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In this paper, we extend previous works on the relation between mass and the inner slope in dark matter density
profiles. We calculate that relation in the mass range going from dwarf galaxies to cluster of galaxies. This was
done thanks to a modeling of energy transfer via SN and AGN feedback, as well as via dynamical friction of
baryon clumps. We show that, in the mass range above galaxy masses (Groups and clusters), the inner slope-
mass relation changes its trend. It flattens (towards less cuspy profile) around masses corresponding to groups
of galaxies and steepens again for large galaxy cluster masses. The flattening is produced by the AGN outflows
(AGN feedback). The one-σ scatter on α is approximately constant in all the mass range (∆α ' 0.3). This
is the first paper extending the inner density profile slope-mass relationship to clusters of galaxies, accounting
for the role of baryons. The result can be used to obtain a complete density profile, also taking baryons into
account. Such kind of density profile was previously only available for galaxies.
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I. INTRODUCTION

The content of the Universe is clearly not reduced to or-
dinary baryonic matter, as seen in the gravitational effects at
the cosmological level [1], mixed with astrophysical scale ef-
fects [2, 3], where observations strongly point towards non-
baryonic mass/energy domination of mass content by a clus-
tering component coined dark matter (DM). Cosmological ob-
servations of the Universe’s accelerated expansion [4, 5] fur-
ther indicate overall domination by the component responsible
for this acceleration called dark energy (DE).

The baryonic, DM and DE densities are measured to make
up, respectively, 4.9%, 26.4% and 68.7% of our Universe.

Our most successful model for such universe, based on the
big-bang cosmology, uses the cosmological constant Λ as DE
and describes the rest with five further parameters. Desig-
nated as the ΛCDM (Cold DM with Λ) model, this paradigm,
although it was very successful to explain many phenomena,
as found in numerous studies including [3, 6–10], remains
plagued with unexpected discrepancies compared with spe-
cific observations, as well as theoretical challenges: the deep
theoretical challenges include what is known as the cosmolog-
ical constant problems [11, 12], related also to the unknown
natures of DE [13–15] and DM. From an observational per-
spective, anomalies accumulate at the large scales, in tensions
of the Cosmic Microwave Background (CMB) Planck 2015
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data with the Hubble parameter measured in type Ia Super-
Novae (SNIa, or simply SN) [16], with the CFHTLenS weak
lensing [17], or with its σ8 values [18]. At small scales,
they are embodied within the so-called ”small scale problems”
[galactic, and centre of galaxy clusters scales, discussed, e.g.,
in 3, 19–25]. They comprise a) the anomalous gap between
observations and N-body simulations predictions on the num-
ber of galactic subhaloes [e.g. 26]; b) the so-called Too-Big–
To-Fail (TBTF) problem: simulated haloes produce too many,
too massive and dense subhaloes, that cannot be disrupted to
explain their absence in observations [27, 28].
Those two problems found a proposal for a unified solution,
based on the effect of baryons within the haloes’ inner parts
[29, 30].
c) the Cusp/Core problem remains the most persistent of the

ΛCDM paradigm problems [31, 32] and points at the inconsis-
tency between LSBs and dwarf galaxies observed flat density
profiles and the cuspy profiles produced in N-body simula-
tions, e.g. the Navarro-Frenk-White (NFW) profile [33–35].

This paper will focus on the so-called Cusp/Core problem.
The density profiles from simulations already are subjects of
discussions, focussing on the slopes for the inner region of
haloes: the NFW profile predicts an inner profile characterised
by density ρ ∝ rα, with α = −1, [36] and [37] produced even
steeper profiles, with α = −1.5, while other works encounter
object and/or even mass dependent inner slopes [38–46]. The
Einasto profile, flattening towards the centre to α ' −0.8 [47]
seems to provide a better fit to simulations [48]. The claim
of universal density profiles have been contradicted in [49],
where their initial linear density perturbation power spectra
determine their shape, which also depend on their mass. This
mass dependence agrees with previous works and with pos-
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sible cores development in the warm DM (WDM) paradigm,
however not significantly enough to explain observations.

In this debated context for the inner slope of haloes, the
Cusp/Core problem resides in that dissipationless N-body
simulations smallest predicted inner slopes exceed those ob-
tained from SPH simulations [50, 51], semi-analytical models
[52–56], or observations [57–62].

Although the Cusp/Core discussion started from galaxy
scale haloes, it also has impact at galaxy clusters scales. Even
though clusters total mass profiles agree with NFW predic-
tions [22, 23, 63–65], lensing and kinematics constraints ap-
plied in relaxed clusters’ central cD galaxies (Brightest Cen-
tral Galaxies, BCG) found flatter DM profiles than the NFW.

The simple dynamical structure (bulgeless disks) of dwarf
galaxies and their DM domination with low baryon fraction
[66] made them widely used in the Cusp/Core debate, as the
determination of the inner density structure of larger, high sur-
face brightness (HSB) objects is more complicated and the
universality of galaxies’ cored nature is not definitely estab-
lished: some authors claim HSBs are cored [67] when others
differ [e.g., 21, 45, 68–70]. While low luminosity galaxies,
MB > −19, in the THINGS sample, tend to follow isother-
mal (ISO) profiles, cuspy or cored profiles describe equally
well its galaxies with MB < −19. The inner profile of
dwarfs galaxies also varies [68]: among NGC 2976, 4605,
5949, 5693, and 6689, it ranges from 0 (NGC2976) to -1.28
(NGC5963). The confusion increases when noting that simi-
lar techniques on the same object yield different results: for,
e.g., NGC2976, [71] obtained −0.17 < α < −0.01 for the
DM slope, while [72] got α = −0.90 ± 0.15, [73] traced
α = −0.53 ± 0.14 with stars, or α = −0.30 ± 0.18 was
derived using gas by [73].

