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Abstract. The correlations among different quantities in galaxy clusters, ob-
served by Newman et al. (2013a,b), are investigated. We find an anti-correlation
among the slope α, the effective radius, Re, and a correlation among the core
radius rcore and Re. Moreover, the mass inside 100 kpc (mainly dark matter) is
correlated with the mass inside 5 kpc (mainly baryons). The listed correlations
can be understood in a two phase formation model: the first dissipative phase
forming the brightest cluster galaxies, and the second dissipationless phase, in
which the inner density profile is flattened by the interaction of baryonic clumps
and the dark matter halo through dynamical friction.
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1. INTRODUCTION

The Λ cold dark matter (ΛCDM) model is successful in explaining a large
range of data on cosmological scales, like the baryonic acoustic oscillation features
in the matter power spectrum (Percival et al. 2010) and the anisotropy and po-
larization spectrum of the cosmic microwave background radiation (Komatsu et
al. 2011; Del Popolo 2007, 2013). Despite a long list of successes of the ΛCDM
model, it suffers some tension at scales from a few kpc to tens of pc(Del Popolo
& Gambera 1997; Del Popolo et al. 2014). The ΛCDM model also suffers from
other drawbacks, like the “cosmological constant problem” (Weinberg 1989), and
the “cosmic coincidence problem”. The first one is connected to the fact that
most quantum field theories predict a huge cosmological constant from the energy
of the quantum vacuum, which is more than 100 orders of magnitude too large
(see Weinberg 1989; Astashenok & Del Popolo 2012; Martin 2012). Moreover, in
general the open question remains if dark energy is a cosmological constant or a
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dynamical component of the universe (see Cremenelli et al. 2009).
A fundamental prediction of the cold dark matter (CDM) paradigm is the

structure of dark matter (DM) haloes that have a central density cusp, character-
ized by ρDM ≃ rα (Navarro, Frenk & White 1996, 1997 (hereafter NFW), Moore
et al. 1998, Navarro et al. 2004, 2010). The debated value of α ranges from
α = −1.5 (Moore et al. 1998) to α = −0.8 (Stadel et al. 2009).

Observations of galaxies which are DM dominated (e.g., dwarf spferoidals
(dSphs), dwarf spirals, low-surface-brightness galaxies (LSBs)), are at odds with
simulations, finding core-like density profiles (e.g., Flores & Primack 1994; Moore
1994; Oh et al. 2010; Del Popolo & Hiotelis 2014). In dSphs and ellipticals, the
determination of the DM mass profile is challenging, because of the small dynamic
range of observations, the degeneracies related to the mass probes used in the
profile determination (e.g., velocity anisotropy), and the difficulty in disentangling
baryons and DM (see Del Popolo 2014, section “Dark matter distribution”). The
quoted problems can be overcome in clusters of galaxies, since clusters have prop-
erties that can be understood and interpreted in a simpler fashion than galaxy
rotation curves. Several observational probes (e.g., X-ray emission from intra-
cluster plasma, gravitational lensing) furnish an accurate measure of mass (e.g.
Babyk & Vavilova 2014; Babyk et al. 2012a,b,c; Allen et al. 2011; Kneib &
Natarajan 2011).

In recent years, studies of clusters of galaxies showed that the DM profiles are
flatter than those obtained in the simulations (Sand et al. 2002, 2004, 2008 (Sa02;
Sa04, Sa08); Newman et al. 2009, 2011, 2013a,b (N09, N11, N13a,b); Babyk et
al. 2012a), within a radius of ≃ 30 kpc, typical of the radius of brightest cluster
galaxies (BCG). Moreover, the DM profile is characterized by a variation of the
slope, α = −d log ρDM/dr, from cluster to cluster, and the variation correlates
with the BCG properties. A similar scatter is observed in galaxies. The quoted
discrepancy among the results of dissipationless simulations and observations is
interpreted in terms of the fact that dissipationless simulations do not take into
account baryons that are of fundamental importance in the inner parts of galaxies
and clusters (see N13b). The quoted discrepancy is reduced or eliminated both in
galaxies and clusters of galaxies, when baryons are taken into account by means of
smooth particle hydrodynamics (SPH) simulations or by semi-analytical models
(El-Zant et al. 2001, 2004; Del Popolo & Kroupa (2009); Del Popolo 2009 (DP09),
Del Popolo 2010 (DP10), Del Popolo 2011 (DP11), Del Popolo 2012a,b (DP12a,b);
Cardone & Del Popolo 2012; Del Popolo, Cardone, Belvedere 2013; Cole et al.
2011; Cardone et al. 2011; Martizzi et al. 2012a).

In DP12a, the model introduced in DP09 was used to study how baryonic
physics influences the shape of the density profiles of clusters. It was shown that
the presence of baryons in the inner 10 kpc of the structure modifies the inner
profile. Also, the correlation among the inner baryon content (mass of the BCG)
and the slope of the density profile has been found.

Meanwhile, N13b used a larger sample1 than the samples used in previous
studies, to obtain a joint measurement of the stellar mass scale. Among the other
results, they found correlations between the slope of the inner part of the DM
density profile and some BCG structure parameters.

