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A new family of nonrelativistic, Newtonian, nonquantum equilibrium configurations describing galactic
halos is introduced, by considering strange quark matter conglomerates with masses larger than about 8 GeV as
new possible components of the dark matter. Originally introduced to explain the state of matter in neutron stars,
such conglomerates may also form in the high density and temperature conditions of the primordial Universe
and then decouple from ordinary baryonic matter, providing the fundamental components of dark matter for the
formation of pristine gravitational potential wells and the subsequent evolution of cosmic structures. The
obtained results for halo mass and radius are consistent with the rotational velocity curve observed in the Galaxy.
Additionally, the average density of such dark matter halos is similar to that derived for halos of dwarf spheroidal
galaxies, which can therefore be interpreted as downscaled versions of larger dark matter distributions around

Milky-Way-sized galaxies and hint for a common origin of the two families of cosmic structures.

DOI: 10.1103/PhysRevD.102.083015

I. INTRODUCTION

Dark matter (DM) is one of the current challenges for
modern astrophysics. Originally introduced to explain the
flat rotation curves of spiral galaxies [1], DM is also
required as a fundamental component (~30%; see, e.g., [2]
and references therein) of the Universe’s energy content.
Unfortunately, the DM’s weird physical property to not
couple with radiation as the baryonic matter, required in
order to explain its invisibility to traditional astronomical
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observations (e.g., [3]), prevents astrophysicists to directly
provide data on its constituents.

Several efforts have been made in order to identify
plausible DM candidates, both as elementary particles
(see, e.g., [4] for a review) and macroscopic objects (e.g.,
[5]). However, without any direct hint about DM physics, the
parameter space covered by the families of plausible DM
candidates extends over many orders of magnitude of masses
(e.g., the elementary particles, ranging from ~10~15 GeV of
axions up to ~10'5 GeV of “wimpzillas”) and cross sections
(from ~1073° pb of gravitinos up to ~1 pb of neutrinos).

In past years, a common idea of DM physics was that it is
related to families of particles beyond the Standard Model
(SM), such as those arising from supersymmetric theories
(e.g., [6]). However, extensive runs performed at the Large
Hadron Collider (LHC), in order to unveil signatures of
events with production of noninteracting DM, have shown no

© 2020 American Physical Society
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clear features of such phenomenain large energy ranges, thus
leading to a progressive exclusion of supersymmetric DM
particles (e.g., [7]) although some possibilities still remain
(e.g., [8]). Similarly, the investigation of the density of
macroscopic objects in the Milky Way and in extragalactic
halos has shown that such objects are not abundant enough to
represent a significant fraction of the DM mass (e.g., [9]).

The possibility that DM is composed by conglomerates
of matter containing roughly the same number of up, down,
and strange quarks is also challenging. The properties and
the stability of such strange quark matter (SQM), which
were conjectured a long time ago (see, e.g., [10,11]), are
still debated in the literature. Although the formation
process of SQM conglomerates is astrophysically disad-
vantaged, favorable conditions for their formation could
have been achieved in the early Universe, soon after the Big
Bang. The ALICE experiment at LHC has recently mea-
sured a contribution to the cosmic ray flux which is
compatible with a SQM component [12]; further inves-
tigations on this item are then required. To this end, despite
the problem of the stability with respect to the strong, weak,
and electromagnetic interactions, it is worth investigating
the gravitational properties of galactic halos composed by
SQM conglomerates, not explored so far.

Recently, a framework for an (indirect) search of DM
signals also arises in astrophysics from the possibility that
DM particles self-interact via annihilation or decay to
produce SM pairs [13] that subsequently annihilate into
final-state photons (e.g., [14,15]). Such photons could be
indirectly detected on Earth via the emissions produced by
Cherenkov radiation in the atmosphere if the mass of the
pristine DM particles is sufficiently high (more than some
GeV). The task of discovering self-interacting DM through
Cherenkov observations is potentially within reach of the
next-generation Cherenkov telescope (e.g., [16]).

In this paper, the self-gravitational equilibrium of SQM
galactic halos in Milky Way (MW)-sized spiral galaxies is
calculated and the corresponding gravitational properties
are constrained for the first time. Conglomerates of SQM
with mass larger than about 8 GeV are considered as
components of the DM; nevertheless, the chosen nature for
the DM particle is found to not affect the validity of the
obtained results which depend only on the mass.

We then compare the average properties of such a halo
with the corresponding quantities derived from the spheri-
cal Monte-Carlo Jeans analysis of a sample of DM halos
around dwarf spheroidal galaxies (e.g., [17]).

I1. MASSIVE PARTICLES AS DARK MATTER
CANDIDATES

Besides the most commonly investigated DM
candidates—e.g., weakly interacting massive particles
(WIMPs) or axions—for which no compelling observa-
tional or experimental evidence still exists, nor any proved
beyond-the-Standard-Model production mechanism, other

DM candidates were theorized (ranging from heavy stable
particles to new states of matter) including ones which
might arise within in the SM.