This discussion reveals the difficulties associated with
galaxies inner slope determination, including for dwarfs. It
shows the existence of a range of slopes and the lack of
agreement on their distribution despite recent kinematic maps
[62, 68, 73].

The confusion increases further for smaller masses (e.g.
dwarf spheroidals (dSphs)) and larger masses (e.g., spiral
galaxies), where stars dominate1, when biases enter models
[74] and yields opposite outcomes.

Evaluation of central slopes of dSphs can employ different
methods: as mass and stellar orbits anisotropy are degener-
ate in the spherical Jean’s equation model, its results strongly
depend on the model’s assumptions [75]; a similar draw-
back also plaguing the maximum likelihood method applied to
Jean’s model parameter space [76–78]. Schwarzschild mod-
elling found cored profiles for the Fornax and Sculptor pro-
files [79–82], in agreement with multiple stellar populations
methods that can measure central slopes at ' 1 kpc (For-
nax) and even ' 500 pc (Sculptor) [83–86]. However the
Schwarzschild model applied to Draco found a cusp [82]. In
general, there is not consensus on the inner structure of dSphs.
A recent paper [87] found different, and cuspier, halo density

1 See Section V for a wider discussion.

profiles than previous estimates. Similarly, [88] showed that
for Fornax, considered for a long time to harbour a 1 kpc core,
a cuspy dark matter halo is probably not excluded.

Although dSphs can thus either be cored or cusped, their
DM dominated dynamics should yield cuspy central profiles,
at least for smaller masses.

Given observations, two kinds of approaches could solve
the Cusp/Core problem:

1) cosmological solutions, comprising

(a) modified small scale initial spectrum [e.g. 89],

(b) various DM particles nature [90–95],

(c) modified gravity theories, e.g., f(R) [96, 97],
f(T ) [see 98–101] or MOND [102, 103].

2) Astrophysical solutions, that reduce galaxies’ inner
density from DM component expansion induced by
some ”heating” mechanism, such as

(a) “supernovae feedback“ cusp flattening (SNF) [50,
51, 104–111],

(b) ”dynamical friction from baryonic clumps”
(DFBC) [52, 112–120].

We will concentrate here in the astrophysical solutions 2),
and in particular in the DFBC 2)b, discussed further in the
following sections.

The SNF model has been studied in a large number of pa-
pers, and has been shown to be most effective for galaxies
smaller that the Milky Way [50, 51, 104, 121–123].

Although successful in some cases, the SNF model is less
so in others. Its effects depend, among other things, on the na-
ture of star formation. For instance, for the SNF, cosmological
simulations with lower density thresholds for star formation,
e.g. APOSTLE and Auriga [124], do not produce DM cores.
Furthermore, the THINGS galaxies [69, 125] density profiles
[61, 62, 126] agreed with the [50] SNF model, while simula-
tions of both disk galaxies and dwarfs from [127], including
the SNF model along with feedback from massive stars ra-
diation pressure, found radiation pressure to dominate SNF
effects in core formation, so SNF alone cannot form cores.
In general, the SNF as possible solution to ΛCDM small
scale problems has been questioned in many works [128–
132]. Core formation is also influenced by the ratio of DM
halo growth time to star formation time. Mergers happening
after core formation can rejuvenate a cusp [133].

Other papers, such as [134], claim an agreement between
galaxies characteristics and simulations. [134] tested the pre-
diction of [46] that claims core formation when theM∗/Mhalo

ratio between the stellar and halo masses is of the order or
smaller than 0.01, while at larger values, SNF leads DM to
expand, again tending to give rise to a core. The flattest pro-
file forms when M∗/Mhalo ' 5× 10−3. For larger ratios, the
structure’s central stellar component deepens the gravitational
potential, opposing the SNF driven expansion, resulting in a
cuspier profiles. [122], using the FIRE-1 suite, and [123], by
means of the NIHAO suite, confirmed the [46] result.
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The work of [123] was extended by [135] to include black
hole (BH) feedback, determining the mass-slope relation over
eight order in magnitudes in stellar mass. [136] compared
the ability of the SNF and he DFBC mechanisms to solve
the Cusp/Core problem through their theoretical predictions
vs observations of the inner slopes of galaxies confrontation,
with masses ranging from dSphs to normal spirals. It found
both mechanisms to give similar results. The DFBC achieve-
ments, summarised hereafter, are also described in Sec. II. It
predicted the correct shape of galaxy density profiles [52, 137]
in agreement with [50, 51] SPH simulations. Similarly in
the case of clusters, the density profile in [54] matches pre-
dictions from the profiles simulated by [138]. Furthermore,
several galaxy clusters predictions from [54] are in agree-
ment with the observations in [22, 23]. The work in [42]
had already found the dependence of the inner slope on mass
claimed later by [46]. Such slope-mass dependence had been
reported over masses ranging from dwarf galaxies to clusters
[3, 42, 52, 54, 55]. The DFBC model found a series of addi-
tional correlations such as between
a) inner slope and 1) the baryon to halo mass ratioMb/M500

2

2) angular momentum3

as seen in [55], while, in agreement with [22, 23], the in-
ner slope also correlates with 3) the Brightest Cluster Galaxy
(BCG) mass, 4) the core radius rcore, 5) the effective radius
Re, and
b) between the DM dominated mass inside 100 kpc, and the

mainly baryonic [140] mass inside 5 kpc.
Ref. [123] confirmed the results of [46], and extended it to

redshift z = 1. The FIRE-2 galaxy formation physics simu-
lated 54 galaxy halos, which CDM density profiles were ana-
lyzed in [141]. Ref. [135] added 46 new high resolution sim-
ulations of massive galaxies, including BH feedback, to the
work of [123]. This allowed to trace the DM halo inner slope
dependence from galaxies to groups of galaxies.