1The seven clusters constituting the sample are: MS2137, A963, A383, A611, A2537, A2667,
A2390.
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N13a presented the results obtained with the strong and weak lensing, and
stellar kinematics for the relaxed galaxy clusters MS2137, A963, A2537, A2667,
A2390, A611, and A383 at z = 0.19 − 0.31, and having masses in the range
M200 = 0.4 − 2 × 1015M⊙. The total radial density profiles were studied both
for DM and baryonic matter on the scales ≃ 3 − 3000 kpc. The data obtained
by N13a have a better quality than those presented in previous papers (e.g., N09,
N11). Weak lensing was measured using the deep multicolor imaging technique,
using the Subaru telescope and the multiply imaged sources with the Hubble Space
Telescope (25 strongly lensed sources, of which 21 have spectroscopic redshifts).
The stellar kinematic profiles were obtained with the Keck telescopes. The X-
ray data were taken from the Chandra archive, and the CIAO tools were used to
remove the point sources.

A611, A383, MS2137, A963 and A2667 are typically relaxed clusters. The
X-ray emission is symmetric, regular and well aligned with the BCG. The X-ray
centroid is a few kpc from the BCG. The redshifts of A383, A611 and A2667 are
consistent with a unimodal distribution with the BCG at rest in the potential
of the clusters. The X-ray emission in A2390 is more complicated, showing an
extension in the northwest direction, on a scale of ≃ 200 kpc. On larger scales
the galaxy and X-ray distribution are regular, the galaxies of the cluster have a
unimodal velocity distribution, centered on the BCG. A2537 is the most disturbed
cluster in the sample. Nevertheless the X-ray emission is symmetric and regular, it
is centered at north of the BCG. The second mass concentration could be present,
judging from the arcs curvature. The distribution of the cluster galaxy velocities
is bimodal. Probably, A2537 is not a fully relaxed cluster.

In order to infer the cluster mass distribution and density profile, the cluster
mass was modeled with a DM halo and a generalized NFW profile. The stars in
the BCG and the mass in the other galaxies present in the cluster were modeled
with a dPIE profile (Eq. 1 in N13a). Mass models were obtained from the data
using the Lenstool code (Jullo et al. 2007), modified to incorporate the constraints
coming from the weak lensing and stellar kinematics.

N13a,b presented an intuitive interpretation of the results and correlations
found in the observations, proposing a “physical picture” based on previous the-
oretical results (e.g., El-Zant et al. 2001, 2004; DP09; DP12a). The “physical
picture” proposed by N13a,b, is based on the first dissipative phase in which the
BCG forms, and the second dissipationless phase in which DF between the baryon
clumps (collapsing to the center of the proto-structure) and the DM halo reduces
the central DM density.

It would be interesting to see if the quoted correlations can be re-obtained
using a theoretical model, to understand what produces them, and eventually to
confirm if the “physical picture” proposed by N13a,b is consistent. To this aim,
we use the observations and the new data published in N13a,b and the model of
DP09 and DP12a to study the density profiles and correlations.

2. SUMMARY OF THE MODEL

The model used in the present paper is that described in DP09 and DP12a,b
to which we refer readers for details. Here we give a summary of the model.

DP09 is an improved spherical infall model (SIM) which differs from previous
SIMs because it simultaneously takes into account the following effects that in
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previous SIMs were taken into account separately: random angular momentum
(e.g., Williams et al. 2004), DF of stellar/DM clumps against the background halo
(e.g., El-Zant et al. 2001; Romano-Diaz et al. 2008) and adiabatic contraction
(e.g., Blumenthal et al. 1986; Gnedin et al. 2004; Gustafsson et al. 2006).

Following Gunn & Gott (1972), the protostructure is considered as being
formed by concentric shells expanding with the Hubble flow. Starting from an
initial comoving radius xi, each shell expands to a maximum radius, xm, usually
termed turn-around radius, rta, and then it collapses giving rise to a “virialized”
structure, when non-linear processes in the collapse phase convert the kinetic en-
ergy into random motions.

The final density is given by (Gunn 1977; Fillmore & Goldreich 1984)

ρ(x) =
ρta(xm)

f(xi)3

[
1 +

d ln f(xi)

d lnxm(xi)

]−1

(1)

where the term f(xi) = x/xm(xi) is the so-called collapse factor (see Eq. A18,
DP09).

In the original secondary infall model (SIM) of Gunn & Gott (1972), the col-
lapse was radial and did not take into consideration the angular momentum, which
originates from tidal interaction of the proto-structure with the neighbors (Peebles
1969; Schaefer 2009). This “ordered” angular momentum is obtained integrating
the torque over time on each mass shell (e.g., Ryden 1988, Eq. 35).

