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ABSTRACT

Aims. We aim to investigate the connection between star formation histories (SFHs) and the inner dark matter density profiles of
simulated galaxies. In particular, we tested whether the burstiness and temporal distribution of star formation influence the formation
of cored versus cuspy dark matter profiles.
Methods. We homogeneously analysed simulated galaxies from the NIHAO and FIRE-2 projects. For each galaxy, we derived dark
matter density profiles and measured the logarithmic slope in the inner region of the dark matter halo (1–2% of Rvir). To characterise
the star formation burstiness, we introduced a criterion based on comparing the star formation rate (SFR) averaged over two distinct
timescales. We further quantified the temporal concentration of SFHs by computing the ratio of stellar mass formed after versus before
the epoch of re-ionisation at redshift z ∼ 6.5, expressed as M?,post / M?,pre.
Results. A homogeneous analysis reveals that inner slope versus stellar-to-halo mass ratio trends for NIHAO and FIRE-2 galaxies
are in much better agreement than what has been reported in previous works. The burstiness and post-to-pre re-ionisation stellar mass
ratio explain the scatter in the inner slope versus stellar-to-halo mass ratio relation, revealing that galaxies with a burstiness above
average and a more extended SFH are more efficient at developing cored dark matter profiles. In contrast, galaxies with smoother
SFHs and an earlier stellar mass assembly time tend to maintain cuspier dark matter profiles. We present an analytic expression that
improves predictions for the inner slope using M?,post / M?,pre, which reduces the mean square error in both simulation suites relative
to previous formulations based solely on the stellar-to-halo mass ratio.

Key words. Dark matter profiles

1. Introduction

Understanding how baryonic processes influence the distribu-
tion of dark matter in galaxies is a key objective in the study
of galaxy formation and evolution. One of the most studied top-
ics in this area is the discrepancy between the central dark mat-
ter profiles predicted by simulations and those inferred from ob-
servations of dwarf and low surface brightness galaxies. While
cold dark matter-only simulations robustly predict cuspy inner
profiles (Navarro et al. 1997), observational studies often find
shallower, core-like distributions (de Blok et al. 2001; Oh et al.
2011). This ’core-cusp’ tension has motivated investigations into
the potential for baryonic physics (particularly stellar feedback)
to modify the dark matter structure found in cold dark matter-
only simulations, especially in the central regions of galaxies.

Numerous theoretical and numerical works have demon-
strated that star formation and feedback processes can signifi-
cantly impact the inner slope of dark matter halos. In particu-
lar, the total amount of energy injected by stellar feedback, rel-
ative to the total halo mass of the galaxy, plays a critical role
in driving dark matter core formation. This property is closely
correlated with the stellar-to-halo mass ratio (Peñarrubia et al.
2012; Pontzen & Governato 2012; Brook & Di Cintio 2015).
Simulations show that repeated gas outflows associated with star
formation can generate potential fluctuations that dynamically

heat the dark matter, pushing it outward and flattening the cen-
tral cusp (Di Cintio et al. 2014a,b; Tollet et al. 2016; Lazar et al.
2020). In particular, Di Cintio et al. (2014b) fit the relationship
between the dark matter profile inner slope and the stellar-to-
halo mass ratio using Eq. 1, whilst Tollet et al. (2016) and Lazar
et al. (2020) used the more complex Eq. 2, with x = M?/Mhalo in
both cases. It is worth noting that different studies adopt different
halo mass definitions: some compute the halo mass Mhalo using
an overdensity of 200 times the critical density of the universe
(M200c), whereas others use the virial overdensity (Mvir). In ad-
dition, Rhalo is defined as the radius that encloses a total mass of
Mhalo according to the adopted overdensity. These studies have
revealed that core formation is most efficient in galaxies with in-
termediate stellar-to-halo mass ratios (M?/Mhalo ∼ 0.005-0.007),
thereby providing a useful first-order predictor of halo structure.
This can be expressed as
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However, while these results emphasise the importance of
integrated stellar feedback over cosmic time, the detailed tem-
poral structure of star formation (the extent to which it is bursty
or continuous or how much stellar mass is formed before vs af-
ter a given time) might further modulate the effectiveness of this
process. Specifically, it has been proposed that bursty star for-
mation, which drives stronger and more abrupt changes in the
gravitational potential, might be more effective at reshaping dark
matter distributions than smoother, extended star formation his-
tories with a similar total stellar mass (Navarro et al. 1996; Read
& Gilmore 2005; Pontzen & Governato 2014). Di Cintio et al.
(2017) demonstrated that both the burstiness and overall dura-
tion of star formation are key drivers of the structural differences
between diffuse and compact galaxies. Systems that experience
extended, highly bursty SFHs tend to develop more extended
dark matter cores, whereas those with shorter, less bursty SFHs
exhibit cuspier central dark matter profiles and smaller effective
radii (see their Fig. 4). This motivates the need to quantify bursti-
ness as a distinct parameter, beyond the stellar-to-halo mass ra-
tio, in understanding dark matter core formation.

Apart from burstiness, Muni et al. (2024) highlighted the im-
portance of the temporal concentration of the SFH on the process
of core formation. Specifically, they found the ratio of stellar
mass that formed after and before the re-ionisation epoch (here-
after referred to as post-to-pre re-ionisation stellar mass ratio)
shows a better correlation with the inner dark matter density of
dwarf galaxies than the stellar-to-halo mass ratio in the EDGE
simulations (Agertz et al. 2019; Rey et al. 2025).