In this context, [42] showed the halo density profiles in-
ner slope of spiral galaxies depend on their mass. That re-
sult was extended in [136] to spheroidal galaxies. For dSphs
with baryonic mass smaller than 109M�, the DM halo den-
sity profile was shown to steepen towards smaller masses.
The slope shows a maximum flattening at ' 109M�, be-
fore steepening again for larger masses. A similar depen-
dence was reported by [46], which work was extended by
[123, 135, 141]. The NIHAO and FIRE results were com-
pared in [87, Fig. 6] for the slope-mass relation [also see 141,
Fig. 2]. The [141] slope-mass relation exclusively concerned
galaxies, while only [135] extended it to groups of galaxies.
In this paper, we aim to extend that study to galaxy clusters,
including AGN feedback effects. That purpose will lead us to
improve and extend the [136] model, using the [25] model for
AGN feedback. Building a dwarf galaxies-cluster size halo
mass range, including DM and baryonic effects, will enable
for the first time the construction of a mass-dependent DM

2 Recall R500 encloses 500 times the critical density and a mass M500.
3 Larger mass structure collapse is reduced since their acquired angular mo-

mentum follows the peak height in inverse proportion [52, 139].

density profile set. Recall that the [46] profiles only concerned
galaxies.

This paper aims to extend some of the results of
[136], namely those related to the slope-mass relationship.
Ref. [136], among other results, showed how the slope of the
inner DM density profile depends on baryonic and halo mass.

The mass range studied went from dwarf galaxies to galax-
ies similar to our Galaxy. The present paper extends that range
to clusters of galaxy masses. To date, halo density profile tak-
ing baryons into account are only available for galaxies with
mass similar to the Milky Way’s.

The importance of the present results lies in the possibility
it opens to compare the observed slopes of dwarf, and ultra
faint galaxies, and thus discriminate which mechanism gives
rise to the inner structure of those galaxies. Indeed, the slope
of our model shows a maximum flattening at stellar masses
' 108M�. At smaller masses the steepening reaches a value
of α ' −0.6 at Mstar ' 104M�. Such steepening at small
masses is smaller that in the case of models based on super-
novae feedback, such as [46, 123]. In other words, the model
predicts that dwarf galaxies are less cuspy than predicted by
[46, 123]. Consequently, dwarf, or ultra-faint galaxies with a
almost cored profile means that the DFBC mechanism is the
responsible of the core formation, while a cuspy profile im-
plies that supernovae feedback has the main role in the cusp
formation.

The paper is organized as follows. In Sec. II we describe the
model that we will use, which implementation is summarised
in Sec. III. Sec. IV discusses SNF and the DFBC mechanisms.
Secs. V and VI are devoted to results and conclusions, respec-
tively.

II. THEORETICAL MODEL

This section recalls the model employed in this work. The
spherical collapse models [142–147] was very significant im-
proved in [e.g. 52, 137] to include the effects of
− random angular momentum induced by random motion

during the collapse phase of haloes [e.g., 145, 147],
− ordered angular momentum induced by tidal torques [e.g.,

19, 148, 149],
and was furthered to include the consequences of
− adiabatic contraction [e.g., 150–153],
− dynamical friction between DM and baryonic gas and stel-

lar clumps [52, 112–114, 116–120],
− gas cooling, star formation, photoionization, supernova,

and AGN feedback [138, 154, 155] and
− DE [13–15],
and was further refined in [56, 136, 156, 157]. This model
produced results on
� the universality of density profiles [42, 44],
� specific features of density profiles in
· galaxies [3, 54] and
· clusters [3, 55],

as well as a focus on
� galaxies inner surface-density [45].
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Although the model’s key mechanism resides in dynamical
friction (DFBC), we stress out that it includes all of the above
effects (including SNF) that each only contribute at the level
of some %.

Its implementation occurs in several stages:

1. The diffuse proto-structure of gas and DM expands, in
the linear phase, to a maximum radius before DM re-
collapses into a potential well, where baryons will fall.

2. In their radiative clumping, baryons form stars at the
halo centre.

3. Then four effects happen in parallel

(a) the DM central cusp increases from baryons adia-
batic contraction (at z ' 5 in the case of 109M�
galaxies [52])

(b) the galactic centre also receive clumps that col-
lapse from baryons-DM dynamical friction (DF)

(c) the DF energy and angular momentum (AM)
transfer to DM [and stars 106, 121, 158] results
in an opposite effect to adiabatic contraction, and
reduces the halo central density [112, 113].

(d) the balance between adiabatic contraction and DF
can result in heating cusps and forming cores, i.e.
in dwarf spheroidals and spirals, while the deeper
potential wells of giant galaxies keeps their profile
steeper.

4. The effect of DF adds to that of tidal torques (ordered
AM), and random AM.

5. Finally, the core further slightly (few percent) enlarges
from the decrease of stellar density due to successive
gas expulsion from supernovae explosions, and from
the disruption of the smallest gas clumps, once they
have partially converted to stars [see 120].