If DM particles have no asymmetry and self-annihilate
with a cross section comparable to the electroweak scale,
then the expected amount of DM in the Universe can be
achieved provided that the particle mass ranges within
the GeV and the TeV scales. Such particles are known as
WIMPs (e.g., [18,19]). Alternatively, if DM owns a
particle-antiparticle asymmetry in any conserved quantum
number, as it is for baryons, then the correct relic
abundance should be accomplished in a completely differ-
ent way, which may be related to the asymmetry in the
baryonic sector [20].

A broad zoology of new stable and massive particles
(SMPs) has been proposed based on general considerations
on cosmology and DM, which include heavy leptons and
hadrons, fractionally charged particles, mirror matter, and
SQM. Further candidates were postulated which could arise
as topological field configurations like magnetic monop-
oles, Q balls or black holes. A complete review about the
scenarios predicting SMPs is given in [21], with particular
focus on the experimental, noncollider, techniques used for
their search.

In the supersymmetric extension of the SM, stable
particles involving heavy leptons and hadrons can arise
as possible DM candidates, with the hypotized properties of
SMPs. Stable negatively charged particles (X) could bind
with nuclei to form dense neutral objects which could act as
DM [22,23], for instance X p and X ~He. It was argued
that DM species such as X~ ~"He could provide an explan-
ation to the observed annual modulation of the ionization
signal in the DAMA/Nal and DAMA/LIBRA experiments
[24] but the scarce abundance of anomalous heavy isotopes
in terrestrial matter strongly constrains the models. The
searches at LHC for stable interacting particles exclude
masses up to ~1 TeV, whereas the limit on the leptonlike
objects masses is of ~300 GeV [25-31].

Other cosmological scenarios involve fractionally
charged particles forming composite objects which could,
in principle, be DM candidates [32]. The charge quantiza-
tion arises in fundamental theories and it does not guarantee
that charges have values that are integer multiples of the
elementary charge e. In principle, fractionally charged
particles could exist without conflicts with the theory
[33,34]; nevertheless, there is no experimental evidence
of such exotic states inside the SM. Composite objects of
fractionally charged particles, if they exist, are strongly
constrained by cosmological arguments to have large
masses (of the order of 10'? GeV).

The possibility that DM is composed of dark particles,
which are decoupled from the ordinary particles unless
additional interactions are assumed, has been studied
extensively in the last few decades [35-46]. The simplest
of such models assumes that the matter of the dark sector,
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known as “mirror matter,” is coupled to ordinary matter
through the kinetic mixing of the dark and ordinary
electromagnetism and predicts the existence of dark atoms.
Although its strong self-interaction cross section would not
qualify the mirror matter as a good candidate for the DM,
the possible existence of dark objects gravitationally bound
to the Solar System could help to explain the anomalies in
the behavior of some meteoroids [47].

The stability of SQM conglomerates, containing roughly
the same numbers of u, d, and s quarks, was conjectured a
long time ago (see, e.g., [10,11]). It is argued that, despite
the big mass of the s quark, compared to the u and d quarks,
this is smaller than the chemical potential due to the Pauli
exclusion principle in bulk quark matter, making such a
mixture energetically favored. The only way for standard
baryonic matter to make the transition to an SQM phase
would be u and d quarks conversions into s quarks via
weak interactions, stabilized by the chemical potential
release. Such a process is disadvantaged in stellar nuclear
reactions, whereas the SQM lumps formation could have
found favorable conditions in the early Universe. In
particular, if the QCD phase transition is first order, the
dynamics of bubble nucleation are such that quark matter
lumps would form at that stage and shrink and cool,
moving on the equation-of-state diagram from a high
temperature to a zero temperature, high chemical potential
configuration.

Stable SQM lumps were conjectured with baryon num-
bers A ranging from few unities to 10°7 [48], limit for which
the strange star would collapse into a black hole.

In [12] a recent cosmic ray (CR) measurement, per-
formed by the ALICE experiment at CERN, LHC in its
dedicated CR run [49,50], is investigated. In [50] high
multiplicity muon bundles were detected in extensive air
showers produced by the CR interactions in the upper
atmosphere. The analysis described in [12] is focused on
those events, which contain more than 100 reconstructed
muons. This is motivated by the fact that Monte Carlo
simulations assuming a standard combination of proton and
iron components in the primary CR flux are not suitable to
describe the higher multiplicity events (with more than 100
muons). It is shown that the ALICE measurement is
compatible with a SQM component in the CR, character-
ized by a very high baryon number of the order of A ~ 10°
(according to [51] exceeding a critical value of A ~ 300 +
400 the SQM lumps are absolutely stable against neutron
emission, below this limit they rapidly decay by evaporat-
ing neutrons). The frequency distribution of the highest
multiplicity events could be reproduced assuming an SQM
abundance in the primary CR flux of the order of 10~ of
the same total energy per particle, a value that seems to be
consistent with all the recent observations (e.g., [52]).

