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A B S T R A C T 
We investigate the central density structure of dark matter haloes in cold dark matter (CDM) and self-interacting dark matter 
(SIDM) models using simulations that are part of the Feedback In Realistic Environments ( FIRE ) project. For simulated haloes of 
dwarf galaxy scale ( Mhalo ( z = 0) ≈ 1010 M"), we study the central structure in both dissipationless simulations and simulations 
with full FIRE -2 galaxy formation physics. As has been demonstrated extensively in recent years, both baryonic feedback and 
self-interactions can convert central cusps into cores, with the former process doing so in a manner that depends sensitively on 
stellar mass at fixed Mhalo . Whether the two processes (baryonic feedback and self-interactions) are distinguishable, however, 
remains an open question. Here we demonstrate that, compared to feedback-induced cores, SIDM-induced cores transition more 
quickly from the central region of constant density to the falling density at larger radial scales. This result holds true even when 
including identical galaxy formation modelling in SIDM simulations as is used in CDM simulations, since self-interactions 
dominate over galaxy formation physics in establishing the central structure of SIDM haloes in this mass regime. The change 
in density profile slope as a function of radius therefore holds the potential to discriminate between self-interactions and galaxy 
formation physics as the driver of core formation in dwarf galaxies. 
Key words: galaxies: dwarf – galaxies: structure – dark matter. 

1  I N T RO D U C T I O N  
Decades of theoretical work and increasingly precise observations 
have established the dark energy plus cold dark matter ( ! CDM) 
model as the standard cosmological paradigm, capable of explaining 
the large-scale structure and evolution of the universe. Yet despite 
the successful predictions on large scales, a number of ! CDM 
predictions disagree with observations on small scales, particularly 
for low-mass galaxies with Mhalo ≈ 1010 M" (Bullock & Boylan- 
Kolchin 2017 ). As dark-matter-dominated systems, dwarf galaxies 
are key sites for testing ! CDM assumptions about the properties of 
dark matter and testing alternative models such as self-interacting 
dark matter (SIDM). However, dwarf galaxies are also sensitive 
to baryonic feedback processes. Distinguishing between the ways 
that baryonic processes and dark matter self interactions affect halo 
structure is critical for making meaningful predictions testable by 
observations. 

! CDM simulations modelling only the dark matter component of 
these systems find discrepancies between predictions and observa- 
tions for the number, spatial distribution, and internal structure of 
" E-mail: maria.straight@utexas.edu 
† NSF Graduate Research Fellow 

dwarf galaxy haloes (Sales, Wetzel & Fattahi 2022 ). One particular 
challenge is the dark matter content in the centres of the haloes. This 
has historically been known as the ‘cusp-core’ problem (Flores & 
Primack 1994 ; Moore 1994 ) because ! CDM simulations with only 
dark matter predict dwarf galaxy dark matter density profiles that 
rise steeply at small radii to form dense ‘cuspy’ centres (Dubinski & 
Carlberg 1991 ; Crone, Evrard & Richstone 1994 ; Navarro, Frenk & 
White 1997 ; Moore et al. 1999 ; Navarro et al. 2004 ; Kuzio de Naray, 
McGaugh & de Blok 2008 ), while observations seemingly indicated 
constant-density dark matter cores in the centres of haloes (Salucci 
& Burkert 2000 ; Swaters et al. 2003 ; Simon et al. 2005 ; Spekkens, 
Giovanelli & Haynes 2005 ; de Blok et al. 2008 ; Oh et al. 2011 ). 
However, a more recent compilation of observational data found that 
the observed rotation curves of dwarf galaxies with similar masses 
( M" ! 107 M") imply a diversity of central dark matter distributions 
(Oman et al. 2015 ); for example, dwarf galaxies such as Draco appear 
to have more cuspy haloes, while others such as Fornax have dark 
matter cores (e.g. Pascale et al. 2018 ; Read, Walker & Steger 2018 ). 
Proper inclusion of galaxy physics and changes to the properties of 
dark matter have both been proposed as potential explanations for 
the observed diversity in dwarf galaxy rotation curves. 

Although dark matter structure is dominated by gravity on cos- 
mological scales, galaxy formation and other baryonic processes 
become relevant on small scales. Dwarf galaxies are particularly 
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sensitive to baryonic feedback processes due to their low mass 
( M" < 109 M"). Stellar feedback in dwarf galaxies pushes gas out of 
the galaxy in energetic outflows which cause strong fluctuations in the 
gravitational potential. For non-adiabatic potential fluctuations and 
burst time-scales shorter than the local dynamical time, the impulsive 
gas mass loss will inject energy into the orbits of the stars and dark 
matter, causing the dwarf galaxy to expand and puff out in an effect 
known as dark matter heating (Collins & Read 2022 ). Feedback- 
induced core formation is most effective with multiple impulsive 
mass losses, and over an extended period, bursty star formation can 
reduce the central densities of dark matter haloes and turn cusps into 
cores (Read & Gilmore 2005 ; Mashchenko, Wadsley & Couchman 
2008 ; Governato et al. 2012 ; Pontzen & Governato 2012 ). 

However, the effects of baryonic physics also depend on the stellar 
mass of the galaxy. For low stellar mass fractions M" /Mhalo " 10−4 
(typically M" " 106 M"), the dark matter haloes match the cuspy 
Navarro-Frenk-White (NFW) profiles of dark-matter-only (DMO) 
simulations. Dark matter density profiles affected by baryonic 
processes only become more cored at higher stellar mass fractions, 
with peak core formation occurring in systems with M" /Mhalo ≈
3–5 × 10−3 (Di Cintio et al. 2014a ); these haloes are better described 
by dark matter profiles that have slopes that flatten at small radii 
(Lazar et al. 2020 ). 