II.1. Model treatment of density profile

Starting from a Hubble expansion, the spherical model of
density perturbations expands linearly until reaching a turn-
around maximum and reverting into collapse [159, 160]. A
Lagrange particle approach yields the final density profile

ρ(x) =
ρta(xm)

f(xi)3

[
1 +

d ln f(xi)

d ln g(xi)

]−1

, (1)

with initial and turn-around radius, resp. xi and xm(xi),
collapse factor f(xi) = x/xm(xi), and turnaround density
ρta(xm). The turn-around radius is obtained with

xm = g(xi) = xi
1 + δi

δi − (Ω−1
i − 1)

, (2)

where we used Ωi for the density parameter, and δi for the
average overdensity inside a DM and baryons shell.

The model starts with all baryons in gas form with fb =
0.17 ± 0.01 for the ”universal baryon fraction“ [161] [set to
0.167 in 7], before star formation proceeds as described below.

Tidal torque theory (TTT) allows to compute the ”specific
ordered angular momentum“, h, exerted on smaller scales
from larger scales tidal torques [148, 162–165], while the
”random angular momentum“, j, is related to orbits eccen-
tricity e =

(
rmin

rmax

)
[166], obtained from the apocentric radius

rmax, the pericentric radius rmin and corrected from the sys-
tem’s dynamical state effects advocated by [146], using the
spherically averaged turnaround radius rta = xm(xi) and the
maximum radius of the halo rmax < 0.1rta

e(rmax) ' 0.8

(
rmax

rta

)0.1

. (3)

These corrections to the density profile are compounded
also with its steepening from the adiabatic compression fol-
lowing [151] and the effect of DF introduced in the equation
of motion by a DF force [see 52, Eq. A14].

II.2. Effects of baryons, discs, and clumps

The baryon gas halo settles into a stable, rotationally sup-
ported, disk, in the case of spiral galaxies. Their size and mass
result from solving the equation of motion, and lead to a so-
lution of the angular momentum catastrophe (AMC) [Section
3.2, Fig. 3, and 4 of 3], obtaining realistic disc size and mass.

Notwithstanding stabilization from the shear force, Jean’s
criterion shows the appearance of instability for denser discs.
The condition for this appearance and subsequent clump for-
mation was found by Toomre [167], involving the 1-D ve-
locity dispersion σ,4 angular velocity Ω, surface density Σ,
related to the adiabatic sound speed cs, and the epicyclic fre-
quency κ

Q ' σΩ/(πGΣ) =
csκ

πGΣ
< 1 . (4)

The solution to the perturbation dispersion relation dω2/dk =
0 forQ < 1 yields the fastest growing mode kinst = πGΣ

c2s
(see

[168] or [120, Eq. 6]). That condition allows to compute the
clumps radii in galaxies [169]

R ' 7GΣ/Ω2 ' 1kpc . (5)

Marginally unstable discs (Q ' 1) with maximal velocity dis-
persion have a total mass three times larger than that of the
cold disc, and form clumps ' 10 % of their disk mass Md

[170].
Objects of masses few times 1010 M�, found in 5 ×

1011M� haloes at z ' 2, are in a marginally unstable phase
for ' 1 Gyr. Generally the main properties of clumps are
similar to those found by [171].

4 ' 20− 80 km/s in most clump hosting galaxies
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In agreement with [52, 114–120, 172], energy and AM
transfer from clumps to DM flatten the profile more efficiently
in smaller haloes.

II.2.1. Computing the clumps life-time

Evidence for existence of the clumps produced by the
model can be traced both in simulations [e.g., 173–179], and
observations. High redshift galaxies have been found to con-
tain clump clusters or clumpy structures that leads to call
them chain galaxies [e.g., 180–182]. The HST Ultra Deep
Field encompasses galaxies with massive star-forming clumps
[183, 184], many at z = 1 − 3 [185], some in deeper fields
z > 6 [186].

Such clumpy structures are expected to originate from
self-gravity instability in very gas-rich disc, from radiative
cooling in the accreting dense gas [e.g., 171, 173, 187–189].
Their effect on halo central density depend crucially on
the clump lifetime: should their disruption through stellar
feedback still allow them sufficient time to sink to the galaxy
centre, they can turn a cusp into a core. A clump’s ability
to form a bound stellar system is assessed through its stellar
feedback mass fraction loss, ef , and its formed stars mass
fraction, ε = 1− ef . Simulations and analytical models agree
that most of the mass of such group of stars will remain bound
for ε ≥ 0.5 [190]. The radiation feedback efficiency can
be estimated, using a) the dimensionless star-formation rate
efficiency εeff = Ṁ∗

M/tff
. This is simply the ratio between

free-fall time, tff , and the depletion time for a stellar mass
M?. In its reduced version it reads εeff ,−2 = εeff/0.01,
b) the reduced dimensionless surface density Σ1 = Σ

0.1g/cm2 ,
and c) the dimensionless reduced mass M9 = M/109M�,
to obtain the expulsion fraction ef = 1 − ε =

0.086(Σ1M9)−1/4εeff ,−2 [169]. Ref. [191] estimated, for a
large sample of environments, densities, size and scales, that
εeff ' 0.01. Furthermore, ef = 0.15 and ε = 0.85 for
typical clumps with masses M ' 109M�. Therefore, the
clump mass loss before they reach the centre of the galac-
tic halo should be small. However, such conclusion and the
expulsion fraction method are valid for smaller, more com-
pact clumps in smaller galaxies. Such context only produces
clumps that survive all the way to the centre.

Alternately, comparing a clump lifetime to its migration
time to the centre, one can also obtain clump disruption. Mi-
gration time is the result of DF and TTT: for a 109M� clump,
it yields ' 200 Myrs [see Eq. 1 of 120, 182, Eq. 18]. Co-
incidents expansion and migration timescales were computed
from the Sedov-Taylor solution [182, Eqs. 8,9].