In [53] it is argued that stable bumps of matter with
strange quark content could be obtained in A(1405)
conglomerates, whose formation may be conceived during

the big-bang quark gluon plasma period in the early
Universe. The argument exposed in [53] is based on the
attractive isospin I = 0 antikaon-nucleon (KN) strong
interaction at energies below the KN mass threshold, which
appears to be strong enough to form a KN bound state. In
[53] the A(1405) resonance (also indicated with A*),
which, according to the chiral models (see, e.g., [54—
58]), emerges just few MeV below the KN threshold, is
instead interpreted as a (KN),_, bound state, the binding
energy (BE) being about 27 MeV. Based on this assumption
a BE for the A*-A* pair of 40 MeV is predicted. Increasing
the number of A*s, the binding energy per baryon (BE/A)
also increases as a consequence of partial restoration of
chiral symmetry, whose effect is directly proportional to the
baryon density. In [53] it is also argued that for A*
conglomerates with baryon multiplicity A > 8 the absolute
stability with respect to both the strong and the weak
interactions is obtained. While the baryon density of the
conglomerate increases, the mass per baryon decreases
until it drops below the in-medium mass of the nucleon and
the decay A* — n is closed. This happens at baryon
densities of about 3p, (where p, = 0.17 fm~3 is the normal
nuclear density) when the BE/A is of about 470 MeV [59].

Although the argument above referred to the conditions
which could be achieved in the central regions of the
neutron stars—where strangeness production mechanisms
(e.g., n - p + K7) become energetically favored at large
densities, leading to the formation of hyperon cores—the
hypothesis proposed in [53] could be more favorable in the
cosmological field, where the possibility to have arbitrarily
high values of density and temperature is not precluded. In
this framework, the formation of matter with strange quark
content as a partial constituent of DM could be considered
more realistic. Under the hypothesis that the conditions
for the formation of stable conglomerates could be set
during the first phase of the Big Bang, at sufficiently high
density (and temperature) we can assume that, since their
formation, such conglomerates should have a very low
probability to interact with baryonic matter.

In [60] a critical analysis of the results obtained in [53] is
performed. It is argued that the model developed in [53]
only includes a purely attractive A*-A* interaction in the A-
body Schroedinger equation, which leads to a divergent
BE/A as the baryon number A increases. A relativistic
mean field calculation is performed in [60], which also
accounts for a repulsive A*-A* interaction term. The
repulsive term induces saturation of BE/A (when
A > 120, at about 2p;) to a value which is at most
100 MeV; this is not enough to drop the mass of the A*
constituents below the A(1116) mass. The conglomerate
turns out then to be instable with respect to the strong
interaction decay A*A* — AA.

Besides the problem of the stability of SQM conglom-
erates with respect to the strong, weak, and electromagnetic
interactions, which is debated in the literature and it is out of
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the scope of the present work, it is worth investigating the
gravitational properties of SQM halos in Milky-Way-size
spiral galaxies to be compared with astronomical observa-
tions. In the following sections, the self-gravitational
equilibrium of halos composed of SQM conglomerates is
explored, considering the lower mass limit m* > 7.46 GeV
(proposed in [53]) for the DM candidate. It is important to
stress that the results obtained in Secs. IV and V are not
dependent on the nature of the DM particle; thus, they can be
applied also to other DM candidates having mass of the same
order of magnitude.

III. MILKY WAY HALO MODELING

Analyzing the rotation velocity curve by observational
data, a flat behavior around 200 km/s is clearly evidenced,
indicating a significant difference from the expected
theoretic trend. The existence of a Galactic halo composed
by DM, like the one first introduced by [1], can explain the
observed behavior. More accurate observations have been
performed and the flat behavior has been confirmed (e.g.,
[61]), resulting in agreement with the existence of a halo of
mass My, ~ 10M, and radius Ry, ~ 10Rg,.

Some questions arise from this preliminary analysis.
What is the nature of the DM? What is the particle
composition of the halo? What is the mass of these
particles? The problem has been widely discussed since
the 1970s, and the construction of DM halo models has
experienced a significant development with the hypothesis
of a massive neutrino (with a mass of the order of few tens
of eV), generically named WIMP, as a diffuse component
due to the importance of beta decay in the stellar evolution
(e.g., [62-64]).

The equilibrium of such a self-gravitating halo can be
solved by considering a degenerate Fermi gas of neutrinos,
and using a polytropic model with n = 3/2. The halo mass
and radius are straightforward to obtain, their expressions
given by

3(n 3/2 fl3 1/2
o (9”)1/6 h ~1/6

where m,, is the neutrino rest mass and p, the central density.
Introducing the above conditions My, ~ 10 My, and
Riao~ 10 Ry implies a central density py ~ 1075 gem™
for a neutrino rest mass m, ~ 10 eV. Moreover, combining
Egs. (1) and (2) leads to a simple relation between the mass

and radius of our Galaxy

M -1/3
R :90( ) kpc. (3)

102 M,

A nonrelativistic treatment of the halo equilibrium is
clearly the most appropriate given that both the critical
density p,., and the general relativity factor GM/Rc? are
small, i.e.,

m?c3
Per = ﬁ =78 x 10717 gem™3 > p, (4)
and
GM
F = 48 X 10_7 < 1. (5)
c

IV. STRANGE DARK MATTER HALOS

The WIMP hypothesis is not unique in the framework
of possible DM particle candidates. There are in fact a lot
more candidates (fuzzy DM, hidden photons, ultra-light
axions, etc.) discussed in the literature (e.g., [4]), with mpy
in principle anywhere between 1073! and 10'® GeV
(see Fig. 1).