It is usual to express the total angular momentum in terms of a dimensionless
quantity, the spin parameter λ:

λ =
L|E|1/2

GM5/2
=

L

2G1/2M3/2R1/2
, (2)

(Peebles 1969) where E is the halo’s binding energy, L is the angular momentum.
A “random” angular momentum, j, is also present in haloes, and is generated

by random velocities (Ryden & Gunn 1987). It can be taken into account by
assigning an angular momentum at turn-around (e.g., Hiotelis 2002; Ascasibar et
al. 2004),

j = j∗ ∝
√

GMxm, (3)

which can also be expressed in terms of the eccentricity ratio e0 =
(

rmin

rmax

)
0
, rmax

and rmin being the apocentric and pericentric radii, respectively. N-body simu-
lations show that < rmin

rmax
>≃ 0.2 in virialized haloes (Avila-Reese et al. 1998).

Since moving to the turn-around radius, rta, the particle orbits are more radial,
one needs to use a correction as shown by Ascasibar et al. (2004)

e(rmax) ≃ 0.8(rmax/rta)
0.1 (4)

for rmax < 0.1rta. Then angular momentum can be taken into account using the
previous approach (Avila-Reese et al. 1998) with the Ascasibar et al. correction.

The deceleration term connected to DF was introduced in the equation of mo-
tion (Eq. A14 in DP09). The DF coefficient was obtained similarly to Antonuccio-
Delogu & Colafrancesco (1994) (see also Appendix D of DP09).

The adiabatic contraction (AC) of DM, produced by the collapse of baryons,
was taken into account as follows. The protostructure is made of baryons and DM,
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baryonic fraction Fb = Mb/M500 << 1, and DM fraction 1 − Fb
2. Baryons cool

and collapse towards the structure center giving rise to a distribution Mb(r). DM
is compressed, and particles located initially at ri move to a new position

r [Mb(r) +Mdm(r)] = riMi(ri) (5)

(Blumenthal et al. 1986), here Mi(ri) is the total mass at initial time and Mdm

is the final distribution of DM. One then assumes that baryons and DM have the
same initial distribution (Mo et al. 1998; Cardone & Sereno 2005; Treu & Koop-
mans 2002; Keeton 2001), and that the final baryon distribution is a Hernquist
configuration (Rix et al. 1997; Keeton 2001; Treu & Koopmans 2002). If particle
orbits do not cross, we have

Mdm(r) = (1− Fb)Mi(ri) (6)

Once Mi(ri) and Mb(r) are given, Eqs. (5) and (6) can be solved to find the final
halo distribution. The previous model can be improved assuming that

M(r̄)r = const. (7)

(Gnedin et al. 2004) and the product of the mass in the orbit-averaged radius r̄
with radius conserves. The quantity

r̄ =
2

Tr

∫ rmax

rmin

r
dr

vr
, (8)

is the orbit-averaged radius, and Tr is the radial period.
In the late phase of structure formation, baryon density increases and this

produces a sort of coupling among DM and baryons (Klypin et al. 2001, 2002),
with a consequent exchange of angular momentum among baryons and DM (see
DP12a, Eqs. 11-14).

The baryon fraction adopted was that obtained by Giodini et al. (2009), fB =

f stars+gas
500 = M stars+gas

500 /M500
3

In DP12a, we studied the mass/density profiles of A611, A383 (also studied in
this paper), MACS J1423 and RX J1133. We also studied the existence of (a) the
correlation among the inner slope and the ratio of baryonic to total mass; (b) the
correlation among the total mass and the baryonic mass in the inner 10 kpc; (c)
the correlation among the inner slope and the ratio of the baryonic mass in 10 kpc
and the total mass. In the present paper, we studied the correlation among the
inner slope and the effective radius, and the correlation among the mass in 100
kpc, which is mainly DM, and that in 5 kpc, which mainly consists of baryons. In
the present paper, we investigated more clusters, including MS2137, A963, A2537,
A2667, A2390, which were not studied in DO12a.

2 M500 is the mass enclosed in the radius R500 within which the density is 500 ρc, here ρc is
the critical density. The total baryonic mass, Mb, is given by the sum of the gas mass, Mgas,
and the mass in stars, M∗.

3 In this paper the masses, M200 and Mvir, are converted to M500 following White (2001),
Hu & Kravtsov (2 003), Lukic et al. (2009), Hiotelis & Del Popolo (2006, 2013). The quoted
Giodini et al. (2009) result was obtained using 118 groups and clusters, 91 of which were selected
from the COSMOS 2 deg2 survey in the redshift range 0.1–1.0. The data were fitted using the
method of the weighted least squares with intrinsic scatter (WLSS) (Pratt et al. 2006).
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Table 1. Parameters of the clusters. Column (1): the name of the cluster; (2)
the M200 mass given in N13a; (3) the baryon fraction obtained from Giodini et al.
(2009) using the previous M200 masses; (4) the slope α obtained by N13b modeling the
profile with a gNFW model; (5) as the previous column but the profiles were obtained
using the model of the present paper; (6) the core radius (in kpc) obtained by N13b
modeling profile with a cNFW model; (7) as the previous column but the profile is
obtained using the model of the present paper; (8) the BCG mass and errors obtained
in N13a; (9) as the previous column but using the model of the present paper; (10) the
value of j.