Clump lifetime has been much studied. Ceverino et al.,
finding clumps in Jean’s equilibrium and rotational support,
from hydrodynamical simulations [173], construed their long
lifetime (' 2 × 108 Myr). This agrees with several ap-
proaches: in local systems forming stars and coinciding
with the Kennicutt-Schmidt law, [169] found such lifetimes.
This is because as clumps retained gas, and formed bound
star groups, they had time to migrate to the galactic cen-

tre. Simulations from [192] confirmed it. Other simulations
with proper account of stellar feedback, e.g. non-thermal
and radiative feedback mechanisms, also obtained long-lived
clumps reaching galactic centre [SNF, radiation pressure, etc
175, 176, 178]. Finally, the same was obtained with any rea-
sonable amount of feedback [174]. The expansion, gas expul-
sion, and metal enrichment, time scales (respectively > 100
Myrs, 170-1600 Myrs, and ' 200 Myrs) obtained by [182] to
estimate clump ages also bring strong evidence for long-lived
clumps. Lastly, comparison between similar low and high red-
shift clumps observations [in radius, mass, 193–195] supports
clump stability.

II.3. Model treatment of feedback and star formation

Star formation, reionisation, gas cooling, and SNF in the
model are built along [154, 155, Secs. 2.2.2 and 2.2.3].

Reionisation acts for z = 11.5−15 by decreasing the baryon
fraction as

fb,halo(z,Mvir) =
fb

[1 + 0.26MF(z)/Mvir]3
, (6)

[155], using the virial mass,Mvir, and the “filtering
mass” [see 196], MF.

Gas cooling follows from a cooling flow model [e.g., 155,
197, see Sect. 2.2.2].

Star formation arises from gas conversion into stars when it
has settled in a disk. The gas mass conversion into stars
during a given time interval ∆t, which we take as the
disc dynamical time tdyn, is given by

∆M∗ = ψ∆t , (7)

where the star formation rate ψ comes from the gas
mass above the density threshold n > 9.3/cm3 [fixed
as in 46] according to [see 154, for more details]

ψ = 0.03Msf/tdyn . (8)

SNF follows [198], where SN explosions inject energy in the
system. This energy can be calculated from a Chabrier
IMF [199], using
− the disc gas reheating energy efficiency εhalo,
− the available star mass ∆M∗,
− that mass conversion into SN measured with the SN

number per solar mass as ηSN = 8× 10−3/M�, and
− the typical energy an SN explosion releases ESN =

1051 erg,
to obtain

∆ESN = 0.5εhalo∆M∗ηSNESN . (9)

This released energy from SNs into the hot halo gas in
the form of reheated disk gas then compares with the re-
heating energy ∆Ehot which that same amount of gas
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should acquire if its injection in the halo should keep its
specific energy constant, that is if the new gas would re-
main at equilibrium with the halo hot gas. That amount
of disk gas the SN and stars radiation have reheated,
∆Mreheat, since it is produced from stars radiations, is
proportional to their mass

∆Mreheat = 3.5∆M∗ . (10)

Since the halo hot gas specific energy corresponds to the
Virial equilibrium specific kinetic energy V 2

vir

2 , keeping
this energy constant under addition of that reheated gas
leads to define the equilibrium reheating energy as

∆Ehot = 0.5∆MreheatV
2
vir . (11)

The comparison with the actual energy of the gas in-
jected from the disk into the halo by SNs gives the
threshold (∆ESN > ∆Ehot) beyond which gas is ex-
pelled, the available energy to expel the reheated gas,
and thus the amount of gas ejected from that extra en-
ergy

∆Meject =
∆ESN −∆Ehot

0.5V 2
vir

. (12)

Contrary to SNF based models such as [46], our mech-
anism for cusp flattening initiates before the star forma-
tion epoch. Since it uses a gravitational energy source,
it is thus less limited in available time and energy. Only
after DF shapes the core can Stellar and SN feedback
occurs, which then disrupt gas clouds in the core [simi-
larly to 120].

AGN feedback occurs when a central Super-Massive-Black-
Hole (SMBH) is formed. We follow the prescriptions
of [138, 200], modifying the [201] model for SMBH
mass accretion and AGN feedback: a seed 105 M�
SMBH forms when stellar density, reduced gas den-
sity (ρgas/10) and 3D velocity dispersion exceed the
thresholds 2.4 × 106M�/kpc3 and 100 km/s, which
then accretes. Significant AGN quenching starts above
M ' 6× 1011M� [202].

II.4. Model robustness

We point out that the model demonstrated its robustness in
various behaviours:

α. the cusp flattening from DM heating by collapsing bary-
onic clumps predicted for galaxies and clusters is in
agreement with following studies [112, 113, 116–120].
A comparison with [50]’s SPH simulations was made
in [44, Fig. 4].

β. it aforetime predicted the correct shape of galaxies den-
sity profiles [52, 137], ahead of SPH simulations of

[50, 51], and of clusters density profiles [55] anteriorly
of [203]. 5

γ. it aforetime predicted the halo mass dependence of
cusps inner slope [42, Fig. 2a solid line] beforehand the
similar result in the non-extrapolated part of the plot in
[46, Fig. 6], expressed in terms of Vc, as it corresponds
to 2.8× 10−2M0.316

vir [204].

δ. it also preceded [46] in predicting [see 55] that the inner
slope depends on the total baryonic content to total mass
ratio.

