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A new family of nonrelativistic, Newtonian, non-quantum 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 tem-
perature 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. Addi-
tionally, 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.

PACS numbers: 14.20.Jn — 95.35.4+d — 98.52.Wz — 98.62.Gq
Keywords: dark matter — galactic halos — dwarf galaxies — strangeness

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 ﬂ], DM is also
required as a fundamental component (~ 30%; see e.g. @]
and references therein) of the Universe’s energy content.
Unfortunately, the DM weird physical property to not
couple with radiation as the baryonic matter, required in
order to explain its invisibility to traditional astronomical
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 (MA-
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CHOs; 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 ~ 1071 GeV of axions up to ~ 10'° GeV
of “wimpzillas”) and cross sections (from ~ 1073° pb of
gravitinos up to ~ 1pb 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 supersymmet-
ric theories (e.g. [6]). However, extensive runs performed
at the Large Hadron Collider (LHC), in order to unveil
signatures of events with production of non-interacting
DM, have shown no clear features of such phenomena in
large energy ranges, thus leading to a progressive exclu-
sion of supersymmetric DM particles (e.g. [7]) although
some possibilities still remain (e.g. [§]). Similarly, the in-
vestigation of the density of MACHOs in the Milky Way
and in extragalactic halos has shown that such objects
are not abundant enough to represent a significant frac-
tion of the DM mass (e.g. [d]).

The possibility that DM is composed by conglomer-
ates of matter containing roughly the same number of
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up, down and strange quarks is also challenging. The
properties and the stability of such strange quark mat-
ter SQ%, which were conjectured long time ago (see
e.g. iﬁ, ]), are still debated in literature. Although the
formation process of SQM conglomerates is astrophysi-
cally disadvantaged, favourable conditions for their for-
mation could have been achieved in the early Universe,
soon after the Big Bang. The ALICE experiment at LHC
has recently measured a contribution to the cosmic ray
flux which is compatible with a SQM component ﬂﬁ],
further investigations 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 galac-
tic halos composed by SQM conglomerates, not explored
so far.

Recently, a framework for (indirect) search of DM sig-
nals also arises in astrophysics from the possibility that
DM particles self-interact via annihilation or decay to
produce SM pairs ], 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 at reach
of next-generation Cherenkov telescope (e.g. [16]).

In this paper, the self-gravitational equilibrium of SQM
galactic halos in Milky Way-sized spiral galaxies is calcu-
lated 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 spher-
ical Monte-Carlo Jeans analysis of a sample of DM halos
around dwarf spheroidal galaxies (e.g. [17]).

II. MASSIVE PARTICLES AS DARK MATTER
CANDIDATES

Besides the most commonly investigated DM can-
didates — e.g.  Weakly-Interacting Massive Particles
(WIMPs), or axions — , for which no compelling obser-
vational or experimental evidence still exists, nor any
proved beyond-the-Standard-Model production mecha-
nism, 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 quan-
tum number, as it is for baryons, then the correct relic
abundance should be accomplished in a completely dif-
ferent 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 considera-
tions on cosmology and DM, which include heavy leptons
and hadrons, fractionally charged particles, mirror mat-
ter and SQM. Further candidates were postulated which
could arise as topological field configurations like mag-
netic monopoles, Q-balls or black holes. A complete re-
view about the scenarios predicting SMPs is given in ﬂﬂ],
with particular focus on the experimental, non-collider,
techniques used for their search.

In the supersymmetric (SUSY) extension of the SM
stable particles involving heavy leptons and hadrons
can arise as possible DM candidates, with the hypo-
tised properties of SMPs. Stable negatively charged par-
ticles (X) could bind with nuclei to form dense neu-
tral objects which could act as DM @, ], for in-
stance X~ p and X~ " He. It was argued that DM species
such as X~ He could provide an explanation to the ob-
served 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 constraints the models. The
searches at LHC for stable interacting particles exclude
masses up to ~ 1TeV, whereas the limit on the lepton-
like objects masses is of ~ 300 GeV [23-31].