The inclusion of full galaxy physics can resolve several challenges 
faced by DMO ! CDM simulations, but some tensions still remain; 
see Sales et al. ( 2022 ) for a full discussion of baryonic physics 
in cosmological models of dwarf galaxies. Even in simulations 
with baryons, reproducing a variety of rotation curves in a galaxy 
population remains a challenge for the ! CDM model (Kuzio de 
Naray & Spekkens 2011 ; Oman et al. 2015 ; Relatores et al. 2019 ; 
Santos-Santos et al. 2020 ; Roper et al. 2023 ), although active galactic 
nuclei may play a role in diversifying dwarf galaxy density profiles 
(Koudmani et al. 2025 ). 

Beyond baryonic solutions, modifications to ! CDM such as 
SIDM may resolve small-scale challenges while maintaining the 
large-scale success of the standard cosmological model. Elastic 
collisions between SIDM particles transfer heat to the inner region of 
the halo to create central thermalized cores (e.g. Spergel & Steinhardt 
2000 ; Kaplinghat, Tulin & Yu 2016 ; Tulin & Yu 2018 ). For an 
interaction cross-section per unit mass σ/m ∼ 1 cm 2 g−1 , this energy 
exchange reduces the central densities of dark matter haloes to form 
central constant-density dark matter cores (Vogelsberger, Zavala & 
Loeb 2012 ; Peter et al. 2013 ; Elbert et al. 2015 ; Fry et al. 2015 ). 
Higher cross-sections result in highly efficient heat transfer, causing 
gravothermal collapse (Kochanek & White 2000 ; Balberg, Shapiro 
& Inagaki 2002 ; Koda & Shapiro 2011 ), and resulting in a greater 
diversity of SIDM halo density profiles (Zeng et al. 2022 ; Yang, 
Nadler & Yu 2023 ; Roberts et al. 2025 ). In analytic models and 
N -body simulations, SIDM has been able to explain the diverse 
rotation curves of galaxies (Creasey et al. 2017 ; Kamada et al. 2017 ; 
Kaplinghat, Ren & Yu 2020 ; Correa et al. 2022 ) including the extreme 
cases of both Draco and Fornax (Sameie et al. 2020 ). For a review 
that discusses observational constraints on SIDM, see Adhikari et al. 
( 2022 ). 

While both feedback and SIDM may improve agreement with 
observations (Zentner et al. 2022 ), it can be difficult to distinguish 
between the effects of dark matter self-interactions and the effects 
of baryonic feedback. For simulations of Milky Way (MW)-mass 
galaxies, SIDM density profiles are sensitive to both baryonic 
concentration and self-interaction cross-section (Sameie et al. 2018 ). 
Recent cosmological simulations of MW-mass galaxies from the 
FIRE -2 project found that SIDM in simulations with baryons does 

not change the inner structure of MW-mass galaxies as much as 
SIDM-only models predicted (Vargya et al. 2022 ). For low-mass 
galaxies, Vogelsberger et al. ( 2014 ) and Fry et al. ( 2015 ) found 
no appreciable difference between CDM and SIDM predictions 
in simulations including baryonic physics of dwarf galaxies with 
M" ≈ 108 M". However, this stellar mass range has been identified 
as the mass range at which baryonic core formation is maximally 
efficient in dwarf galaxies (Di Cintio et al. 2014a ; Chan et al. 2015 ; 
Tollet et al. 2016 ), potentially obscuring which mechanism is driving 
core formation. Robles et al. ( 2017 ) show that the central densities of 
SIDM haloes in simulations with or without FIRE -2 baryonic physics 
are similar, indicating that SIDM central densities may be more 
robust to the inclusion of baryonic physics than CDM in low-mass 
galaxies. Distinguishing between the effects of baryons and self- 
interactions requires simulating below the stellar mass range at which 
baryonic feedback significantly affects the halo structure. Indeed, 
Robles et al. ( 2017 ) find that in four simulated galaxies less massive 
than M" " 3 × 106 M", SIDM forms cores and CDM forms cusps. 

In this work, we seek to distinguish between the predictions of 
two potential solutions to the central density problem. Due to their 
shallow potential wells, dwarf galaxies are particularly sensitive 
to both baryonic feedback and the assumed properties of dark 
matter, both of which affect the central densities of their dark matter 
haloes. We consider SIDM with elastic scattering with a velocity- 
independent cross-section per unit mass, σ/m , in simulations of 
haloes with 5 × 10−5 " M" /Mhalo " 10−3 , which is below the stellar 
mass fraction range for peak feedback-induced core formation, and 
in some cases is lower than the stellar mass threshold needed for the 
baryons to significantly affect the halo structure. We compare dark 
matter density profiles in eight simulations that include full baryonic 
physics with CDM and SIDM and consider the logarithmic slopes 
and analytical density profile fits to determine the differences. The 
different shapes of the density profiles are described using different 
analytical density profiles, including modified NFW (Navarro, Frenk 
& White 1996 ) and Einasto ( 1965 ) profiles. 

The paper is structured as follows: in Section 2 , we describe the 
simulations used, in Section 3 we explain the best-fitting analytical 
profiles and a comparison of the CDM and SIDM density profile 
slopes, and we conclude in Section 4 . 
2  M E T H O D S  
2.1 Simulations 
This analysis uses a suite of CDM simulations first presented in 
Fitts et al. ( 2017 ) as part of the Feedback in Realistic Environments 
( FIRE ) 1 project (Hopkins et al. 2014 ). A full description of these 
high resolution ( mbaryon = 500 M", mDM = 2500 M") cosmologi- 
cal zoom-in (O˜ norbe et al. 2014 ) simulations is given in Fitts 
et al. ( 2017 ). Isolated haloes are chosen to have virial masses of 
1010 M"( ±30 per cent ) at z = 0 and are required to be separated 
from more massive haloes by at least three times the virial radius of 
the more massive halo and by at least five times the virial radius 
of the target halo. This allows the internal baryonic physics to 
be studied separately from environmental effects. The simulated 
galaxies have stellar masses M" ≈ 105 –107 M", consistent with 
rough abundance matching estimates. Each CDM simulation has 
an analogous SIDM version with identical initial conditions and 
1 http://fire.northwestern.edu 
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identical physics except that dark matter particles have a self- 
interaction cross-section σ/m = 1 cm 2 g−1 , following the Rocha 
et al. ( 2013 ) implementation of SIDM; several of these SIDM runs 
were first described in Robles et al. ( 2017 ). 