Furthermore, the possibility to have non-WIMP DM
candidates should be taken into account. This alternative
and fascinating hypothesis involves SMPs directly pro-
duced in the framework of the Big Bang Standard Model.
Such a scenario arises by the simple consideration that the
interaction rate between baryons and DM particles may be
suppressed if DM particles are produced with large mass

WIMP-type Candidates Q,~1

O 7 T LA BN I BN IR B
=
neutrino v
5 . -
ok neutralino xI < WIMP
= b f E:
=15 . =
- - E
\\: -20 g
¢® [axion a axino &
5
L
.30 -
5 gravitino G
350 —
0 keV  GeVo oy Mgy M,
215 12 9 6 3 0 3 6 9 12 15 18
log(m,/(1 GeV))
FIG. 1. A partial review of different DM candidates (particles

only; adapted from [4]).
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and consequently low number density. In fact, this rate is
proportional to nov, with n the number density, ¢ the cross
section, and v the particle velocity. Therefore, DM particles
with low effective interaction rate (even for large cross
sections) should evolve independently as massive big-bang
relics, constituting a useful background in the formation of
galactic halos. Among different possible candidates for
DM, particles with strangeness may play a very interesting
role, in particular, the SQM conglomerates discussed in
Sec. II, with masses around 8 + 15 GeV. These big-bang
relics particles could form galactic halos.

Physical models for the production of free SQM con-
glomerate-like particles (e.g., “strangelets™), like the ejec-
tion of charged quark nuggets from compact objects (e.g.,
[65]) are currently under investigation. However, a coherent
scenario of conglomerate formation in the primordial
Universe from pristine strange particles is presently
unavailable. Therefore, we lack a detailed study of the
production rates of stable SQM lumps at those cosmic
epochs. Nevertheless, we can give at least a rough estimate
of the upper limit to the primordial number density of such
hypothetical particles. To this end, we consider an elemen-
tary number of m ~ 1 GeV baryons with strangeness given
by dN| = povdt/m crossing a volume containing dN, =
pdV/m of such particles to form a number of conglom-
erates dN . of baryon number A at a rate per unit volume 7.
We obtain

dN, - dN, AN, oup?
_ - = n, = = .
A dtdV  Am?

dN, = (6)
In a very simplified scenario, we assume that the physical
conditions holding when the Universe is ~1s old
(T ~10"2 K and p = py; ~ 10° gecm™, with p,, being the
cosmological matter density) remain stationary for Az ~ 1 s.
Then, we derive the baryon velocity v ~ 10'° cms™! from
the relativistic equipartition mc?(y — 1) = 3kT/2, and
adopt a typical baryon cross section 6 ~ 1072 cm? (e.g.,
[66]). Under these assumptions, for A ~ 10, Eq. (6) yields a
conglomerate density n, = At ~ 10%? cm™. Actually,
such a mechanism is exceedingly efficient, producing a
present-day conglomerate mass density p. ~ 1077 gem™
that is 10'? times larger than the Universe’s critical density
Peiit ~ 1072 gem™3. It is therefore clear that an accurate
estimation of the production rate of SQM conglomerates
must be performed, taking into account the true density
of baryons with strangeness in the early Universe along
with their formation and destruction rates. We address the
treatment of these open issues in a forthcoming dedicated
publication.

This scenario must clearly be considered as only a
possible hypothesis of the formation of DM, and its further
investigation is needed, especially from the quantitative
point of view. One of the problems is related to the
expansion rate of the Universe: if the cooling rate and

decrease of density are in fact faster than the stabilization
rate of conglomerates, the process is not implemented.
Another problem is connected with the collisions among
conglomerates: fluctuations of density with respect to the
average value may increase the collision rate and thus
create the conditions for the instability of such systems.
These particular conditions can also be reached in the
central regions of a single galactic halo, if the central
density of visible matter (galaxy) and the gravitational field
are high enough to increase the probability of a collision
among conglomerates. During the collisions, kinetic energy
can give the particles of a single conglomerate enough
energy to reach a new instability, and then decay in
Standard-Model pairs that subsequently annihilate in
y-ray photons. Therefore, it is important to look into
high-density regions, where the collisions are more prob-
able, in order to obtain evidence of DM existence through
the indirect detection of y rays from DM self-interaction.

In order to calculate self-gravitating equilibrium con-
figurations of DM halos, we explore the possibility of
having halos composed by stable SQM conglomerates.
Despite the high mass density of the internal structure
constituting each conglomerate (p > 105 gem™ is the
lower limit obtained from the model proposed in [59]), this
value is not relevant in the modeling of galactic halos,
where such conglomerates interact only gravitationally, and
the halo mean density is of the order of 1072 gcm™.