Other cosmological scenarios involve fractionally
charged particles forming composite objects which could,
in principle, be DM candidates @] The charge quan-
tization arises in fundamental theories and it does not
guarantee that charges have values that are integer mul-
tiples of the elementary charge e. In principle fraction-
ally charged particles could exist without conflicts with
the theory @, @], 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 1012 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 ex-
tensively in the last few decades [35146]. The simplest of
such models assumes that the matter of the dark sector,
known as “mirror matter”, is coupled to ordinary matter
through the kinetic mixing of the dark and ordinary elec-
tromagnetism 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 gravita-
tionally bound to the Solar System could help to explain
the anomalies in the behaviour of some meteoroids HQ]

The stability of SQM conglomerates, containing
roughly the same numbers of u, d and s quarks, was
conjectured long time ago (see e.g. m, |ﬂ]) 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 po-
tential due to the Pauli exclusion principle in bulk quark
matter, making such a mixture energetically favoured.
The only way for standard baryonic matter to make the
transition to an SQM phase would be u and d quarks con-
versions into s quarks via weak interactions, stabilized by
the chemical potential release. Such a process is disad-
vantaged in stellar nuclear reactions, whereas the SQM
lumps formation could have found favourable conditions
in the early Universe. In particular, if the Quantum
Chromodynamics (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 1057 [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 ﬂﬁ] is focused on
those events which contain more than 100 reconstructed
muons. This in motivated by the fact that Monte Carlo
simulations assuming a standard combination of proton
and iron components in the primary CR flux are not suit-
able to describe the higher multiplicity events (with more
than 100 muons). It is shown that the ALICE measure-
ment is compatible with an SQM component in the CR,
characterised by a very high baryon number of the order
of A ~ 103 (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 evaporating neutrons). The frequency distri-
bution of the highest multiplicity events could be repro-
duced assuming an SQM abundance in the primary CR
flux of the order of 10~° of the same total energy per
particle, value which 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) con-
glomerates, whose formation may be conceived during
the Big-Bang Quark Gluon Plasma (QGP) period in the
early universe. The argument exposed in @] is based
on the attractive isospin I = 0 antikaon-nucleon (KN)
strong interaction at energies below the KN mass thresh-
old, which appears to be strong enough to form a KN
bound state. In [53] the A(1405) resonance (also indi-
cated with A*), which according to the chiral models (see
e.g. MD emerges just few MeV below the KN thresh-
old, is instead interpreted as a (KN);—o bound state, the
Binding Energy (BE) being about 27 MeV. Based on this
assumption a BE for the A*-A* pair of 40MeV is pre-
dicted. 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 di-
rectly proportional to the baryon density. In @] it is also
argued that for A* conglomerates with baryon multiplic-
ity 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 3py (where
po = 0.17fm~3 is the normal nuclear density) when the
BE/A is of about 470 MeV (see figure 1 by @])

Although the argument above referred on the condi-
tions which could be achieved in the central regions of
the neutron stars — where strangeness production mech-
anisms (e.g. n — p+ K ) become energetically favoured
at large densities, leading to the formation of hyperon
cores — , the hypothesis proposed in ﬂﬁ] could be more
favourable in the cosmological field, where the possibility
to have arbitrarily high values of density and tempera-
ture is not precluded. In this framework, the formation
of matter with strange quark content as a partial con-
stituent 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 temper-
ature), we can assume that, since their formation, such
conglomerates should have a very low probability to in-
teract with baryonic matter.