Initial conditions are generated at z = 127 with MUSIC (Hahn 
& Abel 2011 ) assuming a consensus ! CDM cosmology with cos- 
mological parameters of h = 0 . 71, $! = 1 − $m = 0 . 734, $b = 
0 . 0449, ns = 0 . 963, and σ8 = 0 . 801. These parameters were orig- 
inally based on analysis of the seven-year WMAP data (Komatsu 
et al. 2011 ); recent Planck data (Planck Collaboration VI 2020 ) have 
resulted in slight parameter shifts that are unimportant for the results 
of this work. 

The simulations are evolved using GIZMO (Hopkins 2015 ); sim- 
ulations that include galaxy formation physics adopt the FIRE - 
2 model, which is described in detail in Hopkins et al. ( 2018 ). 
Briefly, gas cooling is solved with a standard implicit algorithm 
described in Hopkins et al. ( 2014 ) in which heating/cooling rates 
are computed from T = 10–1010 K using free-free, photoioniza- 
tion/recombination, Compton, photoelectric, metal line, molecular, 
fine-structure, dust collisional, and cosmic ray processes. Ionization 
states are tabulated from CLOUDY simulations including the effects of 
local radiation sources and a uniform but redshift-dependent back- 
ground (Faucher-Giguère et al. 2009 ). The star formation method 
uses a sink particle approach to form star particles from gas particles 
that are locally self-gravitating, self-shielding, Jeans unstable, and 
above a minimum density of 103 cm−3 . Once formed, star particles 
are treated as single stellar populations with known age, metallicity, 
and mass. Simulated feedback mechanisms include Type Ia and 
Type II supernovae, stellar winds, photoionization and photoelectric 
heating, and radiation pressure. Feedback quantities are calculated 
directly from standard stellar population models ( STARBURST99 ; 
Leitherer et al. 1999 ) without any subsequent adjustment or fine- 
tuning. The simulation suite used in this analysis uses the exact FIRE 
physics, source code, and numerical parameters as Hopkins et al. 
( 2018 ). Dark matter haloes are identified in post-processing using 
the halo finder ROCKSTAR (Behroozi, Wechsler & Wu 2012 ), which 
uses an adaptive hierarchical refinement of friends-of-friends groups 
in six phase-space dimensions and one time dimension for robust 
tracking of substructure. 

Each simulation with full FIRE -2 physics (for both CDM and 
SIDM) also has an analogous DMO version. The DMO simulations 
have identical initial conditions except with dark matter replacing 
the baryons, which increases individual particle masses by a factor 
of (1 − fb )−1 where fb ≡ $b /$m = 0 . 168 is the cosmic baryon 
fraction and the value for the cosmology used in these simulations. 
Quoted results for the DMO simulations use mp −→ (1 − fb ) mp and 
therefore ρ( r) −→ (1 − fb ) ρ( r). 
2.2 Characterizing dark matter haloes 
Dark matter haloes in the simulations are defined as spherical 
systems with virial radius rvir enclosing a region of average density 
&vir ( z) ρcrit ( z), where ρcrit = 3 H 2 ( z) / 8 πG is the critical density of 
the Universe at redshift z and &vir ( z) is the redshift-dependent virial 
overdensity defined by Bryan & Norman ( 1998 ). The halo centres 
are found by iteratively computing the centre of mass of the dark 
matter particles within a sphere, re-centring at the centre of mass, 
reducing the radius of the sphere, and computing the new centre of 
mass until the sphere contains less than one thousand particles. As 
numerical relaxation affects the innermost regions of the haloes, we 
adopt the Power et al. ( 2003 ) criterion for the convergence radius 
rconv . Simulations that include baryons can have better or worse 

Figure 1. Dark matter halo density profiles from FIRE -2 simulations with 
full baryonic physics for eight galaxies of increasing stellar mass (galaxy 
properties in Table A1 ). The solid lines show cold dark matter profiles 
(CDM + hydro) and the dashed lines show the analogous SIDM profiles 
(SIDM + hydro). The profiles begin at each halo’s convergence radius ( rconv ∼
0 . 2 kpc ) calculated using the method in Power et al. ( 2003 ). The central 
regions of CDM halo density profiles have shallower slopes (more cored) 
in galaxies with greater stellar masses due to the increased stellar feedback. 
At fixed stellar mass, the SIDM haloes have more cored inner densities than 
CDM haloes. 
convergence than their DMO analogues as convergence depends 
on the baryonic physics rather than the baryonic particles. For the 
simulations we consider, rconv is calculated using the Power criterion 
including both the dark matter and star particles, resulting in ! 1000 
enclosed dark matter particles. 