First, we consider a semidegenerate gas of particles
with a rest mass m* = 8 + 15 GeV. We look for halos with
mass M ~ 10'2 My, and radius R ~ 100 kpc, with a mean
density p of the order of 10726 gcm™. In particular, for
m* = 10 GeV, we obtain

m*4c3
Por =307 = 7.8 x 10" gem™ > p, (7)
and
GM
F:4.8x10—7 < 1. (8)
c

This demonstrates that also strange DM halos are non-
relativistic and Newtonian.

For the equilibrium configuration, we consider a semi-
degenerate Fermi distribution function with a cutoff in
energy given by the following expression [67]:

g 1= e(s—sf)/kT
fle) = 3 |:e(e—ﬂ)/kT 41 fore < e 9)
fle)=0 for € > ¢,

where e. = m(pgr — @) is the cutoff energy, ¢ is the
gravitational potential, u is the chemical potential, and g =
2s + 1 is the multiplicity of quantum states. The mass
density p is given by
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p=m / Fle)d. (10)

For the gravitational equilibrium, we use the Poisson
equation

Ld [ ,dp\

with ¢'(0) = 0 and ¢(0) = ¢,.

By integrating Eq. (11), we obtain different equilibrium
configurations at different values of W, and 0, where
W, is the value of W =¢./kT at the center of the
configuration and 6y is the value of 0 = u/kT at the
border of the configuration. These quantities are related by
the condition 0 = 6 — W < 0 arising from the inequality
(OU/ON)gy < €, being that the energy variation due to a
single particle (at constant entropy S and volume V) cannot
be larger than the maximum energy that a particle can have
[68,69]. The solutions also depend on m (mass of the
particle) and o (surface velocity dispersion) through scaling
laws. The results are summarized in diagrams of M versus
po and R versus p, for m = 10 GeV and ¢ = 400 kms™!
(see Fig. 2 and Fig. 3, respectively).

It is clear that the particle mass value m = 10 GeV does
not allow us to obtain the expected values of the central
density, mass, and radius for a galactic halo. In fact, we
have py x o°m*, M « ¢°/*>m=2, and R « ¢~'/>m~2. This
results in too large densities, and too small masses and
radii, implying that the semidegenerate regime is not
appropriate to describe strange DM halos. We need much
more negative values of 6, typical of a classical regime
well described by the Boltzmann (King) distribution

m=10GeV ; o =400km/s

log (M/M)

1 0-2 1 1 1 1 1 1
10° 10 10" 10% 10" 10 10" 107

log p, (gfem’)

FIG. 2. Mass M of the equilibrium configurations as a function
of central density py, at different values of 0. A phase transition
from nonquantum to fully degenerate configurations at densities
around 10'® gem™ is clearly visible.

m=10GeV ; o =400km/s
10° T T T T T T

log R (kpc)

N
=)
Q)
1

. —

10° 10° 10" 10" 10" 10" 10" 10%
3

logp, (g/cm’)

FIG. 3. Radius R of the equilibrium configurations as a function
of central density py, at different values of 0. A phase transition
from nonquantum to fully degenerate configurations at densities
around 10'® gem™ is clearly visible.

function with a cutoff in energy. In conclusion, strange
DM halos are nonrelativistic, Newtonian, and do not follow
quantum statistics; therefore, any speculation on spin of the
particles is neither decisive nor pertinent for the description
of this system.

In order to obtain halos with appropriate densities,
masses, and radii, we calculate equilibrium configurations
at fixed central density (p, = 107* gcm™) and particle
mass (m = 10 GeV), while increasing the value of —0, until
we reach M ~ 10'2 M, and R ~ 100 kpc (see Fig. 4). We
compute solutions in the range W, = 1 + 10 (for globular

. M=10Gev; p, =10%glem’; W;=1+10; 8= -70 + -90
10 T T T

10% 0=~ 920 |
10”- A <

log (M/M,)
3,

10°
4 \ . .

ol (S e ]
] 0.=-70

10 " 90kpe 1

10 T T T
10° 10' 10? 10° 10°

log R (kpc)
FIG. 4. Identification of the value of #p compatible with the

required values of mass and radius for spiral-galaxy halos. The
position of a MW-sized halo (blue axes) is highlighted, along
with the relevant value of 0y (red curve).
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clusters, the most significant values are between 4 and 8; for
galactic halos we expect even less). In this regime, the
dependence on 8 becomes a scaling law. It is possible to
make a tuning by varying the central density p, and the
concentration parameter 6 in order to match the required
values in M and R, also at different values of W. The
obtained results for m = 10 GeV and p, = 1072* gcm™
are very satisfying: we obtain 6 = —81.7 and W, = 1.8,
implying a halo mass M = 9.98 x 10!! Mg, a halo radius
R = 89.41 kpc, amean halo density p=3M /4zR>=2.16 x
1072°gem™, and a velocity dispersion ¢ = 405 kms™!.
The other solutions can be obtained from scaling laws
involving the total mass M and the radius R. We obtain

1/2 m* —4
M = 9.98 x 10! Po M.,
x (10—24 gem3) \10Gev) ©

(12)

o -1/6 /  m* \ 43
R=89.41 kpe. (13
<10—24 gcm_3> <10 Gev> pe. (13)

Here we indicated the particle mass m as the conglomerate
mass m*.

