable to the local dynamical time.
his prediction has been borne out by the data for dwarf galaxy
opulations (e.g. Kauffmann 2014 ; McQuinn et al. 2015 ; Emami
t al. 2019 , and for a re vie w see Collins & Read 2022 ). 

As mentioned in Section 2 , some important changes were in-
roduced in the physics of the new EDGE 2 simulations compared
o EDGE 1. Other than the timing of reionization that we discussed
n Section 3.4 , the most notable changes relate to the new imple-
entation of non-equilibrium cooling and the inclusion of radiative 

ransfer, which was absent in the majority of EDGE 1 runs. These
actors result in considerable differences in the galaxy properties, 
ncluding the SFHs (see Appendix A ) and will be discussed more
ully in Rey et al. (in preparation). 

As a result, EDGE 1 haloes end up with higher central densities
han EDGE 2 haloes. Prior to reionization, the EDGE 1 simulations
ave intense large-scale outflows driven by SNe, which lead to a
MNRAS 536, 314–323 (2025) 
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M

Figure 6. Fit to the density profiles of the EDGE 2 haloes using the coreNFW profile. The sizes of the cores are set to be directly proportional to the haloes’ 
half-light radii, and we fit the parameter n , which ranges from an unmodified cusp ( n = 0) to flat core ( n = 1). The profiles were cut between r = 0 . 05 and 
0.7 kpc to capture the variation in the dark matter central regions across haloes. 
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ot ( T > 10 6 K) unbound circumgalactic medium. The radiative
eedback adopted in EDGE 2 reduces the local intensity of star
ormation, weakening these outflows and keeping the circumgalactic
as at lower temperatures ( T ∼ 10 4 K) (Agertz et al. 2020 ), enabling
ore sustained star formation. As shown in Fig. 2 , the different

eedback recipes and the changes in the non-equilibrium cooling
trength lead to EDGE 2 simulations occupying a significantly different
ocus in the M � /M 200 –ρDM 

plane compared to EDGE 1 simulations. 
This difference between suites is almost entirely erased when the

entral density is seen as a function of M �, post /M �, pre (Fig. 5 ), since the
ew ratio more directly captures the factors determining the central
ark matter density. In this picture, EDGE 1 and EDGE 2 core creation
hysics appear very similar, but statistically significant differences do
emain. When fitting the suites separately to equation ( 3 ), the values
f the coefficients for EDGE 2 with reionization time t = 0 . 72 Gyr are
 EDGE2 = −0 . 30 ± 0 . 04 and c EDGE2 = 8 . 32 ± 0 . 06, and for EDGE 1
ith reionization time t = 0 . 84 Gyr are m EDGE1 = −0 . 24 ± 0 . 04 and
 EDGE1 = 8 . 08 ± 0 . 02. 

In terms of the o v erall core creation process, these differences
re strongly subdominant to the more basic effect that M �, post /M �, pre 

hanges when moving from EDGE 1 to EDGE 2 physics. On average,
he EDGE 1 haloes tend to have lower values of M �, post /M �, pre than
DGE 2, explaining why they also are less prone to forming cores. 

As such, the qualitative significance of M �, post /M �, pre to core
ormation is preserved regardless of at least some details of the
eedback recipe. Ho we ver, gi ven that EDGE 1 and EDGE 2 share much
f their sub-grid physics in common, it will be of great interest to
est whether other simulations with a resolved interstellar medium
e.g. Jeon, Besla & Bromm 2017 ; Wheeler et al. 2019 ; Munshi et al.
021 ; Gutcke et al. 2022 ) also predict a major role for M �, post /M �, pre 

n core creation. 