ε. Fig. 6 in [46] compares well with the inner slope change
with mass of [156, Fig. 2].

ζ. it moreover provides a comparison of the Tully-Fisher
and Faber-Jackson, MStar −Mhalo, relationships with
simulations [156, Figs. 4, 5].

III. SUMMARY OF THE STEPS OF THE SIMULATION

Our model follows a semi-analytic approach, which is inex-
pensive compared with N-body/hydrodynamical simulations
(such as NIHAO). This simplifies the construction of sam-
ples of galaxies, and rapid exploration of parameter space.
Comparison studies of semi-analytic and N-body/hydro sim-
ulations have shown a good agreement in the studied cases
[see 205, and references therein]. We use cosmological pa-
rameters as given by [135, Section 2]. Initially, the sys-
tem is in gas form with the ”universal baryon fraction“ [161]
fb = 0.17 ± 0.01 [set to 0.167 in 7]. The way initial con-
ditions, starting from the power spectrum, are fixed, and their
ensuing evolution, is described in [52, Appendix B]. When the
system reaches the non-linear regime, tidal interaction with
neighbors are calculated as shown in detail in [52, Appendix
C]. In the collapse phase, random angular momentum is gen-
erated and is calculated as in [52, Appendix C]. The effect
of dynamical friction is calculated in [52, Appendix D], while
[52, Appendix E] shows how the baryonic dissipative collapse
happens. In the collapse the system can give either rise to a
spiral structure or to a spheroid. This is described in [136,
Section A.5]. Clumps characteristics and formation are de-
scribed in Section II. 2 of this paper. Stars form according to
the scheme described in Section II. 3 of this paper. The black
hole formation, and the AGN feedback are described in the
final part of Section II. 3 of this paper. The NIHAO simula-
tion is a hydrodynamical simulation, based on GASOLINE2:
as reported in [135] it includes a series of physical effects like
compton cooling, photoionisation and heating from the ultra-
violet background, metal cooling, chemical enrichment, star
formation and feedback from supernovae and massive stars.

5 Note that [50, 51] and [203] adopted different dominant mechanisms.
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IV. DFBC AND SNF

This paper presents DFBC and SNF results within the
model of Sec. II. In particular, it focusses on DM halo inner
slopes. It will not quantitatively compare those with results
from [135], as 1. such comparison was already presented in
[136] for galaxies, using a large sample of data, against the
[46] model, that displays results similar to [135]. 2. the [135]
model only extends to the mass range of groups, while clusters
of galaxies inner slope estimates are available [see 22, 23].

The role and importance of baryons in the Cusp/Core prob-
lem solution was suggested by Flores and Primack [32], and
by several subsequent papers. [104] showed that the expul-
sion of gas in the halo in a single event could flatten the cusp.
However, it was soon clear that a single event was not suffi-
cient to produce observed flattening, and that repeated events
were needed [206]. [107, 108], showed that random bulk mo-
tions of gas due to SN explosion could form a core. Governato
[50, 51] confirmed the result, in addition to finding a correla-
tion between stellar mass,M?, and the inner slope for galaxies
with M? > 106M�. Their simulations, similarly to [46], im-
plement SN feedback through early stellar feedback or the SN
feedback. In fact, the inner slope characteristics dependence
on stellar mass to halo mass ratio, M?/Mhalo, had already
been found by [42].

An alternative mechanism to flatten cusps into cores was
proposed by El-Zant [112, 113]. The model is based on ”heat-
ing” of DM via interaction of baryons (gas clumps) with it
through dynamical friction. The exchange of energy and an-
gular momentum between clumps and dark matter can flatten
the profile. The earlier the process occurs (i.e. for smaller ha-
los), the more efficient it is. Many studies have confirmed the
effectiveness of the process [3, 52, 114–118, 120]. In more
detail, as shown by [3, 52], the DM and gas proto-structure
starts in the linear phase. It expands to reach a maximum ra-
dius, and then recollapse. The collapse of the DM compo-
nent occurs first, forming the potential wells in which baryons
will fall. Because of radiative processes, baryons form clump,
which collapse to the halo centre and form stars. The collapse
also comprises the so called ”adiabatic contraction” phase
[150, 151], in which baryons are compressed, generating a
cuspier DM profiles.

Because of dynamical friction between DM and baryons,
clumps fall to the centre of the structure. During this fall,
angular momentum and energy is transferred to the DM com-
ponent, and the cusp is heated, giving rise to the formation
of a core. This core formation occurs before stars formation.
Then, stellar feedback expels a large part of the gas, leaving
a lower stellar density. After a part of the clumps is trans-
formed into stars, feedback destroys clumps, and mass distri-
bution is dominated by DM. The model just described agrees
with [3, 52, 112, 114–118, 120].

This model is the only one able to describe the correct de-
pendence of the inner slope of the DM density profile from
dwarf galaxies to clusters of galaxies [42, 52, 54–56]. Apart
from this, as described in the Sec. II, the model predicted sev-
eral results, later also obtained by the SNF model.

The SNF and DFBC model differ significantly in the series

of steps they require. The SNF model starts from gas that
forms stars. These can explode into supernovae if they have
enough mass. A longer and more complex series of events are
needed to produce the observed density profile flattening than
for the DFBC. Indeed, the DFBC only requires the presence of
gas clumps to flatten the halo cusp and gives rise to the core.
DFBC is therefore more ergonomic and efficient at producing
cores than the SNF model.