Analogously, we could express Eqs. (12) and (13)
in terms of ¢ and m* or ¢ and py. In these cases we

get M « 6 ?m* 2 and R « o~ '/?2m*~2, or M 63/)51/2 and
R x op, 2 1t is also interesting to express the surface
velocity dispersion ¢ as a function of the other two
parameters, the conglomerate mass m* and central density
Pos We get

10" T T T T T T

m*>7.46GeV

T T T
40 60 80 100 120 140
R (Kpe)

FIG. 5. Solutions for MW-sized DM halos obtained through
scaling laws between halo physical parameters and conglomerate
masses. The relations between halo mass and size for different
conglomerate masses (red curves), DM central densities (green
curves), and concentration parameters (black curves) are plotted.
The position of the MW-sized halo for m* = 10 GeV (open circle
with dot) is also marked.

B 2 1/3 m* —4/3 »
o =405 (10—24 gcm—3> (10 GeV) kmss

These results are summarized in Fig. 5.

V. COMPARISON WITH DWARF
GALAXY HALO PROPERTIES

The theoretical scenario presented in Sec. IV, though
fascinating, is deeply related to the existence of unobserved
SQM conglomerates; furthermore, the derived physical
parameters of the DM halo hold, in principle, only for
MW-sized spiral galaxies. In this section, we address such
issues by taking advantage of DM halos around different
classes of galaxies sharing similar structural properties. In
particular, we take advantage of the scenario of massive
DM particles annihilating or decaying into SM products,
among which are y rays [70], which is being currently
explored with deep observations of DM halos at several
y-ray facilities for DM particle masses from the GeV to the
TeV range (up to ~100 TeV). In the case of SQM
conglomerates, the mass increases with the baryon multi-
plicity A: any value for the conglomerate mass is thus
allowed if the stability conditions are fulfilled. In particular,
in the model by [53] the stability is achieved for A > 8§,
which corresponds to m* > 7.46 GeV. Therefore, SQM
conglomerates naturally lie in the GeV-to-TeV particle
mass range.

Here, we show how the average density of a strange DM
halo is common also to halos of different sizes like those
surrounding the dwarf spheroidal galaxies (dSphs), prob-
ably the most DM dominated objects in the local Universe,
and that such halos can be obtained by scaling down the
typical masses and radii for halos around normal galaxies.
In 2015, the Fermi-LAT y-ray observatory discovered a
y-ray excess between ~3 and ~10 GeV in the direction of
the dSph Reticulum II (RetII; [71]).l Such an excess was
compatible with a flux due to annihilation of DM particles
with mass m, ~ 25 GeV at 3o confidence level (see Figs. 1
and 2 by [73)).

In order to highlight the structural and physical simi-
larities between dSph and MW DM halos, we derive the
amount of DM in a sample of selected dSphs by analyzing
the kinematics of their member stars. To this end, we apply
the Markov-chain Monte Carlo (MCMC) Jeans analysis
integrated in the CLUMPY? software [74-76] and
described in [77] to the dSphs analyzed by [13], with
the inclusion of Carina (Car), Tucana II (Tuc II) and Ursa
Minor (UMi) and the removal of Triangulum II (Tri II; see
[78,79]). We present the list of selected targets in Table 1.

'Another tantalizing detection of a y-ray excess is reported
for the Galactic center by [72]; however, its interpretation
as a product of DM self-interaction with m, ~45 GeV is still
controversial.

*Available at http://clumpy.gitlab.io/CLUMPY /index.html.
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TABLE I.

Best-fit DM halo parameters obtained with CLUMPY for the nine dSphs analyzed in this study. In the dSph type column,

“cls” stands for “classical” and “uft” for “ultrafaint”. Distances d, are taken from [71,80].

Name Type do (kpe)  p, (10720 gem™) 7y (kpe) a Ryir (kpe)  Mpy(< Ry;) /108 Mg
Carina (Car) cds  105+6 28+104 18763 031507 5.018% 3.058]

Coma Berenices (CBe) uft 4444 2501740 10558 064705 420]% 7.555%°

Canes Venatici I (CVn 1) uft 218+ 10 17ij 1_9:2:? 0,32:‘)’?32 12_2134 7,33%3

Draco I (Dra I) s 76+6 5802550 0.279%00% 041703} 2873 7401355
Reticulum II (Ret II) uft  32+£2 44011480 04153 05605 17558 10753
Sculptor (Scl) cls 86+ 6 13649 0691055 028105 8547 19478

Segue 1 (Seg 1) uft  23+2 1115 0349 053195 03157 0.0041730709
Tucana 1T (Tuc II) uft  58+5 26230 L4598 060705 26107 15533

Ursa Minor (UMi) s 76+3 1048 431 028505 10459 42137

We refer to [77,81] for a detailed description of the
spherical Jeans analysis. Here, we simply recall that the
integration of the moments of the phase-space distribution
function for a steady state, spherically symmetric, and
negligibly rotating collisionless system yields the second-
order Jeans equation [82]

n(r) {5(”53)} +2ﬁaLr(r)173(r)=—% ; pom(s)s?ds.