.6 Density profiles fitted with coreNFW model 

ensity profiles in which the central density has been reduced by
aryonic feedback can be fitted using a modified version of the
lassic NFW profile (Navarro, Frenk & White 1997 ). Read et al.
 2016 ) introduced the coreNFW density profile, which, in addition
o the NFW parameters (scale radius r s and density ρ0 ), uses two
dditional variables to describe the core size ( r c ) and inner density
lope ( n ). The latter ranges from 1 (for a completely flat core) to 0
NRAS 536, 314–323 (2025) 
for a cuspy NFW profile). See Read et al. ( 2016 ), especially their
quation (16), for a precise definition. Assuming that the core size
s directly proportional to the stellar half-mass radius, De Leo et al.
 2024 ) provided a fit to the remaining parameter n as a function of
 � /M 200 based on observational constraints. 
To summarize the core creation process seen in our EDGE 2

imulation results, we adopt a similar approach. We perform a fit
or n (the central density slope) of each dark matter density profile.

e also fit the density profiles for M 200 and c, which control the
arameters of the classic NFW profile. We expect the value of n
o evolve from n = 0 (an NFW cusp) in haloes with small values
f M �, post /M �, pre to n = 1 (a flat core) when the feedback-driven
utflows become important. There is a degree of de generac y between
 and the core size parameter r c ; we break this by setting r c to be
irectly proportional to the haloes’ V -band 3D half-light radii. The
onstant of proportionality ( η = 1 . 8) was calculated by letting both
 and η vary when fitting the central regions (0 . 05 kpc < r < 1 kpc)
f the profile of Halo339, which has a prominent core, and was then
eld fixed for all other haloes. Fig. 6 shows the individual fits of the
nner regions of the density profiles for the EDGE 2 haloes. The density
rofiles were cut between r = 0 . 05 and 0.7 kpc in order to capture
he variation of the profiles’ inner regions. The fits are qualitatively
ood and capture the correct central slopes and core sizes across all
he haloes. 

Fig. 7 shows the values of n found for each EDGE 2 halo as a function
f M �, post /M �, pre . The values of n increase with M �, post /M �, pre ,
apturing the tight relation between our ratio and the amount of
coreness’ in the haloes’ inner regions. To parametrize the changes
n n , we adopt an analytical function of the form 

 ( x) = tanh ( x/a) b , (4) 

here x = M �, post /M �, pre . Fitting to the inferred values of n for the
aloes gives a = 10 . 27 ± 1 . 54 and b = 0 . 86 ± 0 . 13, valid within the
ange co v ered by our simulation data (1 � M �, post /M �, pre � 70 and
 � < 1 . 5 × 10 7 M �). 

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

e presented evidence from the EDGE suite of hydrodynamical
imulations that the extent of baryon-driven dark matter core creation
trongly depends on the timing of star formation relative to reion-
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Figure 7. The values of the coreNFW inner slope parameter n found for the 
EDGE 2 haloes as a function of the M �, post /M �, pre ratios. A value of n = 0 
means an NFW cusp, while a value of n = 1 is a perfect core. The error 
bars show the 1 σ errors on the parameter. The dashed line shows the fitting 
function given by equation ( 4 ). 
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zation. We focused our study on ρDM 

(150 pc ), the z = 0 density
f dark matter at 150 pc distance from the halo centre, moti v ated
y the existence of observational estimates in dwarf irregulars and 
pheroidals at this radius. In the following discussion, we refer 
o this density as ρDM 

, leaving the radius implicit. We find that
he EDGE stellar-to-halo mass ratio ( M � /M 200 ) correlates with ρDM 

n approximately the way seen in observ ations. Ho we ver, we also
nd that the simulated density correlates much more tightly with 
 new quantity, M �, post /M �, pre , i.e. the ratio between post- and pre-
eionization stellar mass, showing that the timing of star formation 
s a crucial consideration. 