In [60] a critical analysis of the results obtained in [53]
is performed. It is argued that the model developed in
ET only includes a purely attractive A*-A* interaction
in the A-body Schréedinger equation, which leads to a
divergent BE/A as the baryon number A increases. A
relativistic mean field calculation is performed in @],
which also accounts for a repulsive A*-A* interaction
term. The repulsive term induces saturation of BE/A
(when A > 120, at about 2pg) 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 con-
glomerate turns 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 electromag-
netic interactions, which is debated in literature and it
is out of the scope of the present work, it is worth in-
vestigating the gravitational properties of SQM halos in
Milky Way-size spiral galaxies to be compared with astro-
nomical observations. In the following Sections the self-
gravitational equilibrium of halos composed of SQM con-
glomerates 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 Sec-
tions [V] and [V] are not dependent on the nature of the
DM particle, thus can be applied also to other DM can-
didates having mass of the same order of magnitude.
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FIG. 1: Different components in our Galaxy (spiral) and con-
tribution to the rotation curve (figure by K. Begeman & Y.
Sofue adapted from [61]).

III. MILKY WAY HALO MODELLING

Analyzing the rotation velocity curve by observative
data, a flat behavior around 200km/s is clearly evi-
denced, indicating a significant difference from the ex-
pected theoric trend. The existence of a Galactic halo
composed by DM, like the one first introduced by @],
can explain the observed behavior. More accurate obser-
vations have been performed and the flat behavior has
been confirmed (see Fig.[I]), resulting in agreement with
the existence of a halo of mass Mpalo ~ 10 Mg and ra-
dius Rhalo ~ 10 Rgal-

Some questions arise from this preliminary analysis.
What is the nature of the DM? What is the particle com-
position of the halo? What is the mass of these particles?
The problem was widely discussed since 1970s, and the
construction of DM halos models has experienced a sig-
nificant 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 neutri-
nos, and using a polytropic model with n = 3/2. The
halo mass and radius are straightforward to obtain, their
expressions given by

3 /m 3/2 hg 1/2
9)!/6 hooo
=T s amarsy — o8 (g

2v/2

where m, is the neutrino rest mass and py the cen-
tral density. Introducing the above conditions Myai, ~
10 Mga1 and Rpalo ~ 10 Rga implies a central density
po ~ 1072gcm ™3 for a neutrino rest mass m, ~ 10eV.
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FIG. 2: A partial review of different DM candidates (particles
only; adapted from [4]).

Moreover, combining Eqs. [{l) and (@) leads to a simple
relation between mass and radius of our Galaxy

~1/3
M ) kpc . (3)

R~90(—5—o
(10121\4@

A non-relativistic 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.

m4C3 — —
per = 5505 = 78-10"Tgem™ > py (4)
and
GM
Sz =48:107 <1, (5)

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...) discussed in the literature (e.g. [4]), with mpu
in principle anywhere between 1073! GeV and 10'® GeV
(see Fig.[).

Furthermore, the possibility to have non-WIMP DM
canditates should be taken into account. This alterna-
tive and fascinating hypothesis involves SMPs directly
produced in the framework of the Big Bang standard
model. Such a scenario arises by the simple considera-
tion that the interaction rate between baryons and DM
particles may be suppressed if DM particles are produced



with large mass and consequently low number density. In
fact, this rate is proportional to nov, with n the num-
ber density, o the cross section and v the particle ve-
locity. Therefore, DM particles with low effective inter-
action 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 par-
ticular, the SQM conglomerates discussed in Section II,
with masses around 8 + 15 GeV. These Big Bang relics
particles could form galactic halos.

Physical models for the production of free SQM
conglomerate-like particles (e.g. “strangelets”), like the
ejection of charged quark nuggets from compact ob-
jects (e.g. @]) are currently under investigation. How-
ever, 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 num-
ber density of such hypothetical particles. To this end,
we consider an elementary number of m ~ 1 GeV baryons
with strangeness given by dN7 = powvdt/m crossing a vol-
ume containing dNo = pdV/m of such particles to form
a number of conglomerates d\N. of baryon number A at
a rate per unit volume 7n.. We obtain

dN; - dNy _dN, _ oup?