(14)

Here, n(r), v2(r), and B, (r) are the stellar number density,
velocity dispersion, and velocity anisotropy respectively.
For the case of dSphs, the solution to Eq. (14) relates the
internal proper motions of stars to the amount of DM in
the dSph halo, although only line-of-sight observables like
the projected radius R, the surface brightness X(R), and the
projected stellar velocity dispersion o, (R) can be directly
compared with data.

In order to determine the parameters that best reproduce
the observed properties of the selected dSphs, we run a set
of 10° MCMC simulations with CLUMPY on the member
stars of each target, according to the prescriptions for an
unbinned analysis described in [77,81] and assuming an
Einasto profile [83] for the DM distribution given by

plr) = pye il (1)

We selected this DM profile over other possible choices,
such as the Zhao-Hernquist (ZH) [84.,85] or the (cored)
Burkert profiles [86], since N-body simulations of the local
volume have established that nonsingular cuspy profiles
are well suited to universally describe DM subhalos
gravitationally bound to MW-sized galaxies (e.g., [87]).
In addition, [77] found no or negligible differences in the
shapes of DM densities obtained by fitting either Einasto or
ZH profiles.

We preventively calculate the stellar number density
n(r) by fitting a 3D ZH profile to publicly available 2D
photometric data of our targets [71,88-90], and the result-
ing parameters are used as a fixed input for CLUMPY. We
take the stellar-kinematics data from the most up-to-date
literature for each target [91-97], and estimate the member-
ship probability P of the member stars as follows:

(i) for the classical dSphs Car, Draco I (Dra I), Sculptor

(Scl) and UM, and the ultrafaint Segue 1 (Seg 1), we
apply an estimation-of-membership algorithm [98]
to their member candidates, keeping in the Jeans
analysis only those for which P > 0.95;

(i1) for the remaining ultrafaint dSphs Coma Berenices
(CBe), Canes Venatici I (CVn I), Ret II and Tuc II,
we associate binary (0/1) memberships taken from
the literature to each member candidate.

Finally, we adopt the functional form for the stellar velocity
anisotropy f.,i(r) by [99].

In this way, we are able to fit Eq. (14) to the input data in
order to obtain the posterior distributions of the seven free
parameters (four for the velocity anisotropy profile and
three for the DM density profile). We list the best-fit
parameters for the DM density profile of each analyzed
dSph in Table I, along with the corresponding virial radius
R.;; computed as in [77] [see their Eq. (18); see also [82] ]
taking the dSph distances from [71,80], and the enclosed
DM mass Mpy (< Ry ). We also verify that our MCMC
simulations are self-consistent by reproducing the projected
stellar velocity dispersion profiles o,(R) and the astro-
physical factors J(AQ) for DM annihilation of the analyzed
dSphs, expressed by [100]

J(AQ) = / i / hul.de. (16)

Such profiles are compatible within errors with those
obtained by [77,101], and their analysis will be demanded
to a forthcoming publication. As an example, we show the
profile of ¢, for RetII in Fig. 6, along with the profile of J
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FIG. 6. Left panel: Ret II stellar velocity dispersion as a function of the projected radius from the dSph center obtained from the
MCMC Jeans analysis. The median profile (solid line) is shown together with the corresponding confidence intervals at 68% (dashed
lines), and 95% confidence level (dotted lines). For comparison, the binned measurements from [96] (dots) are overplotted together with
their 1o errors computed over the identified member stars. Right panel: Ret II astrophysical factor for DM annihilation as a function of
the instrumental integration angle. The median profile (solid line) is shown together with the corresponding confidence intervals at 68%
(dashed lines) and 95% confidence level (dotted lines). The lower limit on J () derived by [73] is reported as a visual confirmation of

the goodness of the MCMC calculations.

as a function of the integration angle o, to be compared
with the lower Ilimit inferred by [73] from the
y-ray excess.

It is to be noted that, due to the steady-state spherical
symmetry of dSph DM halos assumed by the Jeans analysis
implemented in CLUMPY, the impact of stellar feedback,
triaxiality, and tidal interactions on the dynamical status of
such halos remains unknown [81,102]. Nevertheless, the
average density p of dSph halos estimated from virial radii
and masses listed in Table I ranges between 6.57 x
10727 gem™ and 3.13 x 1072 gcm™, with a mean value
(p) = (1.26 £0.93) x 107> gcm™ in agreement at a
95% confidence level with the value for the MW derived
in Sec. IV. The fact that different halos associated to
morphologically very different galaxies, dominated in
different ways by the DM component—in fact, the dSph
mass-luminosity ratios are very high with respect to those
of common galaxies—have mean densities compatible
among them, encourages the continuation of studies on
their common origin. Therefore, if the hypothesis claiming
SQM conglomerates to constitute galactic halos is valid, the
DM particles composing such halos must have formed
immediately after the Big Bang, when the energy density
was in the correct range to allow their production and,
subsequently, ensure their stability. Decoupled from ordi-
nary matter, they would have been able to gravitationally
aggregate, forming the potential wells where protogalaxies
began to collapse.