V. RESULTS

We used the model in Sect. II to determine the structure of
the objects formed by DM and baryons. The density profile of
every object was fitted to obtain the dependence of the inner
slope on stellar and DM mass. The fitting method used is sim-
ilar to that of [135]. After determining its center, the halo is
divided in fifty spherical shells, each one with constant width
in logarithmic scale. The halo density profile is obtained by
evaluating, for each shell, the average DM density. The den-
sity profile central slope was then obtained, considering the
shells with radius in the range 1%-2% of the virial radius6.
The density profile central slope α was then computed with a
linear fit in the log r − log ρ plane.

The main results of the paper are plotted in Figs. 1-2, show-
ing the relations between the inner density slope α, and the
halo mass, or stellar mass, respectively. In both plots, the top
solid lines represent the result of this paper, while the bottom
ones that of [135]. Note that the dotted line in the [135] result
is an extrapolation to larger and smaller masses.

The dashed lines represent the Tollet [123] result. In the
halo mass range, 109−2×1010M� of Fig. 1, the slope of our
model flattens from -0.5 to values closer to zero, thus there is
a maximum of core formation. In the SNF model [i.e. 135,
the Macció model], core formation proceeds from significant
alteration of the inner DM density profile from stellar feed-
back: the inner halo then expands, giving rise to a core. In
the DFBC model (namely our model), the DF interaction be-
tween DM and baryons produces a ”heating” of DM, with a
consequent expansion, and the formation of a core.

In this mass range, Fig. 1 displays a similar trend to that of
[123, 135].

Although the trends are similar, the slopes differ, especially
below 1011M�. In this range as well as in the other ranges,
the difference in slope is due to the different ways the DFBC
and SNF works. As discussed in the paper, for the DFBC, the
flattening of density profiles is due to the ”heating” of DM via
interaction with baryons (gas clumps) through dynamical fric-
tion. Through this interaction, angular momentum and energy
are exchanged between dark matter and clumps, resulting in
the profile flattening. For the SNF, mass ejection from the su-
pernovae leads to the same effect. A discriminating issue lies
in the onset of the ”heating“ processes: the earlier those pro-
cesses arise, the more efficiently they flatten the profile. The

6 The virial radius is defined as the radius at which the halo overdensity is
200 ρc, being ρc the critical density
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Our model
Macciò

Tollet

Figure 1. The inner slope-mass relation for the halo. The top thick line represents the result of this paper, the shaded region the 1-σ scatter.
The bottom thin line represents the results of [135], and the shaded region the 1-σ scatter. The dashed line is the results of [123].

Our model
Macciò

Tollet

Figure 2. Inner slope-stellar mass relation. Symbols represent the same models as in Fig. 1.

series of steps SNF and DFBC require to flatten a profile are
different. For the SNF, gas must form stars before these can
explode as supernovae, if the mass is large enough. A longer
and more complex series of events are needed to produce the
observed density profile flattening than for the DFBC. To flat-
ten the halo cusp and give rise to the core, the DFBC just
requires the presence of gas clumps. Its flattening is therefore
more ergonomic and efficient than the SNF model. As a result
the process produces smaller slopes than through SNF.

After the maximum, both our result and that of Macció
steepen again, reaching values around -1, in our model, and
-1.6 for Macció model, for masses of 4× 1012M�.

That steepening, especially for the Macció model based on
SNF, is related to stars forming in the central regions, which
deepens the gravitational potential, opposing SN feedback,
and the DM expansion process. This produce a cuspier pro-
file.

In the mass range above 4 × 1012M�, the slope starts to
flatten.

In the case of the Macció model, the flattening stops at the
limit of their simulation, namely at 3.6×1013. In our case, the
flattening reaches a maximum at ' 1015M�, and is related to

the AGN feedback. This is similar to the flattening effect of
SN feedback on smaller masses. Beyond the' 1015M� max-
imum, we observe again a steepening of the profile, because
AGN feedback becomes less effective.

In Summary, while in [136], and [123], the behavior is non-
monotonic with only one maximum of ”core-formation”, the
behavior in our model is more complex, and presents two
maxima of ”core-formation”. The first maximum is produced
by the DFBC mechanism and SN feedback, while the second
is produced by the DFBC mechanism and AGN feedback. The
situation in the case of [135] is similar to that of [123] in the
halo mass range ' 2× 109M� − 1012M�, where their slope
flattens to a maximum at ' 1011M�. A relaxation of the halo
is observed for masses larger than ' 2 × 1012M�, as in the
case of our model, with an inner slope flatter than the predic-
tions of DM only N-body simulations.

At this point there are two important remarks. The first
concerns an effect in the Macció model that prevents it from
producing shallow enough cores in the mass range ' 1012 −
1013M�: the number of stars forming in the central regions is
so large that it can efficiently oppose the SN feedback. This
produces a region with steeper slopes, with respect to the re-
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x [M�] n n1 x0 [M�] x1 [M�] x2 [M�] x3 [M�]

Mhalo -5.32 8.60 1.50 · 1025 2.53 · 1012 3.52 · 10−5 2.49 · 1010

M? -0.46 3.94 8.60 · 1012 9.34 · 1010 8.69 · 102 1.27 · 108

β γ δ σ 1-σ

Mhalo 1.14 0.26 0.43 1.15 0.32

M? 1.16 2.53 0.22 0.71 0.28

Table I. Parameters values for the fitting functions described in
eqs. 13.

gion ' 1011 − 1012M�. This effect is not so important in
the case of our model, and consequently we have shallower
slopes. The second provides an extra reason for the slope dif-
ference in this region between our model and Macció’s: the
larger efficiency of the DFBC model compared with the SNF
model, that does not need to wait for stars to form to start
producing feedback on DM.