Cluster log
M200

M⊙
fB αN13b

gNFW αour
gNFW log r(core)N13b

cNFW log r(core)ourcNFW

MBCG

1011M⊙

MBCG

1011M⊙
j

MS2137 14.56 0.130 0.65 0.66 0.45 0.44 6.56 6.6 1j∗
A963 14.61 0.131 0.50 0.51 0.87 0.86 10.65 10.7 1.4j∗
A383 14.82 0.137 0.37 0.37 0.37 0.37 9.18 9.2 1.75j∗
A611 14.92 0.140 0.79 0.79 0.47 0.47 12.25 12.3 j∗/1.5
A2537 15.12 0.146 0.23 0.22 1.67 1.68 13.60 13.5 2.1j∗
A2667 15.16 0.147 0.42 0.41 1.29 1.30 7.94 7.8 1.6j∗
A2390 15.34 0.153 0.82 0.82 0.30 0.30 5.26 5.3 j∗/1.4

The density profiles produced by the quoted model are in agreement with those
of previous studies (e.g., El-Zant et al. 2001, 2004; Romano-Diaz et al. 2008; Cole
et al. 2011).

3. RESULTS

In DP12a and DP12b the inner slope and its scatter were studied in the case
of clusters and galaxies, respectively. It was shown that the role of environment
(see also Del Popolo & Cardone 2012), and the consequent structural differences
among structures give rise to galaxies and clusters with different inner slope. It
was shown how different baryonic fraction, and angular momentum changes the
profile of the structure: the structures, having larger baryon content (especially
in the central region) and larger angular momentum, have flatter inner profiles.
Similarly to DP12a, we use the model, previously described, to obtain the mass
profiles of the seven clusters studied in N13a, N13b.

The precise density profile determination is challenging, especially in the case
when one wants to separate the baryonic and dark matter components. A method
combining different techniques like weak and strong lensing with measures of stellar
kinematics can give better results. In the literature, the previous technique is used
in a few papers (e.g., Sa02; Sa04, Sa08; N09; N11; N13a,b).

In N13a,b, the improved data allowed the determination of the stellar mass
scale, allowing one to produce a more physically consistent analysis, reducing
the degeneracies among stellar and dark mass, and taking into account the BCG
homogeneity.

The density profiles were calculated by means of the model of DP09 and DP12a
described in the previous section. More precisely, the DM density profile can be
written as ρDM = F (Mvir, fB, j) (see Figs. 1a-c in DP12a). The virial mass, Mvir,
or more precisely M200, was obtained by N13a (see also Table 1, second column),
and the baryonic fraction, fB, was obtained following Giodini et al. (2009), after
converting the mass M200 of the clusters, given in Table 1 to M500 (third column of
Table 1). The average errors for the quantities in Table 1, are the following: 0.09

for log M200

M⊙
; 0.012 for fB; 0.21 for α

N13b
gNFW; 0.11 for αour

gNFW; 0.43 for log r(core)
N13b
cNFW;
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Fig. 1. Density profile of the total mass and DM for MS2137. The blue and green
bands represent the DM and the total mass density profiles determined by N13b. The
band in black dotted lines is the DM density profile obtained in this paper. The band
widths represent the 1σ uncertainty. The bottom arrow is the three-dimensional half-
light radius of the BCG. The segment with the slope r−1.13 spans the radial range r =
0.003− 0.03r200.

0.22 for log r(core)
our
cNFW; 0.59 for MBCG

1011M⊙
and 0.29 for MBCG

1011M⊙
.

The shape of the density profile also depends on the angular momentum of the
cluster. In the case of clusters of galaxies, differently from the case of galaxies, the
role of the “ordered” angular momentum is not so important, since clusters have
very small rotational velocity, while the “random” angular momentum, j, is signif-
icant (see DP12a). As in DP09, for the reason now quoted, we assumed the same
“ordered” angular momentum for the clusters studied, fixing it in terms of the spin
parameter λ = 0.03, a typical value obtained by Gottlöber & Yepes (2007). The
“random” angular momentum j was considered as a free parameter and fixed by fit-
ting the final DM density profile, similarly to DP12a for the clusters A611, A383,
MACS J1423 and RXJ1133, and in DP12b for dwarf galaxies. In other words,
knowing Mvir, and fB, we adjusted the value of j, so that ρDM = F (Mvir, fB, j)
reproduces the observed clusters profiles, through a maximum likelihood analysis.
The values of the “random” angular momentum, so obtained, were expressed in
terms of j∗

4, and are reported in Table 1 (last column).
In Fig. 1 we show an example of the radial density profiles for the DM halo

of MS2137 calculated with the model of N12b and the model of this paper. The

4 j∗ is the “random” angular momentum reproducing the result of DP09 (Fig. 5), and similarly
the thick solid line in DP12a (Fig. 1a-c).
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blue and green bands represent the density profile of DM and the total density
profile with 1σ uncertainties calculated by N13b. The dashed bands represent the
DM density profiles obtained with the model of the present paper, and the line
segment, having slope ρ ∝ r−1.135, represents the radius r = 0.003−0.03r200. The
bottom arrows are the three-dimensional half-light radius of the BCG. The total
density profile in the model of this paper matches that observed by N13b (green
line) equally well as the DM density profile in the present paper (dashed lines)
matches the N13b DM density profile (blue line). Note that in DP09 (Fig. 5), it
was shown that the total density profile agrees with a NFW profile.