In addition to existing EDGE 1 simulations (Agertz et al. 2020 ; Rey
t al. 2020 ; Orkney et al. 2021 ), we introduced a new generation
f EDGE 2 simulations, which extend to higher mass dwarfs and 
nclude non-equilibrium cooling. Furthermore, all EDGE 2 simulations 
nclude photoionization feedback using radiative transfer, whereas 
he majority of simulations in the EDGE 1 suite (including all those
resented here) were performed without such a feedback channel. 
he correlation between ρDM 

and M �, post /M �, pre remains tight when 
ncluding both suites of simulations, despite radiative transfer and 
on-equilibrium cooling making a major difference to other observ- 
ble properties (Agertz et al. 2020 ). This gives us some confidence
hat our key conclusions are robust against changes in feedback 
etails. None the less, it will clearly be of considerable interest to
nvestigate our results using alternative state-of-the-art codes (e.g. 
eon et al. 2017 ; Wheeler et al. 2019 ; Munshi et al. 2021 ; Gutcke
t al. 2022 ). All EDGE dwarfs considered are in broad agreement
ith the SMHM relation inferred from observations, albeit in a mass

ange where there is considerable uncertainty. 
As discussed in Section 1 , previous works have focused on 
 � /M 200 as the primary determinant of core creation. The numerator 

f this ratio focuses on the total available feedback energy (roughly 
roportional to M � ). By contrast, the numerator of our revised 
atio M �, post is a proxy for sustained star formation, based on the
ssumption that dwarfs surviving reionization will continue to form 

tars o v er an e xtended period. F orming stars in a concentrated burst
t early times is not an ef fecti ve way to soften the dark matter cusp
Gnedin & Zhao 2002 ; Pontzen & Go v ernato 2012 ; Chan et al.
015 ; Jackson et al. 2024 ); rather, sustained cycles of star formation,
as expulsion, and collapse are required to produce a long-term 

uctuating gravitational potential. 
M 200 , which is in the denominator of the traditional ratio, is

ele v ant because it is proportional to the depth of the gravitational
otential in which the feedback operates. Ho we ver, the actual
otential to be o v ercome is not that of the whole halo but rather the
oncentrated central cusp (i.e. particles do not need to be expelled
rom the halo as a whole). This central concentration depends on the
arly accretion history (Ludlow et al. 2014 ), for which we use M �, pre 

s a proxy that is in principle observable (we discuss observational
rospects further below). We also explored the use of other proxies
or the central density, such as the maximum circular velocity ( v max )
Prada et al. 2012 ), but found that M �, post /M �, pre correlates most
ightly with ρDM 

. 
Our stellar masses are calculated across all progenitor branches, 

nd hence M �, pre is sensitive to the early collapse of the region as
 whole rather than solely of the major progenitor. The correlation
ith ρDM 

becomes less tight when M �, pre is e v aluated using only the
tars formed on the main progenitor branch. A possible reason for
his sensitivity to the history of the entire progenitor tree, rather than
olely the major progenitor, is that mergers with a steeply cusped halo
an increase the central density of the galaxy (Laporte & Penarrubia
015 ; O ̃ norbe et al. 2015 ; Orkney et al. 2021 ). We hypothesize
hat, by incorporating information about all the progenitors in 
 �, post /M �, pre , this effect is implicitly accounted for. 
More broadly, the fact that M �, post /M �, pre is a good predictor of

ark matter density at z = 0 reflects the importance of the interplay
etween reionization and star formation in low-mass galaxies. In 
uture work, we will explore other quantities, which could connect 
o the halo central density and perform comprehensive studies of 
he role of formation history by employing genetically modified 
alaxies (such as late/early formers). We expect M �, post /M �, pre to 
lay a less essential role in higher mass galaxies, e.g. in deter-
ining the cuspiness of MW-mass haloes where stellar feedback 

s likely inef fecti ve in core creation for dif ferent physical rea-
ons (e.g. Di Cintio et al. 2013 ; Chan et al. 2015 ; Tollet et al.
016 ). 
It would be challenging, but very well moti v ated, to estimate