We construct spherically averaged density profiles of the dark 
matter haloes using 25 logarithmically spaced bins starting from the 
convergence radius and extending out to the virial radius of each 
halo. Fig. 1 shows the density profiles for each of the full physics 
simulations considered here, with line colour mapping to the stellar 
mass at z = 0. We then construct profiles of the logarithmic slope of 
the density profile (hereafter referred to as the logslope), 
κ( r ) ≡ (

d log ρ
d log r 

)
, (1) 

directly from the binned density profiles. We define the radius where 
κ first falls to a value of −X as r−X ; we will most often be interested 
in r−1 and r−2 , since r−1 is a non-parametric proxy for the core 
radius, and the distance or ratio between these two radii indicates how 
quickly a profile transitions with increasing radius from a shallow 
inner core to a steep outer profile. 
3  RESULTS  
3.1 Logslopes in SIDM versus CDM 
Fig. 1 shows the density profiles for every CDM (solid) and SIDM 
(dashed) run with full galaxy formation physics ( + hydro) considered 
here. The colour of each line indicates the stellar mass of its central 
galaxy, with lower masses in purple and higher masses in yellow. 
The densest haloes are all CDM versions, whereas the lowest density 
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Figure 2. Individual and averaged logarithmic slopes of the density profiles 
for CDM (blue) and SIDM (orange) haloes. Markers indicate where the 
logarithmic slopes of the density profiles are equal to −1 and −2. The distance 
between these two radii, r−1 and r−2 , provides a measure of how quickly 
the profiles transition from a steep outer profile to a shallow inner core. 
Comparing CDM and SIDM with baryonic physics ( + hydro; solid lines) 
and with dark matter only (DMO; dashed lines) shows that dark matter self- 
interactions shorten the distance between r−1 and r−2 more significantly than 
the inclusion of baryonic physics in CDM simulations. 
haloes are all SIDM. Haloes of intermediate central density can be 
either CDM or SIDM, but at a fixed stellar mass, the SIDM haloes 
are clearly distinguishable from CDM versions, as they have higher 
densities at larger radii and transition quickly to lower densities 
at smaller radii. This observation motivates a consideration of the 
logarithmic slopes of the density profiles in the two dark matter 
models. 

Fig. 2 shows the central result of this paper. Logarithmic density 
slopes are plotted as a function of radius for CDM (blue) and SIDM 
(orange) haloes, both DMO (dashed) and full galaxy formation 
physics (solid). In each case, the thick lines show averaged results; 
for the full galaxy formation physics runs, we also show the results 
of individual profiles in thin solid lines. The CDM DMO profiles 
have logslopes that transition gradually with decreasing radius from 
isothermal to (shallow) central cusps, while the SIDM DMO profiles 
transition quickly with radius from an outer region that matches the 
CDM slope to an inner cored profile. When adding galaxy formation 
physics, the CDM haloes show a quicker transition with radius to a 
shallower inner profile (solid blue), whereas the mean SIDM profile 
is unchanged relative to the DMO version (solid versus dashed orange 
lines). 

Thus, while both baryonic physics and self-interactions can lead to 
cores, the effects are, in principle, distinguishable: baryon-induced 
cores transition more slowly from a logslope of −1 to −2 compared 
to cores originating from self interactions. Furthermore, the typical 
dark matter profile in SIDM haloes is set almost entirely by self- 
interactions, with the physics of galaxy formation contributing (on 
average) very little: the dashed and solid orange lines are virtually 
identical in Fig. 2 . 

The left panel of Fig. 3 augments the results of Fig. 2 by showing 
the location of r−1 in each galaxy. As described in Fitts et al. 

( 2017 ), the stellar masses of the galaxies in our sample of haloes at 
fixed Mhalo = 1010 M" correlate with formation time, or alternately, 
with Vmax or concentration: earlier forming haloes have higher 
concentrations, higher Vmax values, and therefore deeper central 
potentials. We see this reflected in the CDM + hydro results (blue 
points): a deeper gravitational potential means more star formation, 
which leads to more effective density reduction by feedback and 
a larger value of r−1 . In the case of SIDM haloes, a higher initial 
central density leads to more self-scatterings; as a result, the haloes 
with deeper potentials have larger core radii in the SIDM DMO runs 
(open orange squares). 

The left panel of Fig. 3 also demonstrates that sizeable ( r > 
500 pc ) feedback-induced dark matter cores in the CDM runs develop 
only in the two galaxies with the highest stellar masses, while the 
other CDM profiles remain relatively cuspy. This is consistent with 
previous studies which have shown that feedback in the smallest 
galaxies does not significantly alter the cuspy DMO predictions 
(Di Cintio et al. 2014a ; Lazar et al. 2020 ). Their analogous SIDM 
haloes, however, predict cores for haloes even in galaxies with 
lower stellar masses. Interestingly, the r−1 values of the SIDM 
DMO runs tend to be slightly (∼10–15 per cent ) larger than 
those in the SIDM + hydro runs, indicating that feedback does have 
a small effect on SIDM haloes (and tends to soften the cores 
slightly). 

The right panel in Fig. 3 quantifies how quickly the profiles in the 
full physics runs transition from a logslope of −1 to a logslope of −2. 
The SIDM runs systematically transition more quickly, with a mean 
value of r−2 ≈ 3 r−1 ; for the CDM runs, we find an average value 
of r−2 ≈ 7 r−1 . Some of the most massive galaxies in SIDM have 
very rapid transitions, with profiles transitioning from a logslope of 
−1 to −2 while the radius changes by only a factor of 2. The CDM 
simulations exhibit a strong dependence on stellar mass, while the 
SIDM dependence is somewhat weaker. 

The difference in the density profile shapes between each 
CDM + hydro and its paired SIDM (or SIDM + hydro) run originates 
from the different physical processes heating the dark matter. In 
the case of CDM with full galaxy formation physics, Pontzen 
& Governato ( 2012 ) have demonstrated that repeated episodes of 
impulsive energy injection from star formation feedback leads to a 
slow net heating of dark matter at the centres of galaxies. This effect is 
gradual because it requires many bursts of star formation, and it is not 
sharply localized within the galaxy because (1) the galaxy ‘breathes’ 
as a result of the feedback (El-Badry et al. 2016 ) and (2) the orbits 
of dark matter particles have a wide mix of eccentricities (Diemand, 
Kuhlen & Madau 2007 ), meaning the heating affects particles with 
a range of orbit-averaged positions. 