Fig. 1 shows that the density profile flattens in the inner region of the cluster
where the BCG mass starts to be comparable or larger than the DM mass, and this
happens in the inner ≃ 5−10 kpc (see N13a Fig. 3). At this radii, the total density
profile starts to be steeper than the DM density profile, due to increase of the role
of the baryon mass (mainly the BCG mass) at these radii. At radii ≥ 5− 10 kpc
the total density profile and the DM profile are very close, since DM is dominating
on the baryon component. Outside the inner region of the clusters the slope of the
total density profiles (and also DM) are comparable in different clusters. At these
radii the total mass density profile is in agreement with the NFW profile. At radii
≤ 30 kpc, the total density profile is close to the NFW profile, and as observed by
N13b this somehow implies a “tight coordination” among star distribution and the
inner DM profile (see the following). Since the total mass (composed by the sum
of the DM and the baryonic matter) is well described by the NFW profile in the
quoted inner regions of the cluster, and since the baryonic component is dominant
in the 5-10 kpc central region, it is logical to expect that the DM density profile is
flatter than the NFW one. In fact, as shown by Fig. 1, the inner DM profiles are
shallower than the NFW profile (α < 1), and at the same time a scatter is seen in
the inner slope between clusters.

This is better shown in Figs. 2a-b, plotting the slope of the inner profile, α,
and the core radius, rcore, versus the BCG effective radius Re, which is the radius
containing half of the light6. The slope α and the core radius were obtained by
parameterizing the halo as a generalized NFW model (gNFW), and as a cored
NFW model (cNFW), respectively. Note that, as already stressed by N13b, the
choice of the two different parameterizations (gNFW or cNFW) does not affect the
result. The values of α and rcore obtained by N13b are given in Table 1 (columns
4 and 6), and the values of the same parameters obtained in the model of this
paper are given in in columns 5 and 7 of the same table.

In Fig. 2a we reproduce Fig. 5 from N13b, and in Fig. 2b we plot the same
quantities obtained using the model of this paper. The gray points in the upper

5 This is the average slope of the cluster dissipationless CDM simulations in the Phoenix
project (Gao et al. 2012).

6 The gNFW is given by

ρDM(r) =
ρs

(r/rs)α(1 + r/rs)(3−α)
(9)

which has a central cusp with d log ρDM/d log r → 0. The cored NFW (cNFW) model is given
by

ρDM(r) =
bρs

(1 + br/rs)(1 + r/rs)2
(10)

and has a central density core within rs/b. Both the gNFW, and the cNFW profiles reduce to a
NFW profile for α = 1, and rcore → 0.
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Fig. 2. Correlation among the inner DM profile and the BCG size. Top left panel:
gray points (region with α > 0.9) represent the total density profile presented in N13a,
and the dashed horizontal line represents the mean slope in Gao et al. (2012) CDM-only
simulations. The colored points are the β vs. Re values for the clusters obtained using
the gNFW by N13b. The dotted lines are the least-square fits. Bottom left panel: the
core radii, rcore of the cNFW model vs. Re. Top and bottom right panels: the same as
the left panels but giving the results obtained by means of the model of this paper.

part of Fig. 2a, taken from N13b, represent the total density profile presented
in N13a, and the dashed horizontal line represents the mean slope in Gao et al.
(2012) CDM-only simulations. The dotted line shows a weak slope change from
one cluster to another. The colored points with error bars show that in real clusters
the previous scatter is much larger: clusters having larger BCGs have a shallower
inner slope, with respect to clusters having larger BCGs. Similarly, clusters having
smaller BGCs have smaller core radii (see the bottom panel). The dotted lines are
least-square linear fits to the data. The previous correlation (larger BCG having
flatter density DM profiles) is in line with what was previously written. A larger
BCG has a larger total mass, and then the DM mass, MDM = Mtotal −Mbaryon,
in the inner regions is less than in a smaller BCG, and consequently the inner DM
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slope is smaller. The “constraint” that the total mass has a density profile with
α ≃ 1, suggests that the inner profile shape and slope is strictly connected to star
formation in the inner part of the cluster.

The comparison of Figs. 2a and 2b shows that the slopes obtained with the
model of this paper are very close to those given by observations. The result of the
model shows the same correlations among α, rcore and Re as observations. The
Spearman rank correlation coefficient and the corresponding P -value relative to
α and rcore obtained from the model of this paper, are close to those obtained by
N13b. In the case of the α vs. Re correlation, we have ρ = −0.58, P = 0.2 (N13b
obtained ρ = −0.57, P = 0.18), while for the correlation rcore vs. Re we have
ρ = +0.72, P = 0.07 (N13b obtained ρ = +0.71, P = 0.07). we should note that
the density profile was obtained using the “random” angular momentum, j, as a
free fitting parameter. Then the theoretical density profile was obtained by fitting
the model profile with the observed density profile. In these conditions one should
expect that if the observed clusters have correlations among some quantities, these
will appear in the model, as observed in Fig. 2.

