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We study, the effect of baryon physics on the small scale problems of the CDM model by means of

the model proposed in Del Popolo (2009). The cusp/core problem, the missing satellite problem

(MSP), the Too Big to Fail (TBTF) problem, and the angular momentum catastrophe can be

reconciled with observations. Concerning the cusp/core problem, the interaction among dark

matter (DM) and baryonic clumps, through dynamical friction (DF), is able to flatten the inner

cusp of the density profiles. Concerning the MSP and TBTF problem, applying to the Via Lactea

II (VL2) subhaloes a series of corrections similar to those of Brooks et al. (2013) obtained with

our model, and further correcting for the UV heating and tidal stripping, we obtain that the number

of massive, luminous satellites is in agreement with the number observed in the MW. The model

also produces an angular momentum distribution in agreement with observations. In conclusion,

the small scale problems of the CDM model can all be solved by introducing baryon physics .̇.
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1. Introduction

Despite the ΛCDM model being highly successful in describing the observations of the Uni-

verse, its large scale structure and evolution (Spergel et al. 2003, Komatsu et al. 2011; Del Popolo

2007, 2013, 2014), it has some problems in describing structures at small scales (e.g., Moore

1994; Boylan-Kolchin, Bullock, and Kaplinghat 2011; Oh et al. 2011)1. The main problems are

the a) cusp-core problem (CCP) (Moore 1994; Flores & Primak 1994), namely the discrepancy

between the flat density profiles of dwarf galaxies and LSBs and the cuspy profile predicted by dis-

sipationless N-body simulations (Navarro, Frenk & White 1996; Navarro 2010). b) The “missing

satellite problem" (MSP), namely the discrepancy between the number of predicted subhalos in

N-body simulations (Moore et al. 1999) and the one observed2. c) The Too-Big-To-Fail problem,

namely the discrepancy between the large number of subhaloes with Vmax > 25 km/s predicted by

simulations, and observations (Boylan-Kolchin, Bullock, and Kaplinghat 2011). d) The angular

momentum catastrophe (AMC) (van den Bosch, Burkert,& Swaters, 2001 (VBS)) namely the an-

gular momentum loss in Smooth Particle Hydrodynamics (SPH) simulations of galaxy formation,

giving rise to disks (of dwarf galaxies) having angular momentum distributions different than those

of cold dark matter haloes, and disc size of simulated galaxies much smaller than the real ones.

The astrophysical solutions to the previous problems are based on the idea that some “heat-

ing" mechanism produces an expansion of the DM component of the galaxy, reducing the inner

density. In this group, the main categories are: “supernova-driven flattening" (Navarro et al. 1996;

Mashchenko et al. 2006; Governato et al. 2010), and dynamical friction from baryonic clumps

(El-Zant et al. 2001; Romano-Diaz et al. 2009; Del Popolo 2009 (DP09); Cole et al. 2011).

A trial to find a unifying baryon solutions to the small scale problems is that of Zolotov et

al. (2012) (Z12), and Brooks et al. (2013) (B13). Z12 showed that the same model can solve the

TBTF. Z12 found a correction to the velocity in the central kpc of galaxies to mimic the flattening

of the cusp due to SF, and the enhancement of tidal stripping produced by a baryonic disc. This

correction together with destruction effects produced by the tidal field of the baryonic disc, and

the identification of subhaloes that remain dark because of inefficiency in forming stars due to UV

heating, were applied by B13 to the VL2 subhaloes of the VL2 simulation (Diemand et al. 2008).

As a result the number of massive subhaloes in the VL2 were in agreement with the number of

satellites of MW and M31.

In the present paper, we study if the CCP, the AMC, the MSP, and the TBTF problem can be

simultaneously solved using baryon physics, through the model of DP09.

The paper is organized as follows. In Sect. 2, we describe the results and discussion. Sect. 3

is devoted to conclusions.

2. Results and discussion

In this section, we show how using DP09 and its improvements (Del Popolo, Pace, Lima

2013a,b; Del Popolo et al. 2013; Hiotelis & Del Popolo 2006, 2013), we can find similarly to Z12,

1Other problems of the ΛCDM model are the cosmological constant problem (Weinberg 1989; Astashenok, & Del

Popolo 2012), and the “cosmic coincidence problem".
2For the Milky Way (MW) the difference is larger than an order of magnitude.
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Figure 1: Left panel: density profiles of galaxies (see the text). Right panel: density profile evolution of a

109M⊙ halo (see the text).

an analytical correction to apply to the center of the haloes which mimics the effect of flattening

of the cusp, and finally similarly to B13, we apply the previous correction together with the tidal

destruction and UV heating effects on subhaloes, to the VL2, as done by B13.