On the other hand, the shape of SIDM cores is set by the interaction 
rate of the dark matter particles. The dense inner regions of the 
halo allow frequent interactions to keep the dark matter in thermal 
equilibrium, while interactions in the outer region of the halo are 
infrequent enough to be negligible. SIDM density profile shapes are 
well understood from isothermal Jeans modelling: Robertson et al. 
( 2021 ) found their properties can be accurately captured by a model 
that assumes an abrupt boundary between these two regions. This 
boundary is defined by the radius at which all dark matter particles 
within have interacted at least once within the approximate age of 
the halo and relates to the faster core to outer halo transition seen in 
our simulations in SIDM relative to CDM + hydro. Comparing DMO 
haloes of CDM and SIDM, we find that this radius approximately 
corresponds to the radius at which the SIDM density profile departs 
from the CDM profile and becomes more cored, around r−1 for the 
SIDM profile. 
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Figure 3. Left: The radius at which the logslope of the density profile is −1, r−1 , for eight FIRE -2 classical dwarf galaxy dark matter haloes simulated in 
CDM and SIDM with and without hydrodynamics. Both the self-interacting dark matter with baryons (SIDM + hydro; filled squares) and the dark-matter-only 
simulation of self-interacting dark matter (SIDM DMO; open squares, plotted at the stellar mass of the analogous SIDM + hydro runs) have higher values of r−1 
than cold dark matter (CDM + hydro; filled circles). Triangular markers indicate haloes in which the density profile logslope is steeper than −1 at all radii larger 
than the convergence radius, characteristic of a cuspy profile. With or without the inclusion of baryons, haloes of SIDM form larger cores than haloes of CDM. 
Right: The ratio between r−2 and r−1 for each halo. The smaller ratios for the SIDM profiles correspond to a shorter distance between the two radii, indicating 
a sharper transition in the density profile between the central core and outer envelope. 
3.2 Analytical profiles 
! CDM haloes of all masses in simulations with only collisionless 
dark matter are reasonably well described by the NFW double 
power law profile (Navarro et al. 1996 ). However, the innermost 
regions of simulated haloes deviate slightly but systematically to 
shallower logarithmic slopes, relative to the NFW profile (Navarro 
et al. 2004 , 2010 ). A somewhat better fit is obtained if the logarithmic 
slope of the density profile κ( r ) ≡ d log ρ/ d log r is assumed to vary 
continuously with radius: setting 
κ( r ) ≡ −2

(
r 

r−2 
)α

(2) 
results in the three-parameter Einasto ( 1965 ) profile 
ρEin ( r) = ρ−2 exp {− 2 

α

[(
r 

r−2 
)α

− 1
]}

, (3) 
with ρ−2 = ρ( r−2 ). Fixing α = 0 . 16 results in a good fit for typical 
haloes in DMO simulations (Navarro et al. 2004 ; Springel et al. 
2008 ), resulting in an improved two-parameter analytical density 
profile for DMO haloes relative to the NFW fit. 

To more accurately characterize haloes affected by baryonic 
feedback, other models based on these standard dark matter profiles 
add a third free parameter to allow for a defined constant-density 
core in the innermost resolved region of the halo. For example, 
Read, Agertz & Collins ( 2016 ) introduced the ‘core-NFW’ profile –
where the density profile smoothly transitions from an NFW profile 
at large radii to a shallower profile at smaller radii, with the amount 
of deviation from NFW depending on the star formation history 
(see also De Leo et al. 2024 for an updated empirical calibration of 
the core-NFW parameter n ). In a similar vein, and given the general 
better agreement between profiles in collisionless simulations and the 

Einasto profile (compared to NFW), Lazar et al. ( 2020 ) introduced 
a ‘core-Einasto’ profile that accounts for the effects of baryonic 
feedback in CDM haloes: 
ρcEin ( r) = ˜ ρs exp { 

− 2 
ˆ α
[ (

r + rc 
˜ rs 

) ˆ α
− 1

] } 
, (4) 

where rc is the dark matter core radius and ˜ rs and ˜ ρs are radius 
and density free parameters. Setting the shape parameter ˆ α = 0 . 16 
(Gao et al. 2008 ) results in a three-parameter fit. In our task of 
understanding which dark matter models have the potential to resolve 
the central density problem, this profile with its core radius parameter 
rc will identify whether a dark matter halo forms a core and determine 
the radius of that core. Since ˜ ρs becomes ρ−2 as rc approaches 0, the 
core-Einasto profile becomes a regular Einasto profile for haloes 
without a core. 

Another well-studied model related to the NFW profile is the 
general five-parameter αβγ -profile (Zhao 1996 ), which takes the 
form 
ραβγ ( r ) = ρs 

( r /rs )γs [ 1 + ( r/rs )αs ] ( βs −γs ) /αs , (5) 
where rs and ρs are the scale radius and scale density, the inner 
and outer regions of the halo are parametrized by the logarithmic 
slopes −γs and −βs , and αs again describes the rate at which the 
slope changes with radius between the inner and outer regions of the 
halo. Fixing βs = 2 . 5 and γs = 0 (Di Cintio et al. 2014b ) results in a 
three-parameter fit with free shape parameter αs . Here, we examine 
the agreement between our simulated density profiles and the core- 
Einasto profile or αβγ profile. 

Fig. 4 shows the CDM and SIDM density profiles of the m10h 
halo (solid lines) plotted with the core-Einasto fit for each profile 
(dashed lines) and the αβγ fit for the SIDM profile (dotted line). The 
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Figure 4. Density profiles and fitted analytical profiles (upper panel) and 
profile residuals (lower panel) for the CDM (blue) and SIDM (orange) 
versions of halo m10h simulated with full galaxy formation physics. The 
core-Einasto fit (dashed lines) does not change rapidly enough between the 
flatter inner region and the outer steep envelope to fit either the CDM or 
SIDM haloes, though it performs better with the cuspier CDM halo. The 
residuals show that the fit is worst at r ∼ 1 kpc in both cases, comparable to 
r−1 (marked with a diamond and vertical line). The αβγ profile fit (dotted 
line) shows an improved fit compared to the core-Einasto fit to the SIDM 
halo’s density profile. The more rapid transition enabled by the αs parameter 
allows a good fit of the αβγ profile to the SIDM profile at all radii. 
residuals shown in the lower panel of the plot show the deviations 
of the fits from the density profiles of the halo, revealing that the 
core-Einasto model fits the CDM simulation better than it fits the 
SIDM model. However, there is still a clear discrepancy in the fit 
at ∼1 kpc in both cases. By contrast, the αβγ profile provides an 
excellent fit at all radii even for the SIDM + hydro simulation, which 
is reflected in the smaller quality-of-fit Q value (Table A1 ). 