Observational and theoretical efforts have begun to charac-
terise bursty star formation in low-mass galaxies (Weisz et al.
2012; Emami et al. 2019), while cosmological simulations are
increasingly able to resolve these time-variable feedback pro-
cesses. However, the relationship between star formation bursti-
ness and dark matter structure has yet to be systematically quan-
tified. In particular, it remains unclear whether galaxies with sim-
ilar stellar-to-halo mass ratios, but different star formation histo-
ries might exhibit systematically different inner density profiles.
There is also the question of whether burstiness can account for
the scatter in the observed relation between the M?/Mhalo ratio
and the inner slope.

In this paper, we address this gap by homogeneously
analysing two suites of simulated galaxies to quantify the bursti-
ness of their SFHs and measure the corresponding slopes of their
dark matter density profiles. We show that galaxies with similar
stellar mass, but differing degrees of burstiness can present re-
markably different inner dark matter structures, with more bursty
galaxies tending to produce cored profiles more often. Our re-
sults suggest that burstiness introduces an important second-
order effect that can help explain the diversity in inner halo
slopes. Additionally, we find the post-to-pre re-ionisation stel-
lar mass ratio has a similar effect to that of burstiness on the
inner slope of the dark matter profile. By explicitly linking time
resolved star formation behaviour to dark matter core formation,
this work offers new insight into the role of baryonic feedback in
shaping galaxy structure.

The paper is organised as follows. Section 2 introduces the
two suites of simulated galaxies that form the basis of our analy-
sis. In Sect. 3, we present the main results from the homogeneous
analysis of both suites. This section is structured to first address
the relationship between the burstiness metric and the inner dark
matter profile slopes (Sect. 3.1). We then investigate the correla-
tion between the post-to-pre re-ionisation stellar mass ratio and
the inner dark matter slopes in Sect. 3.2. Section 3.3 reports an
improved fitting equation for the inner slope that combines the

effects of the stellar-to-halo mass ratio and the post-to-pre re-
ionisation stellar mass ratio. Finally, our conclusions are sum-
marised in Sect. 4.

2. Simulations

2.1. The NIHAO project

The Numerical Investigations of Hundred Astrophysical Ob-
jects (NIHAO) project is a suite of high resolution cosmologi-
cal zoom-in hydrodynamical simulations based on the gasoline2
code (Wadsley et al. 2017) first presented in Wang et al. (2015).
The NIHAO project adopts Planck cosmology (Planck Collabo-
ration et al. 2014), using the following parameters: H0 = 100h
km s-1 Mpc-1 with h = 0.671, Ωm = 0.3175, ΩΛ = 0.6824, Ωb =
0.049, and σ8 = 0.8344 (Wang et al. 2015).

Overall, NIHAO simulations include all fundamental pro-
cesses involved in galaxy formation. In particular, the implemen-
tation of star formation and stellar feedback mechanisms follows
the model established in Making Galaxies In a Cosmological
Context (MaGICC; Stinson et al. 2013) simulations. This par-
ticular framework has proved successful in reproducing a broad
range of observed galaxy scaling relations (Brook et al. 2012;
Macciò et al. 2012). The suite correctly reproduces the observed
stellar mass-halo mass relation and generates a diverse range
of realistic morphologies, from irregular dwarfs to well-defined
stellar discs in Milky Way-mass systems (Wang et al. 2015). Fur-
thermore, its galaxies are well aligned with the SPARC sample
(Santos-Santos et al. 2018) and the Tully-Fisher relation (Dutton
et al. 2017). Star formation is activated, according to the Ken-
nicutt–Schmidt Law, in dense gas, satisfying a temperature of
T < 1.5 × 104 K and exceeding a density threshold number, set
at nth = 10.3 cm−3, using an initial mass function (IMF) from
Chabrier (2003).

Stellar feedback is implemented in two distinct epochs. The
first involves early stellar feedback from massive stars prior
to their supernova explosions (Stinson et al. 2013). In the NI-
HAO suite, this consists of injecting 13% of the total stellar flux
(equivalent to 2 × 1050 erg of thermal energy per M� of the en-
tire stellar population) into the surrounding gas, while leaving
radiative cooling enabled. The second epoch consists of super-
nova feedback from stars in the mass range of 8 −40 M�, which
are modelled as collective effects at larger sub-grid scales (typ-
ically ∼ 100 pc to 1 kpc). This feedback is modelled using a
thermal blast-wave approach (Stinson et al. 2006). Because the
gas receiving the energy is dense, cooling is artificially delayed
for particles inside the blast region for ∼ 30 Myr to prevent nu-
merical over-cooling.

Gas evolution includes metal-line cooling, photoionisation,
and ultraviolet heating, based on the prescriptions detailed in
Shen et al. (2010). Specifically, the ultraviolet background is im-
plemented via the Haardt & Madau (2012) model, which leads to
the complete ionisation of hydrogen in the intergalactic medium
by z ∼ 6.7.

The mass and spatial resolution of the simulations allow for
the inner structure of galaxies to be resolved down to below 1%
of the virial radius (e.g. Tollet et al. 2016). Half-light radii are
well captured, with spatial resolutions ranging from about 100
pc in low-mass systems to 800 pc in the most massive galaxies.
Individual particle masses scale with the total mass of the sim-
ulated galaxy, spanning 6 × 102 to 3 × 105 M� for baryons and
3 × 103 to 2 × 106 M� for dark matter in the highest-resolution
zoom-in region. The simulation achieves high temporal preci-
sion, with star formation computed at intervals of 0.84 Myr (Dut-
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ton et al. 2019). Meanwhile, the maximum time step for force
calculations is 13.5 Myr, with adaptive refinement allowing for
steps as small as 12.9 yr depending on local particle acceleration.
We used Amiga Halo Finder (AHF Knollmann & Knebe 2009)
and selected the main isolated halo from each zoom-in simula-
tion as long as it contained at least one hundred star particles,
resulting in a sample of 93 galaxies.