2.1 The CCP

In Fig. 1a, we plot the density profile of a galaxy with M = 108M⊙ (dashed line), 109M⊙

(dotted line), and M = 1010M⊙. The specific angular momentum was chosen similar to one of the

van den Bosch et al. (2001) galaxies, namely UGC 6446, to be having h ≃ 400 kpc km /s (or soin

parameter λ ≃ 0.05), and the baryon fraction fd ≃ 0.04. The final density profile is well described

by a Burkert profile.

As Fig. 1a shows, the density profile shape is dependent on mass. The slight steepening of the

density profile with mass was explained in DP09, Del Popolo (2010) (DP10), Del Popolo (2012a)

(DP12a), and is in agreement with the density profiles of THINGS galaxies (de Blok et al. 2008),

and with simulations (e.g., Governato et al. 2010).

Fig. 1b, shows the evolution of a 109M⊙ halo starting from the redshift of virialization z = 10

(solid line). The density profile at z = 3, 2, 1, and 0, is represented by the long-dashed line, short-

dashed line, dot-dashed line, and dotted-line, respectively. Theoretical results in agreement with

the previous ones are those of Ma & Boylan-Kolchin (2004); Romano-Diaz et al. (2009)); Cole et

al. (2011).

2.2 The AMC

In Fig. 2, left panel, we plotted the λ ′ distribution. The solid line represents the DM spin

parameter distribution (Bullock et al. 2000), while the dashed curve, the spin parameter distribution

for the baryons in the 14 VBS galaxies obtained by Maller & Dekel (2002). The solid histogram is

the spin distribution obtained from the 14 VBS galaxies (see Maller & Dekel 2002), and the dashed

histogram is the spin parameter distribution obtained from the 14 VBS galaxies, using the method

of this paper, in good agreement with the Maller & Dekel (2002) feedback model.

In Fig. 2, center and right panel, we plot the specific angular momentum j profile for UGC

6446 obtained by VBS (Fig. 2, right panel), and the one calculated by us (Fig. 2, ceneter panel).
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Figure 2: Left panel: the distribution of λ ′ (see text). Central and right panels: the AMDs (see the text).

In the figure, the solid line is the Bullock et al. (2001) average DM j-profile (µ = 1.25), while the

shaded area represent the angular momentum distribution (AMD) for UCG 6446.

The figure shows the angular-momentum profile mismatch. The dwarf angular momentum

shows a deficit of angular momentum, at the high and low end of the distribution, with respect to

the DM distribution, as in observed galaxies.

2.3 The Too Big to Fail and the Missing Satellites problems

B13, proposed an interesting baryonic solution to the MSP and the TBTF problem. Namely,

instead of running SPH simulations of different galaxies, they tried to introduce the baryons effect

in large N-body dissipationless simulations, like the VL2, showing that the result obtained is in

agreement with observations of MW and M31 satellites.

In the following, we will partly follow their steps to obtain the corrected circular velocities

and distribution of VL2 satellites in the framework of DP09.

In summary the method is based on the following ideas and is divided into two main phases.

Initially the attention is directed to the isolated satellites, before accretion to the main system.

As noticed by several authors (e.g., Mashchenko et al 2006, 2008; Peñarrubia et al. 2010) the

effects of the tidal forces of the main halo on a satellite depends fundamentally on its shape. If the

satellite has a cuspy profile, its structure will not suffer big changes, when it will enter the main

halo. If the satellite has a cored profile, the tidal field of the main halo can strip easily its gas and

in some cases even destroy it (Peñarrubia et al. 2010). So, this first phase, defining the shape of the

satellite is of fundamental importance. This first phase and the flattening of the satellites density

profiles will be studied through DP09.

The correction that we obtained is close to that obtained by Z12, accounting mainly for the

reduction of the subhaloes central mass produced by SF, and given by

∆(v1kpc) = 0.2vinfall−0.26km/s

20km/s < vinfall < 50km/s (2.1)

The last equation gives the difference between DM and SPH runs, and then the corrections to

apply to satellites in N-body simulations that take account of the missing piece of baryonic physics.
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Figure 3: Plot of v1kpc vs MV for the VL2 simulation subhaloes (see the text).

Then comes the second phase, when the satellite is no longer considered isolated, it is subject

to the tidal field of the main halo, and finally it is accreted to the main halo. In this phase, we

consider the effetcts of tidal stripping, tidal heating, and photo-heating (see Del Popolo et al. 2014

for a wider discussion).

The result of the previously corrections are plotted in Fig. 6. The top panel of this figure

represents the results from VL2 at z = 0. The bottom panel represents the same satellites after the

previous discussed corrections (heating, destruction, and velocity corrections) were applied. The

red filled symbols are the object “observable" in VL2. Dark objects are marked by empty circles.