4. DISCUSSION

The correlations shown in Fig. 2, and the scatter from cluster to cluster can be
explained according to the model of this paper (DP09, DP12a) as follows. At high
z, the proto-structure containing gas and DM, is in its linear phase. In the SIM,
the proto-structure is divided into shells, which initially expand with Hubble flow
until the maximum radius and then collapse. The DM mass component collapses
before the baryonic mass component, and baryons fall in the DM potential wells,
radiating part of their energy and forming clumps which condense into stars (see
Li et al. (2010) (Sect. 2.2.2, 2.2.3), De Lucia & Helmi 2008). In the baryon
collapse phase, DM is compressed in the so-called “adiabatic contraction” (AC)
(Blumenthal et al. 1986; Gnedin et al. 2004, 2011), and the star formation begins.
This dissipational process, happening at z ≥ 2 (see DP09, Figs. 3 and 5) gives
rise to a steep density profile, which constitutes the main structure of the BCG
(see also Immeli et al. 2004; Lackner & Ostriker 2010), having the scale radius,
Re ≃ 30 kpc, which is similar to the sizes of massive galaxies at high redshift
(Trujillo et al. 2006; Williams et al. 2010; Newman et al. 2012). Subsequent
merging of satellites with the proto-BCG adds stars to the outer parts of the BCG
(e.g., Naab et al. 2009; Laporte et al. 2012).

The clumps, formed in the baryon collapse phase, moving to the center are
exposed to the DF from DM particles. The result is a motion of the DM towards
the outer parts of the proto-structure reducing the central DM density (El-Zant
2001, 2004; DP09; Cole et al. 2011). Other mechanisms proposed to flatten the
DM profile are feedback from AGN (e.g. Martizzi et al. 2012).

In the scenario of this paper, one expects the flattening of the DM density
profile, and at the same time the anti-correlation of the inner DM slope, α, with
the central baryonic content of the cluster (DP09; DP12a). The flattening of the
inner slope is due to the fact that the shells in a proto-structure with a larger
angular momentum tend to remain closer to the maximum radius, consequently,
they do not contribute to the central density. The last column in Table 1 shows
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for each cluster the angular momentum j7. For example, A2537 and A2667 have
a similar value of the virial mass (more correctly M200) and the baryon fraction,
fB . The shallower profile of A2537 is due to its larger j (2.1 j∗ versus 1.6j∗ for
A2667)8.

The dependence of the slope α on the baryonic mass of the whole cluster, and
on the mass contained in the inner 10 kpc, was one of the predictions of DP12a
(see Figs. 2 and 4b of the quoted paper). The flattening of the profile for larger
angular momentum was also found by several authors (Avila-Reese et al. 1998;
Hiotelis 2002; Le Delliou & Henriksen 2003; Ascasibar et al. 2004; Williams et al.
2004).

The tendency to have flatter profiles for clusters containing larger quantity of
baryons, especially at the center, is due to the fact that the larger is the baryonic
content of the cluster the larger is the angular momentum transferred from baryons
to DM through DF. This produces the quoted result that DM particles move away
from the cluster center.

The profile steepens with mass because of higher density peaks, character-
ized by larger ν9, are statistically the forefather of more massive haloes, and the
last have a larger central density contrast. Consequently, a generic shell will feel
a stronger central potential, and it will expand less than if the same shell was
located in a smaller density peak. The final consequence is a lower quantity of an-
gular momentum acquired in the expansion phase giving rise to more concentrated
haloes.

The previous discussion pointed out that in the model of this paper the proto-
BCG were formed at redshift z ≥ 2 in the dissipative baryonic collapse, and that
the further evolution of the BCG was due to later merging of stars on the BCG
(e.g., Naab et al . 2009; Laporte et al. 2012). Subsequently, the satellites infalling
in the halo produce a “heating” of DM and flattening of the inner slope (El-Zant
et al. 2001, 2004; DP09; Cole et al. 2011).

In this scenario one expects a correlation among the inner mass of the clusters
(5 kpc), consisting mainly of stars, and the mass of the core of the cluster (100
kpc), which at the quoted redshift was already formed, and was subsequently
subject to little changes (Gao et al. 2004). In Fig. 3, we compare the mass in the
central 5 kpc (mainly stars), and that in 100 kpc (mainly DM). The error ellipses
(1σ) indicate the uncertainty in the observation results (N13a, left panel) and in
the model of this paper (right panel). The correlation with the Pearson coefficient
r = 0.71 in the model of this paper and r = 0.70, two-sided P = 0.08 in N13a is
found.

The quoted correlation was already discussed in DP12a in the picture of the
role of baryons in shaping the DM density profile. It was shown that the bary-
onic content was of great importance in shaping the density profile, especially the

7 As we already wrote, the ordered angular momentum is equal for all clusters and has a
characteristic spin parameter λ = 0.03.