Fig. 5 demonstrates that all of the core-Einasto fits to the 
SIDM + hydro simulations of classical dwarf galaxies suffer from 
the same deviations: they underpredict the density near r−1 and 
overpredict it at smaller radii. This common feature across all 
simulations in this mass regime indicates a general shortcoming of 
the core-Einasto model: it is unable to replicate the relatively rapid 
transition from the outer power-law portion to the inner density core 
seen in the SIDM + hydro models. The same is true, albeit to a lesser 
extent, even when fitting to the CDM + hydro simulations, as Fig. 6 
demonstrates. The top panels of the figure show the residuals of the 
core-Einasto fits to CDM + hydro (left) and SIDM + hydro (right), and 

Figure 5. The core-Einasto residuals for the SIDM density profiles as a 
function of the radius scaled by r−1 . The residual averaged over all eight 
simulations is shown by the thick black line, while residuals of individual 
halo density profile fits are shown by lines with colours corresponding to 
stellar mass, as indicated by the colourbar to the right. The analytical core- 
Einasto profile, designed for feedback-affected haloes, fails to capture the 
sharp transition to a core found in the density profiles of SIDM haloes, 
particularly around r−1 , the radius at which the logslope is −1. 
in both cases, the core-Einasto fit has clear correlated deviations. The 
αβγ fit, on the other hand, is able to much more accurately capture 
the density profiles in both CDM + hydro (bottom left panel) and 
SIDM + hydro simulations (bottom right panel). This improvement 
can be quantified using using a quality-of-fit function 
Q2 = 1 

Nbins 
Nbins ∑ 
i= 1 [ln ρ( ri ) − ln ρmodel ( ri ) ]2 (6) 

as in Navarro et al. ( 2010 ); the Q values of the fits for core-Einasto 
and αβγ profiles for each simulation are presented in Table A1 . In 
each case – both for CDM and SIDM runs with hydrodynamics –
the αβγ profile fits at least as well as the core-Einasto, and in many 
cases, it fits significantly better. 

The reason for the improved fits using the αβγ profile is its 
inclusion of a shape parameter ( αs ). The form of the core-Einasto 
profile is such that the transition to a core must occur relatively 
slowly with decreasing radius. On the other hand, the αβγ profile 
can transition rapidly between a steeper outer envelope and a shallow 
inner core, better fitting the SIDM density profiles. Fig. 7 shows the 
best-fitting value of αs as a function of stellar mass M" . Higher values 
of αs indicate a faster transition with radius between the slopes of the 
inner and outer regions of the density profile. The figure demonstrates 
that the transition speed increases with stellar mass and is consistently 
higher for SIDM (both with baryons and in dark matter only) than 
in CDM. Moreover, even in CDM, the value of αs = 1 (as found in 
NFW) proves to be too large for the lower stellar mass systems and 
too small for the higher stellar mass systems. 

The systematic dependence of αs with stellar mass is intuitive for 
the CDM runs; for the SIDM runs, it is less obvious, as even the SIDM 
DMO runs show a trend. Rather than a true dependence on M" , it is 
likely the dependence in the SIDM case comes through a connection 
to the initial central density: as shown in Fitts et al. ( 2017 , 2019 ), there 
is a strong correlation between Vmax ( z = 0) and M" for this sample of 
simulated galaxies, meaning the haloes with higher central densities 
(and therefore more effective self-interactions) are the ones with 
sharper density profile changes and higher values of αs . Finally, we 
note that the SIDM DMO runs tend to have slightly larger values of 
αs than their paired SIDM-hydro versions, indicating a slightly faster 
transition from inner core to outer cusp. This finding is consistent 
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Figure 6. Profile residuals for CDM (left) and SIDM (right) for the core-Einasto profile (upper panels) and αβγ profile (lower panels). For each panel, the 
individual profile residuals are shown as coloured lines (with colour corresponding to the stellar mass indicated by the colourbar on the right), while the residual 
averaged over all simulations is shown in thick black. The core-Einasto profile (equation 4 ) provides an adequate fit to our simulations’ density profiles for 
feedback-affected CDM profiles but consistently fails to fit the shape of the corresponding SIDM profiles, with residuals of ∼20 per cent near 1 kpc (in the 
direction of the fit underpredicting the true density). The sharper turnovers of SIDM density profiles are better fit by the αβγ profile (equation 5 ), as the αs 
parameter gives the freedom to more rapidly transition from the inner core to the outer envelope. 