2.2. The FIRE project

The FIRE project comprises several sets of cosmological zoom-
in simulations generated with the GIZMO (Hopkins 2015) code,
using slightly different cosmological parameters depending on
the run. Some follow the Planck cosmology (Planck Collabo-
ration et al. 2014), while others adopt parameters from the As-
sembling Galaxies Of Resolved Anatomy (AGORA; Kim et al.
2014) project: H0 = 100h km s-1 Mpc-1 with h = 0.702, Ωm =
0.272, ΩΛ = 0.728, Ωb = 0.0455, and σ8 = 0.807.

Specifically, we used the FIRE-2 simulations (Hopkins
et al. 2018), which includes a detailed model of galaxy for-
mation physics. These simulations produce a realistic diversity
of Milky Way-mass morphologies, ranging from thin, rotation-
ally supported stellar discs to compact, bulge-dominated sys-
tems (Garrison-Kimmel et al. 2018). Furthermore, the model
matches the observed structural scaling relations of Local Group
dwarf galaxies, including their stellar half-mass radii and veloc-
ity dispersions (Fitts et al. 2017). FIRE-2 is noted for captur-
ing the multiphase interstellar medium and generating realistic
star formation histories and metallicity gradients without param-
eter fine-tuning. It naturally produces the low surface brightness
and large effective radii characteristic of local dwarf populations
through stellar feedback-driven galactic expansion (Chan et al.
2018). While the simulations match observed scaling relations
for angular momentum and the Tully-Fisher relation, gas in low-
mass systems is found to be more dispersion-supported than typ-
ical observed galaxies (El-Badry et al. 2017, 2018). On top of
a density threshold of nth = 1000 cm−3, star formation is re-
stricted to occur only when gas is self-gravitating, self-shielding
and Jeans unstable. Once a star particle forms, it is treated as a
single stellar population with an age, metallicity, and mass inher-
ited from its progenitor gas particle. Feedback quantities are tab-
ulated directly (no fine-tuning) from standard STARBURST99
stellar population models (Leitherer et al. 1999) assuming a
Kroupa (2001) IMF.

Feedback in FIRE-2 is implemented through a combination
of several resolved channels: continuous stellar mass-loss, pho-
toionisation, photoelectric heating, radiation pressure, and su-
pernovae (Types Ia and II). Crucially, FIRE-2 mass and time
resolution are sufficient to explicitly treat individual supernova
explosions as discrete events rather than continuous energy in-
jection. The code calculates the exact Sedov–Taylor solution for
an energy-conserving spherical shock; if the resolved coupling
radius between the star and gas is smaller than the cooling ra-
dius, the energy is injected thermally and the subsequent expan-
sion is physically resolved. However, if the coupling radius is
larger than the cooling radius, only the terminal momentum is
deposited to account for the momentum-conserving phase that
occurred at unresolved scales. This allows the simulation to re-
solve the multi-phase structure of the interstellar medium by af-
fecting baryons directly at small scales (∼ 1 − 10 pc) without
ever turning off gas cooling. Re-ionisation is treated via the uni-
form ultraviolet background of Faucher-Giguère et al. (2009),
leading to a fully ionised hydrogen intergalactic medium by z ∼
6. These simulations reach high spatial resolution, with gravita-

tional softening lengths of the order of 1-10 pc. The simulations
also feature exceptional mass resolution, with minimum bary-
onic particle masses ranging from 30 to 7 × 103 M�, and dark
matter particles spanning 200 to 4× 104 M�. The minimum time
steps are of the order of 100 yr and the maximum time step al-
lowed for star particles is of the order of 104 yr.

The FIRE-2 simulations have been shown to reproduce a
broad range of observed galaxy properties. As demonstrated in
Hopkins et al. (2018), these include realistic star formation his-
tories, gas distributions, metallicity profiles, morphologies, and
rotation curves, as well as stellar mass scaling relations.

We use the FIRE-2 cosmological zoom-in simulations pre-
sented in Hopkins et al. (2018) and in Graus et al. (2019), on top
of high-resolution runs from Wheeler et al. (2019). Halos were
again identified using AHF. Exploiting the higher resolution of
the FIRE-2 simulations and aiming to improve the statistical ro-
bustness of our analysis, we did not restrict our selection to the
primary halo in each simulation. Instead, for each simulation, we
considered the ten halos containing the largest number of parti-
cles. From these, we kept only those composed of at least 99%
high-resolution particles and containing a minimum of a hun-
dred star particles. Applying these criteria resulted in a sample
of 109 isolated galaxies.

2.3. Previous comparisons

Previous studies have compared the NIHAO and FIRE simu-
lation suites to assess how their different numerical treatments
of stellar feedback impact galaxy evolution. A primary focus
of these comparisons is the cusp-to-core transformation in dark
matter density profiles. Both NIHAO and FIRE-2 successfully
reproduce the flattening of central dark matter distributions,
transforming the cuspy profiles into cores (Tollet et al. 2016;
Lazar et al. 2020). While both suites agree on the integrated mass
profiles, the physical drivers differ. FIRE-2 is characterised by
more bursty star formation that causes rapid fluctuations in the
gravitational potential, whereas NIHAO relies on the large-scale
energy injection of the thermal blast-wave model (Tollet et al.
2016; Chen et al. 2024).