8 For a sake of precision, we should point out that the low value of slope in A2537 could be
produced by the fact that it could be a l.o.s. merger (N13a,b). This produces a shallower profile
in lensing analysis. At the same time, A2537 is a BCG with the largest mass (the second-largest
when looking at the Re), and according to the previous discussion we expect a shallower profile
with respect to other clusters.

9 ν = δ(0)/σ, where σ is the mass variance, and δ is the fractional density excess in the shell
(Del Popolo & Gambera 1996; Del Popolo et al. 2013).
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Fig. 3. The mass contained in r < 100 kpc vs. the mass within 5 kpc. The error
ellipses are for the 1σ uncertainty. The left panel refers to the N13a data and the right
panel – to the results of this paper.

baryonic content in the central ≃ 10 kpc in the BCG. The cluster final configu-
ration, its star content and its BCG characteristics depend on the initial content
of baryons and on the formation process. These considerations lead to think that
the BCG mass and the BCG characteristics should be correlated to the baryonic
and cluster mass10. The previous discussion showed that the DM density profile
of the clusters studied has α < 1, and that the total density profile is in agreement
with the NFW profile.

In the past, observations using lensing (Tyson et al. 1998; Smith et al. 2001;
Dahle, Sa02; Gavazzi et al. 2003; Gavazzi 2005; S04; Bradač et al. 2008; Limousin
et al. 2008), X-ray (Ettori et al. 2002; Arabadjis, Bautz & Garmire 2002; Lewis,
Buote & Stocke 2003), or combination of strong & weak lensing and stellar kine-
matics (e.g. Sa02; Sa04; Sa08; N09, N11) obtained large scatter in the value of
α. In the case of X-ray observations the values of α range from α = 0.6 (Ettori
et al. 2002) to α = 1.9 (Arabadjis et al. 2002). In the case of lensing, Smith et
al. (2001) found α > 1 for A383, while for the same cluster Sa04 and N11 found
α < 1 combining the lensing and stellar kinematics. Tyson et al. (1998) found
α = 0.57± 0.024 for Cl 0024+1654, while Kneib et al. (2003) for the same cluster
found α ≃ 1. Sa02, Sa04 and Sa08 found a cored profile for MS2137.3-2353, while
Gavazzi et al. (2003, 2005) found different results depending on the mass-to-light
ratio of the BCG.

The previous discussion shows that a large scatter was also obtained for the
inner slope of clusters, and in some cases discrepant results were obtained for
the same cluster (see DP12a for a deeper discussion). The quoted scatter and
discrepancies have been attributed to (a) degeneracies of α with the concentra-
tion parameter, c, or the scale parameter, rs; (b) spherical modeling of clusters
(Morandi et al. 2010); (c) the BCG not taken into account or not properly taken
into account; (d) difference in the dynamic range in different studies. Apart of
these reasons, the most trivial reason for discrepancies is that many studies do
not specify if the study regards to DM or the total density profile; sometimes the
inner slope of DM has been compared to that of the total density profile. So,

10 As shown by Whiley et al. (2008), MBCG ∝ M0.4
cl or M0.5

cl according to the feedback model

used, and MBCG ∝ M0.12±0.03
cl for K band magnitudes inside a diameter of 37 kpc.
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when comparing different results, particular caution must be beared in mind to
the radial range considered, and to understanding if the paper considers the total
density profile or that of the dark matter only. Taking this in account, a compari-
son of the result of this paper, and those of N13a,b, with more recent observations,
usually gives the results in agreement.

In this paper, we are more interested in studying the DM density profiles, so we
will make comparisons with previous studies of the DM profile. The results con-
cerning the clusters A963, M2137 and A383 are consistent with those of Sa04, Sa08
and N11. Zappacosta et al. (2006) concluded that for any reasonable mass-to-light
ratio, the central regions, where the stellar mass is important, are characterized by
a shallower DM profile, in agreement with our previous discussion. Limousin et al.
(2008) and Richard et al. (2009) obtained a value of αDM = 0.92+0.05

−0.04, considering
a fit with a gNFW halo and BCG stars. This slope is similar to that of A611 and
A2390. X-ray studies of a large sample of clusters by Schmidt & Allen (2007) lead
to an estimate of αDM = 0.88± 0.29 (95% CL).

So, while the total density profile is in agreement with the NFW profile (α =
1), the inner DM profile is shallower than simulations. Even considering recent
simulations (Stadel et al. 2009; Navarro et al. 2010) the minimum slope obtained,
α ≃ −0.8 at 120 pc (Stadel et al. 2009) is larger than the results of observations,
and the scatter in the slope from cluster to cluster is much larger than what
was found in simulations (Fig. 1, grey points). If some part of the scatter can
be explained, as previously reported, in terms of the limits in techniques (e.g.,
different dynamic ranges in the studies, the BCG role, simplified modeling of
clusters), the difference in slope among some clusters is too big to be explained in
this way. Since the ΛCDM model predictions at large scale are in agreement with
observations, and since the discrepancies among the ΛCDM predictions are seen at
scales where astrophysical processes are important, the discrepancy probably is due
to the lack of baryons (dominant in the inner part of clusters) in dissipationless
simulations, as shown in this paper. This astrophysical solution to the quoted
discrepancy is based on the idea that mechanisms “heating” the DM, like the
“supernova-AGN-driven flattening” (Navarro et al. 1996; Mashchenko et al. 2006,
2008; Martizzi et al. 2012b), or DF from baryonic clumps (El-Zant et al. 2001,
2004; Romano-Diaz et al. 2008, 2009; DP09; Cole et al. 2011), are able to reduce
the inner density11.