Figure 7. The best-fitting value for the shape parameter αs in the αβγ

profile (equation 5 ) as a function of stellar mass M" in CDM (circles) 
and SIDM (squares). SIDM DMO results are plotted at the stellar mass of 
the corresponding SIDM + hydro runs. Higher values of αs indicate sharper 
turnovers, or faster transitions with radius between the slopes of the inner 
and outer regions of the density profiles. The turnovers are increasingly sharp 
with higher stellar mass and consistently sharper for SIDM (with or without 
baryons) than CDM. 

with the results described above for r−1 , a further indication that 
feedback plays a small but non-zero role in establishing the density 
profiles of SIDM haloes and results in a slightly less abrupt transition 
from the core to the outer profile as compared to SIDM DMO. 
3.3 Dependence on self-interaction cross-section 
While our analysis has demonstrated a distinguishing feature in the 
density profiles of CDM and SIDM dark matter haloes, our analysis 
is limited to eight haloes and one cross-section, σ/m = 1 cm 2 g−1 . 
In order to investigate how these results are affected by different dark 
matter self-interaction cross-sections, we re-ran simulations of one 
halo (m10e, which lies in the middle of the range of stellar masses in 
our suite) in CDM and in SIDM with σ/m = 0 . 1 , 1 , and 10 cm 2 g−1 , 
hereafter referred to as SIDM0 . 1 , SIDM1 , and SIDM10 . These sim- 
ulations were run using the same initial conditions, resolution, and 
baryonic physics described in Fitts et al. ( 2017 ), and for consistency 
in comparing the dependence on self-interaction cross-section, all 
mentions of halo m10e in this paper refer to our re-runs of the 
simulation, rather than the simulation first presented in Fitts et al. 
( 2017 ). 

Density profiles for the dark matter distribution and stars for these 
SIDM runs are plotted in Fig. 8 , along with those for the CDM 
( σ/m = 0 cm 2 g−1 ) simulation. The features of the SIDM0 . 1 and 
SIDM10 density profiles are consistent with the trends seen when 
increasing σ/m from 0 to 1 cm 2 g−1 : the central dark matter density 
is reduced and the core radius is increased with increasing cross- 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/m
n
ra

s
/a

rtic
le

/d
o
i/1

0
.1

0
9
3
/m

n
ra

s
/s

ta
f1

5
3
9
/8

2
5
3
6
0
4
 b

y
 U

n
iv

e
rs

ity
 o

f T
e
x
a
s
 - A

u
s
tin

 u
s
e
r o

n
 0

6
 O

c
to

b
e
r 2

0
2
5



2002 M. C. Straight et al.

MNRAS 543, 1995–2005 (2025)

Figure 8. Left: Dark matter density profiles of halo m10e with different interaction cross-sections indicated by line colour. Increasing the interaction cross- 
section decreases the central density. The difference in the central density will also appear in the circular velocity profiles; however, even the two most extreme 
cross-sections lie within error bars of current observations. Right: The corresponding stellar density profiles show that higher interaction cross-sections result in 
a reduction in the central stellar densities, however this difference would be difficult to distinguish observationally given the scatter in central densities at fixed 
stellar mass seen in CDM. 
section. The value of r−1 , a proxy for core size, is 1 . 43 kpc in the 
SIDM10 run, approximately 1.6 times the value of 0 . 92 kpc from the 
SIDM1 simulation. The transition between the outer and inner profile 
is more abrupt as well: r−2 /r−1 ≈ 2 . 9 for SIDM10 as compared to 
r−2 /r−1 ≈ 3 . 8 for SIDM1 . We have also explored fitting core-Einasto 
and αβγ profiles to the SIDM0 . 1 and SIDM10 runs (with values listed 
in the bottom section of Table A1 ). The results paint a similar picture: 
the profile transition parameter αs is much larger in the SIDM10 case 
compared to the SIDM1 version, 1.61 versus 1.14, reinforcing the 
faster transition from core to outer profile. The SIDM0 . 1 simulation 
has a smaller value of αs = 0 . 55 αs = 0 . 90. In the stellar density 
profiles, the most prominent feature is the reduced value of the central 
stellar density with increasing cross-section (right panel of Fig. 8 ). 

In addition to the larger core and sharper turnover in SIDM10 
relative to SIDM1 , comparing the full baryonic physics version of 
SIDM10 to its DMO simulation reveals that the DMO version has 
slightly larger values of αs (2.1 versus 1.6) and r−1 (1.9 versus 
1.4 kpc) compared to the simulation with baryons. This is consistent 
with our finding that, while self-interactions dominate over galaxy 
formation physics in modifying the density profile relative to CDM 
DMO expectations, baryonic feedback causes some smoothing in the 
transition from the core to the outer profile. While a full exploration 
of cross-sections and halo masses is beyond the scope of this work, it 
would be valuable to map out at what cross-sections and halo masses 
galaxy formation physics dominates over self-interactions, and vice 
versa, in establishing the properties of density profiles for SIDM 
haloes. 
4  C O N C L U S I O N S  
The distribution of dark matter in dwarf galaxies is not fully 
understood, especially when it comes to the mismatch between higher 
central densities predicted by collisionless DMO simulations and the 

diversity of central dark matter densities implied from observations. 
This paper investigates simulations of two potential solutions to 
the central density problem: inclusion of baryonic physics and an 
alternative model of CDM with self-interactions. We focus on FIRE -2 
simulations of dwarf galaxies with 5 × 10−5 " M" /Mhalo " 10−3 , 
a stellar mass fraction range in which baryonic feedback does 
not significantly affect dark matter halo structure, according to 
simulations that use the FIRE feedback model (O˜ norbe et al. 2014 ; 
Chan et al. 2015 ; Robles et al. 2017 ; Lazar et al. 2020 ) and other 
models (Di Cintio et al. 2014b ; Tollet et al. 2016 ). 

At this stellar mass range, SIDM haloes with the self-interaction 
cross-section that is the primary focus of our study – σ/m = 
1 cm 2 g−1 – have lower central densities and are clearly distinguish- 
able from their CDM counterparts. The logslopes of the density 
profiles show that in comparison to CDM, SIDM profiles transition 
more quickly with increasing radius from a shallow central core to 
a steep outer profile. We find that this rapid transition with radius 
in the slope of the density profile for SIDM is better modelled by 
a three-parameter αβγ fit than by the three-parameter core-Einasto 
fit designed for halo profiles with feedback-induced cores. A shape 
parameter αs in the αβγ profile provides a better fit for SIDM profiles, 
and the higher best-fitting values of αs for SIDM also show a sharper 
turnover in SIDM than in CDM density profiles. 