Recent comparisons using identical initial conditions re-
veal that while both codes produce similar final disc morpholo-
gies, they differ significantly in their circumgalactic medium
properties (Chen et al. 2024). NIHAO (GASOLINE) is charac-
terised by generalised, long-term outflows that suppress inter-
galactic medium accretion, while FIRE-2 (GIZMO) presents
quasi-virialised hot gas halos formed by the interaction of in-
flows and feedback-driven outflows (Chen et al. 2024).

3. Results

We defined the virial radius, Rvir, as the radius enclosing a mean
density equal to ∆vir times the critical density of the universe,
ρcrit = 3H2

8πG , where H is the Hubble parameter and G is the grav-
itational constant. The value of ∆vir was calculated using the
redshift-dependent prescription from Bryan & Norman (1998),
evaluated at z = 0. The virial mass was then obtained by sum-
ming the masses of all particles within Rvir and the stellar mass
was computed as the total mass of stellar particles within 0.1Rvir.

To characterise the inner slope of the dark matter density pro-
file, we computed a linear fit to the logarithmic density profile
between 1% and 2% of Rvir, as in Di Cintio et al. (2014a,b). For
this purpose, we adopted the approach from Lazar et al. (2020)
to construct dark matter density profiles using 35 logarithmically
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spaced radial bins between 0.005 Rvir and Rvir. This method was
consistently applied to both NIHAO and FIRE-2 galaxies, differ-
ing from the binning used for the analysis of NIHAO simulations
presented by Tollet et al. (2016).

In Fig. 1, we present the dark matter profile inner slope (mea-
sured between 1% and 2% of Rvir) as a function of the stellar-
to-halo mass ratio. We fit each set of simulations independently
using Eq. 2 and we provide the fit parameters in Table 1. Our
results align well with previous findings for FIRE-2 simulations
(Lazar et al. 2020) but notable discrepancies exist between our
results for NIHAO simulations and those reported in (Tollet et al.
2016). This mismatch arises from the difference in the definition
of virial overdensity used for the analysis, since they adopted
the value ∆ = 200c1. The radius R200c is smaller than Rvir, while
the slope measured by taking it as a reference is inherently more
cored than it would by using Rvir. In Fig. A.1 we show our re-
sults when matching this different overdensity definition. Even
for FIRE-2 simulations, we note slight discrepancies with the
fit from the literature. Some possible origin of these differences
could be the algorithm used for centring galaxies or the specific
selection of galaxies, as our sample includes more galaxies than
in previous works for both simulation suites. Tollet et al. (2016)
uses ∼70 of the NIHAO simulations from our more complete
sample. Lazar et al. (2020) only considered the main halo of
each FIRE-2 simulation, except for previously identified addi-
tional galaxies found in Graus et al. (2019), standing in contrast
to our previously described selection method. In addition, they
used some runs with the same initial conditions, but at different
resolutions; whereas we only use the highest resolution available
for each run.

After homogenising the analysis across NIHAO and FIRE-2
galaxies, the relation for both simulation suites is in much closer
agreement than it could be inferred from previous works, where
the trends derived in Tollet et al. (2016) and Lazar et al. (2020)
were compared without taking into account the differences in the
analysis. Whilst previous relations indicated that NIHAO galax-
ies are more efficient at developing shallow dark matter profiles,
our results reveal that both simulation suites are capable of form-
ing strong cores. The 1σ scatter around the relation is also sim-
ilar: 0.25 for NIHAO and 0.27 for FIRE-2. However, some sys-
tematic differences between the two simulation suites remain:
whereas we find the peak efficiency of core formation for NI-
HAO galaxies at M?/Mvir ∼ 0.005, FIRE-2 galaxies present their
highest count of cored dark matter profiles at M?/Mvir ∼ 0.008.

Table 1. Fit parameters for each set of simulations using Eq. 2 and the
overdensity, ∆ = ∆vir.

n n1 x1 x0 β γ

NIHAO -0.87 6.86 8.94 × 10−5 1.61 × 10−2 0.78 1.63
FIRE-2 -1.01 3.80 8.54 × 10−4 2.83 × 10−2 1.21 1.52

3.1. Burstiness

To quantify burstiness in a galaxy’s SFH, we defined a starburst
phase using the following criterion:

〈
SFR(50 Myr)

〉
> 1.5

〈
SFR(500 Myr)

〉
. (3)

1 Throughout the text, the expression ∆ = 200c denotes an overdensity
of 200 times the critical density of the universe, and we use the letter c
to explicitly differentiate it from an overdensity of 200 times the average
matter density of the universe.

Fig. 1. Inner slope of the dark matter density profile, measured between
1% and 2% of the virial radius, as a function of the stellar-to-halo mass
ratio. Results are shown for galaxies from the NIHAO (blue) and FIRE-
2 (orange) simulations. Solid lines represent fits following Eq. 2 with
parameters from Table 1 and the 1σ scatter around the fits is indicated
with shadowed regions. The trends are compared to literature fits from
Di Cintio et al. (2014b), Tollet et al. (2016) and Lazar et al. (2020).

This is conceptually similar to the approach in Sparre et al.
(2017), although we used longer time windows (50 and 500 Myr,
compared to their 10 and 200 Myr). Using this definition, we
calculated a metric: the bursty mass fraction ( fM,burst), defined as
the fraction of a galaxy’s stellar mass formed during starburst
phases.

Figure 2 shows how this quantity varies with stellar mass.
Figure C.2 presents the SFH of five NIHAO galaxies of differ-
ent stellar masses, illustrating visually the dependence between
burstiness and stellar mass. Compared to the results in Sparre
et al. (2017), our criterion produces a more gradually decreasing
trend with stellar mass for FIRE-2 galaxies (they did not analyse
NIHAO galaxies), which can be well approximated by a second-
degree polynomial. To characterise individual deviations from
this trend, we defined the burst deviation as the difference be-
tween a galaxy’s bursty mass fraction and the value predicted
from the polynomial fit at its stellar mass. This deviation quanti-
fies how much more or less bursty a galaxy is than expected for
its stellar mass.