In addition to the astrophysical solution to the problem, other more radical
solutions, modifying the particles constituting the DM (e.g., Colin et al. 2000;
Sommer-Larsen & Dolgov 2001; Peebles 2000; Kaplinghat et al. 2000; Del Popolo
et al. 2013a,b), modifying the power spectrum at small scales (e.g. Zentner &
Bullock 2003), considering the modified gravity (e.g., f(R) theory (Buchdal 1970;
Starobinsky 1980); f(T ) (see Ferraro 2012), and MOND (Milgrom 1983a,b) have
been proposed. However, the astrophysical solution is more appealing, since it
allows to save the ΛCDM model (see the next section).

11 Other mechanisms are: interaction of a stellar bar with DM (Weinberg & Katz 2002;
McMillan & Dehnen 2005); decay of binary black hole orbits after galaxies merge (Milosavljević
& Merritt 2001)
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5. CONCLUSIONS

In the present paper we used the model introduced in DP09 to understand what
is the role of the baryonic physics in the formation of clusters of galaxies. The
main goal of the paper was to understand if the correlations found by N13a,b can
be reproduced by means of the improved SIM of DP09. To this aim, we calculated
(by means of the quoted model) the DM and total density profiles of the clusters in
the following correlations observed by N13a,b (also predicted in DP12a): (a) the
correlation between the inner slope of the DM density profile, α, and the effective
radius, Re of the clusters (Fig. 2, top panel); (b) the correlation between the
core radius rcore and Re (Fig. 2, bottom panel), and (c) the correlation between
the mass inside 100 kpc, mainly constituted by DM, and the mass inside 5 kpc,
mainly constituted by baryons (Fig. 3), which indicates that the proto-BCG, and
the inner cluster halo were already formed in an early stage of evolution, and lately
evolved due to accretion.

Using theM200 masses of the clusters given in N13a, fixing the baryonic fraction
of the clusters following Giodini et al. (2009) and fixing the angular momentum
as previously discussed, we obtained the DM and total density profiles of the
clusters, which are in good agreement with the N13b observations (see Fig. 1).
As already seen in DP12a, the density profiles depend on the baryonic fraction
(mainly the central baryonic concentration) and angular momentum. So, if the
baryonic content has an important role in forming the final structure of clusters, a
fundamental role should be also played in the dynamics of the cluster constituents.

In the inner region, both baryons and DM contribute significantly to the total
mass. As seen in Fig. 1, at the radii up to 5–10 kpc, the mass distribution is
dominated by stars, while outside these radii all mass is in the form of DM. This
result shows the existence of a “tight coordination” among the inner DM and the
star distribution, as implied by the fact that the NFW-like profile is not generated
by DM or baryons only, but by their mutual contribution. The quoted coordination
is further supported by the correlation among the masses within 5 kpc and 100
kpc (Fig. 3), which indicates that the time-scales of formation of the BCG and the
inner cluster are similar. As discussed in DP12a, the final configuration of a cluster
depends from the baryonic content and the formation process. In a hierarchical
model of structure formation, we should expect that the the final inner baryonic
content and the BCG mass are correlated with the total baryonic and with the
mass of the cluster (see Whiley et al. 2008).

As a further consequence, the inner DM density profile must have a slope α < 1,
since the total mass is the sum of DM and baryons, and since in the inner 5–10
kpc baryons dominate. This is exactly what we see in Fig. 2, and Table 1: the
slope of all clusters is flatter than α = 1: the maximum value (including the error)
is α = 0.88 in the case of A2390 and the minimum α = 0.14 in the case of A2537.

Moreover, the quoted figures and Table 1 show a large scatter in the inner slope
from one cluster to another, and at the same time (Fig. 2) an anti-correlation be-
tween α and Re: the clusters hosting larger BCGs have flatter slopes. This anti-
correlation is due to the fact that in the case when the total mass has NFW-like
profile, the clusters having more massive BCG must contain less DM at their cen-
ters. This implies that they must have a flatter DM slope. As discussed in DP12a,
the quoted scatter is related to the environment. Different baryonic fraction and
the angular momentum change the profile of the structure, namely, larger baryon
content and larger angular momentum give rise to flatter inner slopes.
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The density profile shapes of the clusters studied and the correlations found by
N13a,b all are well described in the model of the present paper (DP09, DP12a).
The physical picture of the cluster formation is characterized, in agreement with
the N13a,b conclusions, by an initial dissipative phase giving rise to a steep stellar
density profile, followed by the flattening of the DM density profile due to the
heating of DM by baryonic clumps collapsing to the cluster center.
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