bservationally a quantity like M �, pre . The requirement for � Gyr
esolution in an SFH reconstruction o v er the Hubble time constitutes
he major challenge. Even no w, ho we ver, one can make a qualitative
omparison with observed galaxies given recent progress in recon- 
tructing dwarf galaxy SFHs (e.g. Cole et al. 2014 ; Read et al. 2019 ;
cQuinn et al. 2024 ). From fig. 5 in Read et al. ( 2019 ) and fig. 11 in
ouch ́e et al. ( 2022 ), one may indeed infer that galaxies whose star

ormation stopped a long time ago typically have steeper cusps, while
warfs with more extended star formation have shallower cores. 
or instance, Aquarius and LeoII have similar stellar masses and 
alo masses, but Aquarius has a more extended SFH and a lower
entral density, as expected if sustained star formation at late times
s necessary for the formation of cores. 

On the other hand, the observational picture is as yet far from clear-
ut; for example, LeoI (Read et al. 2019 ) seems to have a cuspy profile
espite having formed stars until relatively recently. One possibility is 
hat LeoI underwent a recent merger (Ruiz-Lara et al. 2021 ), enabling
t to rebuild a dark matter density cusp (Laporte & Penarrubia 2015 ;
rkney et al. 2021 ). This reinforces the need, mentioned abo v e, to

xplore a greater variety of simulated histories in future work. There
as also been speculation about the role that a black hole at the
entre of LeoI may have played in its evolution (e.g. Bustamante-
osell et al. 2021 ) (although see also Pascale et al. 2024 ), and we
MNRAS 536, 314–323 (2025) 
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re in the process of incorporating black holes into the EDGE code
or future work. 

As discussed in Section 1 , the central dark matter densities of
ow-mass dwarf galaxies hold enormous potential to shed light on
article physics. As such, understanding the confounding effects of
aryonic feedback is an essential project, in which the timing of
tar formation now appears a critical component. To incorporate this
igorously, it will be necessary to interpret forthcoming observations
n the light of a broad array of simulations co v ering a wide variety
f formation histories, and making use of codes with a range of
lternative feedback prescriptions. However, the tight correlations
een in this work give considerable hope that, in spite of the
omplexities, baryonic core creation is an essentially predictable
rocess. 
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PPEN D IX  A :  C O N T R A S T I N G  E D G E1 A N D  

D G E 2  STAR  F O R M AT I O N  HISTORIES  

s discussed in Section 2 , several changes in the sub-grid physics
ave been introduced between the EDGE 1 suite and the new EDGE 2
2024 The Author(s). 
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 http://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reuse, distribution, and repr
igure A1. Comparison between the SFHs of haloes in EDGE 1 and in
DGE 2. The addition of radiative transfer in EDGE 2 weakens early large-scale
utflows and keeps the gas at lower temperatures, allowing more extended
tar formation until z = 0. 

terations. Here, we look at the response that changing the feedback
ecipe has on the SFHs. 

Six of the eight haloes implemented in EDGE 2 have equi v alents
n the EDGE 1 runs. Fig. A1 shows a direct comparison between the
FHs of the haloes in the two simulation suites. The EDGE 1 runs
ee intense large-scale outflows at high redshift, which are driven by
Ne, leading to a very hot circumgalactic medium. The addition of
adiative transfer in EDGE 2 weakens these outflows and keeps the gas
t lower temperatures, which, especially combined with the addition 
f non-equilibrium cooling physics, allows more stars to form. These 
hanges have a clear effect on the SFH, particularly sustaining star
ormation at late times. Although this is less obvious in the cuspier
aloes (1459, 624, and 1445), the ones with the strongest cores in
DGE 2 (383, 600, and 605) have much greater post-reionization star
ormation activity than in their EDGE 1 counterparts. As discussed 
n the main text, this difference leads directly to EDGE 1 haloes
emaining cuspier than their EDGE 2 counterparts, in a way that cannot
e captured by M � /M 200 . 
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