Table 2. Fit parameters for galaxies with positive and negative burst
deviation in each set of simulations using Eq. 2 and the overdensity,
∆ = ∆vir.

NIHAO (>0) NIHAO (<0) FIRE-2 (>0) FIRE-2 (<0)
n -3.11 -1.33 -0.73 -0.61
n1 119 1.65 6.52 7.28
x1 4.71 × 10−9 1.85 × 10−3 1.47 × 10−3 0.93
x0 1.13 2.63 × 10−2 1.69 × 10−2 1.26 × 10−2

β 0.83 2.27 1.78 348
γ 1.26 1.60 1.52 1.16

In Fig. 3, we plot the inner slope of the dark matter density
profile as a function of the stellar-to-halo mass ratio for both NI-
HAO and FIRE-2 galaxies. This time, each galaxy is coloured by
its burst deviation. We fit separate trends using Eq. 2 for galax-
ies with positive (more bursty than expected) and negative (less
bursty than expected), yielding the parameters in Table 2.
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Fig. 2. Bursty mass fractions as a function of stellar mass for galaxies
in NIHAO (top) and FIRE-2 (bottom) simulation suites. Dashed black
lines show the result of fitting the bursty mass fraction to the stellar mass
with a second-degree polynomial. Circles are coloured by their absolute
deviation from the fit, which we define as burst deviation.

For NIHAO galaxies, the trend is clear: galaxies that are
burstier than the average for their stellar mass are more likely
to exhibit cored dark matter profiles. The trend is similar in the
FIRE-2 sample for mass ratios at and just below the peak in core
formation (M?/Mvir ∼ 0.005-0.008), but disappears for M?/Mvir
> 0.02, where we find a gap in the galaxies from the sample.

3.2. Post-to-pre re-ionisation stellar mass ratio

In addition to burstiness, we explore how the temporal concen-
tration of star formation relative to re-ionisation affects the inner
dark matter slope. We define the accumulated stellar mass before
and after re-ionisation as

M?,pre =

∫ treion

t=0
SFRdt, (4)

Fig. 3. Inner slope of the dark matter density profile, measured between
1% and 2% of the virial radius, as a function of the stellar-to-halo mass
ratio. Top panel: Results for the NIHAO suite. Bottom panel: Same but
for galaxies from the FIRE-2 dataset. Circles for each galaxy are colour
coded by their burst deviation (the difference between actual and ex-
pected bursty mass fraction at a given stellar mass). Separate fits are
shown for galaxies with above- (dashed red lines) and below- (dashed
blue lines) average burstiness. Dashed black lines show the fits to the
full sample of galaxies from each suite and grey bands represent the 1σ
scatter around the fit. All fits follow Eq. 2 with parameters shown in
Table 2.

M?,post =

∫ ttoday

t=treion

SFRdt. (5)

These expressions follow the definitions given in Muni et al.
(2024), with zreion = 6.5 (treion = 0.84 Gyr). This approach
is motivated by the Faucher-Giguère et al. (2009) ultravio-
let background in EDGE/FIRE-2, noting that the re-ionisation
timescale in NIHAO is comparable, despite its different back-
ground model.
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Fig. 4. Ratio of post-to-pre re-ionisation stellar mass (M?,post/M?,pre) as
a function of total stellar mass for galaxies in NIHAO (top) and FIRE-
2 (bottom) simulation suites. Dashed black lines show second-degree
polynomial fits. Circles are coloured by their relative deviation from the
fit, which we define as SFH deviation.

The ratio M?,post / M?,pre acts as a proxy for the temporal con-
centration of the SFH2 and increases with stellar mass (Fig. 4).
As expected, more massive galaxies are more efficient at con-
verting baryons into stars and less affected by feedback due to
early star formation episodes, leading to higher M?,post / M?,pre
values. This trend is visualised in Fig. C.1. We note that both the
NIHAO and FIRE-2 galaxies in our sample are isolated and not
subject to quenching due to environmental factors. To quantify
the individual deviations from this trend, we defined the SFH de-
viation as the fractional difference between a galaxy’s M?,post /
M?,pre ratio and the value predicted by a second-degree polyno-
mial fit to the stellar mass.

We analysed the trends in inner dark matter slope versus
stellar-to-halo mass ratio as a function of SFH deviation in Fig. 5,

2 We exclude a small subsample of galaxies lacking star formation
prior to z = 6.5, resulting in a final sample of 90 NIHAO and 108 FIRE-
2 galaxies.

Fig. 5. Inner slope of the dark matter density profile, measured between
1% and 2% of the virial radius, as a function of the stellar-to-halo mass
ratio. Top panel: Results for the NIHAO suite. Bottom panel: Same but
for galaxies from the FIRE-2 dataset. Circles for each galaxy are colour
coded by their SFH deviation (the relative difference between actual and
expected post-to-pre re-ionisation stellar mass ratio at a given stellar
mass). Separate fits are shown for galaxies with more extended (dashed
red lines) and less extended (dashed blue lines) SFHs. Dashed black
lines show the fits to the full sample of galaxies from each suite and
grey bands represent the 1σ scatter around the fit. All fits follow Eq. 2
with parameters shown in Table 3.

with fit parameters for Eq. 2 listed in Table 3. In both simulation
suites, galaxies with extended SFHs (higher M?,post / M?,pre than
expected) exhibit shallower dark matter profiles than those with
more concentrated, early-time star formation.