In Fig. 7 we show the scaling relation between the dSph
halo parameters obtained from the MCMC spherical Jeans
analysis with CLUMPY and the MW parameters for the
theoretical SMP halo, using the numerical data summarized
in Table I. A visual inspection already reveals the

correlation between log Mpy; and log R;;, which is con-
firmed by a correlation coefficient r = 0.98 and an asso-
ciated null-hypothesis probability p(< r) = 1.05 x 107°

1012 / % i
’
o /
M, = KxR§, v///
g 7
1011 - <
1010 4
~~
P 9
Z 10°¢ 3
2
=
108 E
107 3 dSph DM halo E
Best fit
106 E_ Fixed slope E
MW SDM halo |
100

FIG. 7. Scaling relation for nine dSph DM halo parameters
obtained from the Jeans analysis performed with the cLUMPY
software (open squares) and MW parameters for the theoretical
DM halo constructed with SMPs (open star). The errors at
68% confidence level are associated to the measurements of
halo masses and virial radii. For comparison, the relation Mpy;
Rsir (dashed line)—corresponding to the average density of
~1.26 x 1072 gecm™3—is reported, along with the same relation
scaled at 1072* and 10726 gcm™ (dotted lines).

083015-9



MARCO MERAFINA et al.

PHYS. REV. D 102, 083015 (2020)

(e.g., [103]). In order to quantitatively compare dSph and
MW halos, we perform a logarithmic bisector fit [104]
restricted to the dSph data weighted for their uncertainties
along both axes, adopting either no constraints on the free
parameters or with logarithmic slope (i.e., power-law index
a) fixed to 3. The best-fit relation is given by

Mpp(< Ryir) Ry
log | ——m——%| = al —_— b, 17
og[ 10° Mg @108 10 kpc + (17)

with a=2.67+0.57 and b=0.7340.50 (y*/nq o+ =9.6/7).
The fit of the fixed-slope relation yields instead b = 0.83 +
0.30 (y*/ngo¢ = 8.8/8).

It is clear that, with such values of the statistical
goodness of fit at hand, we cannot strongly prefer a relation
over the other: in fact, according to an F test, the best-fit
relation represents a statistical improvement at 60% con-
fidence level only when compared to the fit with fixed
logarithmic slope. In addition, the values of a and b are
compatible within errors in both models. Therefore, we can
conclude that DM halos around galaxies with different
morphology and stellar content can be approximated with
spheres of mean density ~1.26 x 107> gcm™ over a
range of almost 3 orders of magnitude in virial radius
and 6 orders of magnitude in enclosed DM mass.

VI. CONCLUSIONS

In this paper, we proposed a possible scenario for DM’s
originin the Universe based on conglomerates made of strange
quark matter. These conglomerates form in the very early
phases after the Big Bang, when the conditions of extreme
density and temperature may favor the aggregation of strange
baryonic matter in stable structures that interact only gravi-
tationally with ordinary matter. Subsequently, when the
Universe expands and cools down, the conglomerates formed
in this way settle into galactic halos as “relic” DM.

We also showed how the assumption of conglomerates
with a mass of ~10 GeV can lead to a good reproduction of
the physical properties (mass, radius, concentration) of a
typical MW-sized DM halo. Performing a Jeans analysis on
the kinematical properties of nine dSphs, we also showed
how the average DM density in halos of very different size
is approximately maintained, hinting for a common origin
of both families of structures.

As an important remark, we recommend adopting
some caution when considering the results presented here.
In fact, the proposed scenario for DM composed by
conglomerates of particles with strangeness is still tenta-
tive. At present, no quantitative models able to compute the
stability and formation rate of strange conglomerates exist.
Consequently, we stress that the existence and stability of
the conglomerates is not yet definitely established (e.g.,
[60]), even if, for what concerns the results, this fact does
not impact on the outcome and the conclusions, being
conglomerates here assumed as a possible example of
stable particle with mass of ~10 GeV. Furthermore, while
we address a detailed calculation of the formation rate of
such particles in a forthcoming paper, nevertheless we have
shown that the non-extreme physical conditions holding in
the first seconds of the early Universe may suffice in
producing the amounts of conglomerates large enough to
significantly contribute to the DM total mass.

Finally, the detection of y-ray signals from DM halos is
still controversial, and future observations with next-gen-
eration y-ray telescopes (e.g., [105,106]) are needed in
order to eventually achieve the detection of y rays produced
by DM annihilation or decay in astrophysical sources.
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