Objects marked with a circle and a “x" through them, represent subhaloes that do not survive to the

baryonic effects (e.g., baryonic disc, etc). Empty circles have a mass smaller than the minimum to

retain baryon and form stars. Finally, filled black circles are satellites that lose 90% of their mass

since infall, but do not satisfy the destruction criteria previously described.

In our model, the solution to the previous quoted problems is connected to the complex inter-

action between DM and baryons mediated by DF. Our study is similar to those of El-Zant et al.

(2001), Romano-Diaz et al. (2009), Cole et al. (2011), in the sense that like them in our study

DF plays an important role. However, differently from the previous studies, we consider the joint

effect of several other effects (e.g., random angular momentum, angular momentum generated by

tidal torques, adiabatic contraction, cooling, star formation), that in the quoted studies were not

considered.

3. Conclusions

In the present paper, we studied the small scale problems of the ΛCDM by means of the model

presented in DP09 (see also DP12a, b).

The model had already shown in DP09, DP12a,b, that the CCP can be solved by baryonic

clumps-DM interaction. Here we showed that the AMC, the MSP and TBTF problem can be

solved in the same framework, as shown in Del Popolo et al. (2014).
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DISCUSSION

P. L. BIERMANN’s Comment: Can you reproduce the regularities in galaxy structure found by

Paolo Salucci?

ANTONINO DEL POPOLO:
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Your question is linked to the oldest and most stubborn small scale problem of the ΛCDM

model, the already mentioned cusp-core problem.

According to some researchers (e.g. Salucci), a. rotation curves (or density ptofiles) of all

galaxies, from dwarves to giant ellipticals can be described by the so-called URC (universal Rota-

tion Curve). b. When the density profile of galaxies is fitted by that function (or a cored density

profile) the central column density is constant.

Now, issue a (URC) is refuted by observations, and simulations.

After two decades of studies, from Flores & Primack (1994) paper, it is becoming clear that the

statement of the cored nature of the inner density profile of all galaxies, is not at all obvious. While

according to Spano et al. (2008) high-surface brightness galaxies are cored, other authors (e.g.,

Simon et al. 2005; de Blok et al. 2008; Del Popolo & Cardone 2012) conclude differently. The

THINGS sample shows a tendency to have profiles better described by isothermal (ISO) profiles

for low luminosity galaxies, MB > -19 and the profiles are equally well described by cuspy or cored

profiles for MB < -19. Even dwarfs do not always have flat slopes, as shown by Simon et al. (2005).

In the case of NGC 2976, 4605, 5949, 5693, 6689, the authors showed that the profiles range

from 0 (NGC2976) to -1.28 (NGC5963). Different results have been obtained even using similar

techniques for the same object. For example, in the case of NGC2976 the dark matter profile slope

is bracketed by −0.17 < α < −0.01, according to Simon et al. (2003), while α = −0.90±0.15

for Adams et al. (2012), α = −0.53±0.14 according to Adams et al. (2014), considering stars

as tracers, or α = −0.30±0.18 (Adams et al. 2014), considering gas as tracer. The situation is

very unclear in the case of the local group dSphs. Different authors found different inner profiles

for Fornax, and Sculptor. The previous results show that in reality there is no accepted conclusion

on the inner structures of dSphs. The result from the previous studies and several others is that

exists a range of profiles, and even with the improvements of nowaday’s kinematic maps there

is no agreement on the exact dark matter slopes distribution (Simon et al. 2005; Oh et al. 2011b;

Adams et al. 2014). To reinforce the non universality of rotation curves or similar, comes the recent

high resolution simulation of Oman et al. (2015), in line with previous results of Del Popolo (2010,

2012b), showing that the high diversity in rotation curves of dwarves. In the case of ellipticals

many studies (e.g., Merrit et al. 2006; Graham et al. 2013) converge to the idea that the density

profile is fitted by a Sersic-Einasto profile.

The previous discussion also undermines the claim b, namely the constancy of the central

density. The claimed constancy is obtained assuming assuming that all galaxies, from dwarfs to

ellipticals, are fitted by a Burkert DM halo density profile. Several authors, (e.g., Boyarsky et al.

2009; Napolitano, Romanowsky & Tortora 2010; Cardone & Tortora 2010; Napolitano et al. 2010;

Cardone et al. 2011; Cardone & Del Popolo 2012; Del Popolo, Cardone, & Belvedere (2013);

Saburova & Del Popolo 2014; Adams et al. 2014), clearly showed that the surface density is not

constant. We refer the interested reader to the detailed studies Cardone & Del Popolo (2012), Del

Popolo, Cardone, & Belvedere (2013); Saburova & Del Popolo (2014).

8