Muni et al. (2024) performed additional analyses of how the
M?,post / M?,pre ratio influences dark matter profile shapes, em-
ploying alternative coreness indicators rather than the 1–2% Rvir
slope used in this work. We reproduce their tests and present the
corresponding results in Appendix B.
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Table 3. Fit parameters for galaxies with positive and negative SFH
deviation in each set of simulations using Eq. 2 and the overdensity,
∆ = ∆vir.

NIHAO (>0) NIHAO (<0) FIRE-2 (>0) FIRE-2 (<0)
n -1.00 -0.83 -0.92 -0.99
n1 5.73 6.63 4.37 4.73
x1 1.34 × 10−4 2.44 × 10−4 6.43 × 10−4 4.88 × 10−4

x0 1.90 × 10−2 1.48 × 10−2 2.84 × 10−2 2.61 × 10−2

β 1.26 0.89 1.26 0.79
γ 1.21 1.76 1.42 2.06

3.3. Second-order correction to the inner slope fit

We demonstrated that both burstiness and the post-to-pre re-
ionisation stellar mass ratio play a role, separate from the stellar-
to-halo mass ratio, in shaping the inner region of the dark matter
density profile of halos. Our next aim is to use these features to
obtain a correction term over the fitting by Eq. 2. We decided to
use only one of the features at a time, since we found them to
be correlated, as we show in Fig. 6. In that figure, we also notice
an outlier galaxy with a very high M?,post / M?,pre value, which
can also be observed in Fig. 4. While this galaxy does not intro-
duce any notable effect with respect to the previous analysis, we
decide to remove it for the fitting performed in this section.

Fig. 6. Relation between M?,post / M?,pre and the bursty mass fraction
for NIHAO and FIRE-2 galaxies. The Pearson correlation coefficient
is indicated in the legend. One outlier NIHAO galaxy, marked with an
asterisk, is removed from the calculation.

We report a two variable fitting formula for the inner slope
described by Eq. 6, where x = M?/Mvir and y = M?,post /
M?,pre. The inclusion of the additional correction lowers the
mean square error in the prediction of the inner slope from 0.073
to 0.055 for FIRE-2 galaxies, and from 0.063 to 0.048 for NI-
HAO galaxies. We show the fit parameters for each simulation
suite in Table 4. In Fig. 7, we visualise the fit by plotting the
trend of the inner slope with the stellar-to-halo mass ratio for
different values of M?,post / M?,pre. In the figure, we can observe
how, for the same ratio of stellar mass to halo mass, galaxies are
more likely to present shallower density profiles when they have
undergone extended SFHs (high values of M?,post / M?,pre).

Fig. 7. True values (circles) and predictions (lines) for the inner slope of
the dark matter density profile as a function of the stellar-to-halo mass
ratio for different values of M?,post / M?,pre via the fit by Eq. 6 with the
parameters shown in Table 4. Dashed black lines indicate fits using only
the stellar-to-halo mass ratio, described by the parameters in Table 1 for
Eq. 2. Top panel: Results for the NIHAO suite. Bottom panel: Same but
for galaxies from the FIRE-2 dataset.

d log ρ
d log r

∣∣∣∣∣∣
r=0.015Rhalo

(x) = n − log10

n1

(
1 +

x
x1

)−β
+

(
x
x0

)γ
+ n2yα, (6)

Table 4. Fit parameters for each set of simulations using Eq. 6 and the
overdensity, ∆ = ∆vir.

n n1 n2 x1 x0 β γ α

NIHAO -66.9 34.7 66.7 3.57 × 10−4 2.34 × 10−3 0.68 1.75 2.06 × 10−3

FIRE-2 -2.10 1.44 0.51 3.16 × 10−3 2.43 × 10−2 1.45 1.75 0.14

4. Conclusions

In this work, we revisit the dependence of the inner slope of dark
matter density profiles on the stellar-to-halo mass ratio using ho-
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mogeneously analysed samples from the NIHAO and FIRE-2
simulations. Our results bring the two suites into closer agree-
ment, showing that careful methodological consistency is essen-
tial when comparing simulations and interpreting apparent dif-
ferences across studies. Whereas earlier comparisons between
the analyses of Tollet et al. (2016) and Lazar et al. (2020) sug-
gested that NIHAO galaxies were intrinsically more prone to de-
veloping cored dark matter profiles than those in FIRE-2, our
homogeneous re-analysis shows that both simulation suites are
capable of producing galaxies with similarly cored inner density
structures. However, the stellar-to-halo mass ratio at which core
formation is most efficient is slightly lower for NIHAO galaxies
than for the FIRE-2 suite.

We quantified star formation burstiness by adapting the burst
criterion introduced in Sparre et al. (2017), deriving burst mass
fractions that trace how concentrated in time star formation is
within a galaxy. We find that burstiness decreases systematically
with increasing stellar mass in the range M? ∼ 105 − 1011 M�.

To characterise the temporal concentration of SFHs, we em-
ployed the M?,post/M?,pre ratio introduced by Muni et al. (2024).
In both NIHAO and FIRE-2 galaxies, higher stellar mass sys-
tems exhibit more extended SFHs.

By fitting the dependence of burstiness and SFH post-to-
pre re-ionisation stellar mass ratio on stellar mass, we identified
residuals that highlight galaxies, which are more or less bursty
or have longer or shorter SFHs than the average for their mass.
These deviations act as secondary predictors of dark matter core
formation, beyond the primary role of the stellar-to-halo mass
ratio. Specifically, we find that galaxies which are burstier than
average develop shallower inner dark matter slopes. Similarly,
those with more extended SFHs are more efficient at producing
cores. These SFH features explain the existing scatter in the re-
lation between the inner slope and the stellar-to-halo mass ratio
in both simulation suites.