While this paper focuses on self-interaction cross-sections of 
σ/m = 1 cm 2 g−1 , the behaviour noted here – lower central den- 
sities and faster transitions from shallow inner profiles to steep 
outer profiles compared to CDM – is expected to scale with the 
interaction rate , = ρdm v σ/m . Indeed, re-simulating an individ- 
ual halo (m10e) with hydrodynamics and a self-interaction cross- 
section of σ/m = 10 cm 2 g−1 revealed a larger core and a sharper 
transition than the lower interaction cross-section case. We expect 
this trend to continue with increasing cross-section values until 
core collapse commences (Elbert et al. 2015 ). This scaling also 
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gives an intuitive understanding of the faster inner to outer profile 
transition we note in SIDM haloes. Self-interaction rates depend 
on the local dark matter density, and the probability of interaction 
(and therefore of affecting the halo profile) changes rapidly with 
radius for SIDM haloes. By contrast, feedback-induced cores seen 
in CDM haloes rely on rapid potential fluctuations that drive gas 
motions, a process that is less sensitive to the local dark matter 
density. 

The differing predictions indicate the possibility of distinguishing 
between these two models of dark matter in this stellar mass 
range (5 × 10−5 " M" /Mhalo " 10−3 ) even subject to the baryonic 
physics operating in these galaxies. Due to complex dynamics and 
limited data, accurately modelling the dark matter distribution of 
dwarf galaxies from observations remains a challenge; constraining 
whether the centre of a halo is cored or cusped is especially difficult 
with data sets containing fewer than 10 000 stars (Chang & Necib 
2021 ). However, future surveys (Takada et al. 2014 ; Bundy et al. 
2019 ; The MSE Science Team et al. 2019 ) and improved modelling 
(e.g. Nguyen et al. 2023 ) may soon enable distinguishing between 
observations of dwarf galaxy haloes with central cusps and cores. 
With precise observations of dwarf galaxies, the results presented in 
this paper will help determine whether an inferred dark matter density 
profile is better explained by CDM or SIDM, thereby providing an 
important clue to the nature of dark matter. 
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density profiles at redshift z = 0. Further properties of these haloes 
at z = 0 can be found in Fitts et al. ( 2017 ). 
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Table A1. Best-fitting parameters for the core-Einasto (equation 4 ) and αβγ (equation 5 ) profile fits for CDM + hydro, SIDM + hydro ( σ/m = 1 cm2 g−1 ) 
haloes, and the m10e haloes with two additional self-interaction cross-sections (noted in the halo name column). Setting the shape parameter ˆ α = 0 . 16 in 
equation ( 4 ) results in a three parameter fit where where rc is the dark matter core radius and ˜ rs and ˜ ρs are radius and density free parameters. rc values 
less than ∼ 0 . 2 kpc indicate that the fitted core radius is smaller than the convergence radius. In the αβγ profile (equation 5 ), setting βs = 2 . 5 and γs = 0 
results in a three-parameter fit where αs describes the rate at which the slope changes with radius between the inner and outer regions of the halo, and rs 
and ρs are the scale radius and scale density. The quality-of-fit Q is given by equation ( 6 ). 

core-Einasto αβγ

CDM halo M" [M"] rc [kpc] ˜ rs [kpc] ˜ ρs [M" kpc −3 ] QcEin αs rs [kpc] ρs [M" kpc −3 ] Qαβγ

m10b 4.7 × 105 0.00 4.21 1.3 × 106 0.107 0.69 0.37 9.2 × 108 0.070 
m10c 5.7 × 105 0.03 5.07 7.9 × 105 0.086 0.74 0.57 3.2 × 108 0.082 
m10d 1.5 × 106 0.00 3.83 1.5 × 106 0.078 0.74 0.38 7.8 × 108 0.083 
m10e 2.0 × 106 0.05 6.01 5.8 × 105 0.069 0.71 0.66 2.7 × 108 0.043 
m10f 4.1 × 106 0.14 2.46 4.9 × 106 0.112 1.27 0.64 1.8 × 108 0.129 
m10h 7.8 × 106 0.18 3.51 2.8 × 106 0.101 1.11 0.79 1.5 × 108 0.040 
m10k 1.0 × 107 0.65 2.30 8.8 × 106 0.087 1.56 1.20 4.8 × 107 0.090 
m10m 1.4 × 107 0.61 2.00 1.3 × 107 0.102 1.68 1.09 5.9 × 107 0.130 
SIDM halo 
m10b 4.2 × 105 0.12 3.75 1.8 × 106 0.144 1.06 0.75 1.3 × 108 0.095 
m10c 8.2 × 105 0.23 4.05 1.4 × 106 0.120 1.06 0.94 7.8 × 107 0.058 
m10d 1.3 × 106 0.33 2.54 4.6 × 106 0.119 1.40 0.92 7.0 × 107 0.105 
m10e 2.0 × 106 0.44 4.49 1.3 × 106 0.133 1.14 1.31 3.8 × 107 0.061 
m10f 5.0 × 106 0.39 1.91 1.1 × 107 0.196 2.13 0.94 6.3 × 107 0.101 
m10h 1.1 × 107 0.58 2.52 7.4 × 106 0.149 1.67 1.21 4.9 × 107 0.039 
m10k 1.2 × 107 1.24 1.55 3.1 × 107 0.146 2.27 1.54 2.5 × 107 0.086 
m10m 7.7 × 106 0.82 1.82 1.8 × 107 0.123 1.91 1.27 4.1 × 107 0.119 
m10e 0.1 2.0 × 106 0.20 5.18 8.6 × 105 0.085 0.90 0.95 9.2 × 107 0.033 
m10e 10 1.3 × 106 1.03 3.14 3.7 × 106 0.162 1.61 1.81 1.6 × 107 0.052 

This paper has been typeset from a TE X/LA TE X file prepared by the author. 
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