Our model and [135] have similar behavior until ' 3.6 ×
1013M�. As the Maccio model [135] validity does not extend
beyond ' 3.6 × 1013M�, the comparison with our model
cannot be extended to some of the masses it reaches.

The behavior of the inner slope α versus the stellar mass
(Fig. (2)), M? is similar to that discussed for the case of
Mhalo: in our model, we observe the double maxima, as in
the case of Mhalo, at M? ' 4× 107M�, and M? ' 1012M�.
For the [135] model, the situation of M? is similar to that of
Mhalo. In the [135] model, an up-turn for M? > 1011M�
is observed. The behavior of the inner slope as function of
Mhalo, or M?, can be represented by the functional forms

α?/halo (x) =n− log10

[
n1

(
1 +

x

x1

)−β

+

(
x

x0

)γ]

+ log10

[
1 +

(
x

x2

)δ]
− log10

[
1 +

(
x

x3

)σ]
.

(13)

Note the functional forms are identical but differ from
the values of the functional break limit masses (1014M� or
1012M�), of the variables (Mhalo or M?) and of the parame-
ters, that are shown in Table I.

Figs. 1-2 also presents the scatter around both our and the
[135] relations. These scatters are almost constant, and in the
case of the slope-halo mass relation, the value of the average
scatter is σ ' 0.3, while in the case of the slope-stellar mass
relation it is σ ' 0.27. It was calculated using all the galaxies
simulated. We do not plot all the galaxies so as to keep the
figures legible.

Note that the slope behaviour, and by extension that of the
DM density profile, for cluster-type masses can result from a
model with two stages. The first dissipative phase sees the
formation of the seed for the BCG, while the second, dissi-
pationless stage is driven by the DF, between DM in the halo
and the sunk baryonic clumps (to the centre), into flattening
the density profile inner slope.

The large scatter of the inner slope among the clus-
ter population reflects 1.) that the total mass density pro-
file is given by the sum of the DM and baryon contents:
MTotal = MBCG + MDM 2.) haloes follow NFW-like den-
sity profiles 3.) the variations in the BCGs masses. This entails
DM profile inner slopes ranges from the NFW slope to flatter
slopes, depending on the amount of central baryons.

Before concluding, let us emphasize our results, in their
differences with [123, 135]. The major difference lies in the
larger range, from dwarf galaxies to clusters, described by
our model, compared with [123, 135]. Indeed, Fig. (1) re-
veals that our model produces a flatter slope than [123, 135]
in all mass ranges, except for a very small mass range close
to 1011M�. Our model’s almost always shallower slope com-
pared with [123, 135] stems from the more efficient flatten-
ing from the DFBC model, compared with the SNF model.
This is particularly visible in the mass range 109 − 1010M�.
Close to 1011M�, the energy released by supernovae is larger
than the gravitational potential due to stars, resulting into a
maximum efficiency of the SNF and a corresponding mini-
mum (maximum flattening) for the [123, 135] slope, while our
model outputs similar slopes. The intensity of the stars grav-
itational potential increases from 1011M� to 5 × 1012M�,
consequently steepening the slope in the [123, 135] model.
This behaviour occurs similarly in our model, due to the de-
crease in the exchange of energy between clumps and DM.
It produces a shallower slope, reflecting the higher efficiency
of the DFBC mechanism compared with the SNF, as pointed
above. In the mass range 5 × 1012 − 3.6 × 1013M�, AGN
feedback starts to show its effect, in the [135] model and in
ours, resulting in the observed flattening.

VI. CONCLUSIONS

Despite the facts that the ΛCDM model has shown many
observational successes and that the Cusp/Core problem is
better understood compared with a couple of decades ago, the
Cusp/Core problem remains one of the prominent problems
of the ΛCDM model. It consists in the discrepancy between
the inner slope observed in dwarf galaxies, and the cuspy pro-
files obtained in N-body only simulations. One of its remain-
ing issues concerns the understanding of the observed vari-
ations of inner slopes among different kinds of galaxies, as
well as among galaxy clusters, with shallower than the stan-
dard Navarro-Frenk-White profiles. Following the mass de-
pendence of galaxies inner slopes shown in [42], several SPH
simulations studied the problem in detail.

Following the slope-mass relation obtained by [123, 136,
207] in the mass range covering dwarf galaxies up to Milky-
Way sizes, and its extension by [135] to galaxy groups, this
paper further extended the [135] results to the mass range
of clusters of galaxies. For more massive structures than
galaxies, the inner slope-mass relation continues to steepen
until reaching a minimum and increasing again. Specifi-
cally, the slope-halo mass profile flattening starts at masses
' 1012.4M� and reaches a maximum of core formation at
' 1015M�. This flattening is produced by the action of AGN
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feedback, in a similar way to the role of SN feedback for
smaller galaxy masses. Beyond this maximum of core for-
mation, the trend reverts to steepening. The one-sigma scat-
ter on α is approximately constant in the whole mass range
(∆α ' 0.3). Our slope-mass relation is a first step in de-
termining a density profile taking into account baryons, for a
larger mass range than for the profiles obtained by [207]. In-
deed, the [207] density profile taking baryons into account is
limited to the dwarf galaxies to Milky Way size mass range.
We have extended this to clusters of galaxies. In a subse-
quent paper, we propose to find the density profile of struc-
tures, taking into account the role of baryons, in the mass
range from dwarf galaxies to clusters. Despite well known

limitations in density profile inner slope determination, such
model could then be compared with clusters mass extrapola-
tion of the [135] results, also considering Milky Way dwarf
spheroidals [87] and clusters from [22, 23].
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