We also derived a new fitting formula for the inner slope that
includes the contribution of the SFH temporal concentration via
the M?,post/M?,pre ratio (Eq. 6). The addition of a simple term
and the joint fitting to data from each simulation revealed higher
accuracy than using only the stellar-to-halo mass ratio as a fitting
variable, lowering the mean square error from 0.073 to 0.055 for
FIRE-2 galaxies and from 0.063 to 0.048 for NIHAO simula-
tions.

Our analysis suggests that burstiness and SFH temporal con-
centration capture important aspects of the baryonic processes
that shape dark matter profiles. However, additional factors, such
as the relative strength and timing of starbursts or their spatial
distribution within galaxies, are likely to play a significant role.
Exploring these features will be the focus of future work.

The predicted relationship between core formation and SFH
at fixed stellar mass has significant observational implications.
Advances in resolved stellar population studies now enable ac-
curate SFH measurements for low mass galaxies well beyond
the virial radius of the Milky Way (e.g. Weisz et al. 2023; Co-
hen et al. 2025). We predict that galaxies with stellar masses of
M? ∼ 108M�, situated near the peak of core formation efficiency
(M?/Mvir ∼ 0.005), should display structural differences driven
by their assembly age. Specifically, systems with stellar age dis-
tributions biased towards early times are expected to retain cus-
pier profiles than similar mass galaxies with extended, late time
star formation. Observing large cores in objects dominated by
early star formation would contradict this prediction, suggesting
that feedback mechanisms alone are insufficient and pointing to-
ward alternative scenarios such as self-interacting dark matter
(SIDM).
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Appendix A: Analysing the inner slope with
∆ = 200c

For this work, we adopted the virial overdensity ∆vir defined in
Bryan & Norman (1998) to analyse the FIRE-2 and NIHAO sim-
ulations homogeneously. Nonetheless, several studies (e.g. Di
Cintio et al. 2014b; Tollet et al. 2016) use a fixed overdensity
of ∆ = 200c to investigate the relation between the inner slope
of the dark matter density profile and the stellar-to-halo mass ra-
tio. To facilitate a direct comparison to these works, we repeat
our analysis using ∆ = 200c. For this purpose, we construct new
density profiles analogous to those presented in Fig. 2 of Tollet
et al. (2016), employing 56 logarithmically spaced bins spanning
the range 0.01–1 R200c.

We again apply Eq. 2 to fit the inner slope of the dark matter
density profile, measured between 1–2% R200c, as a function of
the stellar-to-halo mass ratio M?/M200c (see the fit parameters in
Table A.1). The resulting relation is shown in Fig. A.1. Using
the overdensity definition adopted by Tollet et al. (2016) pro-
duces a relation more consistent with their results, and galaxies
with shallower profiles display even flatter inner slopes due to
the more internal measurement radius. The scatter in the relation
also increases, reaching 0.27 for NIHAO and 0.29 for FIRE-2.
In addition, the stellar-to-halo mass ratio at which the profiles
are maximally shallow shifts to higher values: 0.005 for NIHAO
and 0.009 for FIRE-2. We note that the NIHAO peak value has
increased slightly relative to our previous analysis, even though
it rounds to the same value at one significant digit.

Table A.1. Fit parameters for each set of simulations using Eq. 2 and
the overdensity ∆ = 200c.

n n1 x1 x0 β γ

NIHAO -1.09 4.31 3.24 × 10−5 2.63 × 10−2 0.70 1.88
FIRE-2 -0.85 4.86 4.43 × 10−4 2.90 × 10−2 0.98 1.70

Fig. A.1. Inner slope of the dark matter density profile, measured be-
tween 1% and 2% of R200c, as a function of the stellar-to-halo mass
ratio. Results are shown for galaxies from the NIHAO (blue) and FIRE-
2 (orange) simulations. Solid lines represent fits following Eq. 2 and
the 1σ scatter around the fits is indicated with shadowed regions. The
trends are compared to literature fits from Di Cintio et al. (2014b), Tol-
let et al. (2016) and Lazar et al. (2020).

Appendix B: Comparing EDGE and FIRE-2 results

Muni et al. (2024) analysed core formation in EDGE1 and
EDGE2 simulations (Agertz et al. 2019; Rey et al. 2025) by
measuring the dark matter density at 150 pc from galaxy cen-
tres. They reported a tight, decreasing linear relation between the
inner dark matter density and the ratio, M?,post/M?,pre. We repli-
cate this analysis using FIRE-2 galaxies to calculate their density
within a spherical shell ranging from 125 to 175 pc, with results
shown in Fig. B.1. NIHAO galaxies are excluded due to insuf-
ficient spatial resolution. For some FIRE-2 galaxies, the 150 pc
region lies within the r200

3 resolution limit; however, we check
that extrapolating the resolved density profile confirms that the
inner densities do not significantly deviate from expected values.
Additionally, we plot the density at the innermost resolved bin,
providing a lower limit for the density at 150 pc.

Within the range of M?,post/M?,pre values probed by EDGE
simulations, we also recovered a decreasing linear relation be-
tween inner density and M?,post/M?,pre. The trend is steeper for
FIRE-2 galaxies, which also exhibit higher scatter. At higher
M?,post/M?,pre ratios, however, FIRE-2 galaxies show increased
inner densities. We attribute this trend change to the broader stel-
lar mass range in our sample. The relation for FIRE-2 galax-
ies is fitted using Eq. B.1 with x = M?,post/M?,pre. The result-
ing fitted parameters are: x0 = 2.14 × 103, n = −6.22 × 10−2,
β = 8.12 × 10−2, and γ = 1.98. The resulting fitted relation is
qualitatively similar to the classical relation between the dark
matter density inner slope and the stellar-to-halo mass ratio (see
e.g. Fig. 1 and Eq. 1),

ρ150pc(x)
109M�kpc−3 = n + log10

( x
x0

)−β
+

(
x
x0

)γ . (B.1)

Muni et al. (2024) also reported a tight correlation between
the M?,post / M?,pre and the inner slope of the dark matter density
profile. They illustrate the dependency using the n variable of the
coreNFW profile introduced by Read et al. (2016). In Fig. B.2 we
compare their findings with the results of fitting the same pro-
file to our dataset of FIRE-2 galaxies. Following their method-
ology, we fixed the core radius parameter (rc) of the coreNFW
profile to 1.8 times the three dimensional V-band half-light ra-
dius of the galaxy to break the degeneracy with the n parame-
ter when fitting the dark matter density profile. Additionally, we
fix the halo mass to the value derived from the simulation and
constrain n to lie between 0 and 1. We note that the fixed core
radius does not provide satisfactory fits for some galaxies in our
sample, which span a broader range of stellar and halo proper-
ties than the EDGE simulations. Nevertheless, we confirm via
visual inspection that the inner slope of the fitted profile gener-
ally matches the data. To quantify the fit quality, we compute
the median relative deviation of the model from the data, finding
that values above ∼ 0.15 typically indicate unreliable fits near
the core radius. Overall, we find that, due to these fitting limita-
tions, the n parameter is less reliable as a tracer of galactic core-
ness than the directly measured inner slope of the density profile.
We notice FIRE-2 galaxies exhibit lower n values (cuspier) than
EDGE galaxies for the same M?,post / M?,pre, indicating they re-
quire more extended SFHs for developing equally shallow den-
sity profiles. On top of that, the relation between n and the post-
and pre-reionisation stellar mass ratio is much more disperse for
FIRE-2 galaxies, which do not follow a clear trend.

3 The radius that encloses 200 dark matter particles.
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Fig. B.1. Dark matter density at 150 pc versus the ratio of stellar mass
formed after and before re-ionisation. Grey symbols indicate Muni et al.
(2024) results for EDGE galaxies, and the dash-dotted line shows their
linear fit. Filled (empty) circles indicate the inner densities of FIRE-2
galaxies that are (un)resolved at 150 pc, with error bars representing
Poisson uncertainties associated with the number of dark matter par-
ticles used to calculate the inner density. Markers are coloured based
on the ratio between 150 pc and r200, a resolution limit marked by the
radius enclosing 200 dark matter particles. For unresolved points, hor-
izontal lines provide a lower limit to the inner density by taking the
densest resolved bin in the density profile. The dashed orange line rep-
resents the fit to the inner densities, including unresolved bins.

Fig. B.2. n parameter of the coreNFW profile versus the ratio of stel-
lar mass formed after and before re-ionisation. Grey circles with error
bars show the results for EDGE2 galaxies and coloured plots indicate
the fitted values for galaxies from the FIRE-2 suite. Colours indicate
the fit quality via the median deviation of the model relative to the data.
Galaxies with median relative deviation over 0.15% are displayed as
empty circles, indicating unreliable fitting around the core radius. The
dot-dashed grey line represents the fit to the EDGE2 simulations re-
ported by Muni et al. (2024).

Appendix C: Star formation histories

Figure C.1 illustrates the stellar-to-halo mass ratios for stel-
lar populations formed both before (M?,pre/Mvir) and after
(M?,post/Mvir) re-ionisation, plotted as a function of total stel-
lar mass (M?). In the low-mass regime, post-reionisation star
formation is significantly suppressed by stellar feedback. Con-
versely, pre-reionisation assembly remains relatively unaffected
as feedback has not yet had sufficient time to regulate the in-
terstellar medium. This differential impact results in a widening

gap between the Mpost/Mvir and Mpre/Mvir ratios as galaxy mass
increases, fundamentally driving the trend observed in Fig. 4

In Fig. C.2 we present the SFHs of five galaxies from our
NIHAO sample to illustrate the calculation process of the bursty
mass fraction fM,burst (see Eq. 3) and the post-to-pre re-ionisation
stellar mass ratio M?,post / M?,pre.

Fig. C.1. Stellar-to-virial mass ratios formed pre-reionisation
(M?,pre/Mvir, squares) and post-reionisation (M?,post/Mvir, circles)
plotted against total stellar mass M?. The values of Mvir and M?

(x-axis) are both measured at z = 0. Data points from the NIHAO and
FIRE simulations are highlighted in blue and orange, respectively.
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Fig. C.2. SFR histories for five representa-
tive galaxies from the NIHAO simulation suite,
sorted in descending order by their stellar mass.
Each panel displays the SFR as a function
of lookback time for an individual system.
Header labels indicate the galaxy identifier,
stellar mass, bursty mass fraction, and the mass
ratio M?,post / M?,pre (refer to Sec. 3.1 and 3.2).
The grey shaded region denotes z>6.5, repre-
senting the re-ionisation epoch limit. SFRs are
calculated using two sliding temporal windows:
0.5 Gyr (orange) and 0.05 Gyr (blue). A dashed
green line indicates a burst threshold, defined
as 1.5 times the 0.5 Gyr averaged SFR. High-
cadence SFR segments exceeding this thresh-
old are highlighted in dark blue, while light red
shaded regions indicate the identified SFR burst
intervals.
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