Ne=——— = =g =72 (0

In a very simplified scenario, we assume that the phys-
ical conditions holding when the Universe is ~ 1s old
(T ~ 10" K and p ~ pps ~ 10°gcem ™3, being pas the cos-
mological matter density) remain stationary for At ~ 1s.
Then, we derive the baryon velocity v ~ 10%ms™!
from the relativistic equipartition mc?(y — 1) = 3kT/2,
and adopt a typical baryon cross section o ~ 10~?°cm?
(e.g. [66]). Under these assumptions, for A ~ 10, Eq. (@)
yields a conglomerate density n. = n.At ~ 10%2cm=3.
Actually, such a mechanism is exceedingly efficient, pro-
ducing a present-day conglomerate mass density p. ~
10~ '"gcm ™3 that is 10'2 times larger than the Universe
critical density peris ~ 1072?gem™3. It is therefore clear
that an accurate estimation of the production rate of
SQM conglomerates must be performed taking into ac-
count 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 to
a forthcoming dedicated publication.

This scenario must clearly be considered as only a pos-
sible hypothesis of formation of DM, and its further inves-
tigation is needed, especially from the quantitative point
of view. One of the problems is related to the expan-
sion rate of the Universe: if 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 conglom-
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FIG. 3: Mass M of the equilibrium configurations in function
of central density po, at different values of r. A phase tran-
sition from non-quantum to fully degenerate configurations at
densities around 10"®gem™ is clearly visible.

erates: fluctuations of density with respect to the average
value may increase the collision rate and thus create the
conditions for instability of such systems. These particu-
lar conditions can also be reached in the central regions of
a single galactic halo, if the central density of visible mat-
ter (galaxy) and the gravitational field are high enough
to increase the probability of collision among conglomer-
ates. 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 probable, in order to obtain evi-
dences of DM existence through the indirect detection of
~v-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 > 10® gem ™3 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 10726g cm 3.

First, we consider a semi-degenerate gas of particles
with a rest mass m* = 8+15 GeV. We look for halos with
mass M ~ 10'2 M, and radius R ~ 100 kpc, with a mean
density p of the order of 107 2%gcm™3. In particular, for
m* = 10 GeV, we obtain

m*4c3 o _
Per = 320 =78 1019gcm > P (7)
and
GM
—— —48-10 7T« 1. (8)

Re2
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FIG. 4: Radius R of the equilibrium configurations in function
of central density po, at different values of fr. A phase tran-
sition from non-quantum to fully degenerate configurations at
densities around 10"®gem™ is clearly visible.

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 ﬂ@]

g 1— e(sfsc)/kT
He) =13 {m} fore<e. ()
fle)=0 fore > e, ,

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

p = m / fle) & (10)

For the gravitational equilibrium, we use the Poisson
equation

1 .d [ ,de
— - ) =4 11
r2 dr <T dr) mGp (11)

with ¢'(0) =0 and ¢(0) = po.

By integrating Eq. (L), we obtain different equilibrium
configurations at different values of Wy and 0z, where Wy
is the value of W = e./kT at the center of the config-
uration and @p is the value of @ = pu/kT at the border
of the configuration. These quantities are related by the
condition 0 = 0 — W < 0 arising from the inequality
(OU/ON)s,v < €., 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 par-
ticle can have ﬂ@, ] The solutions also depend on m

m=10GeV; p =10%glem’ ; W =1+10; 8,=-70 +-90
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FIG. 5: Identification of the value of Or compatible with the
required values of mass and radius for spiral-galaxy halos.
The position of a MW-sized halo (blue azes) is highlighted,
along with the relevant value of Or (red curve).

(mass of the particle) and o (surface velocity dispersion)
through scaling laws. The results are summarized in di-
agrams of M versus py and R versus pg for m = 10 GeV
and 0 = 400kms™ (see Fig.Bl and Fig.Hl respectively).

It is clear that the particle mass value m = 10 GeV
does not allow to obtain the expected values of central
density, mass and radius for a galactic halo. In fact, we
have pg x o®m*, M « ¢%?m=2 and R < o~ '/2m~2.
This results in too large densities, and too small masses
and radii, implying that the semi-degenerate regime is
not appropriate to describe strange DM halos. We need
much more negative values of fg, typical of a classical
regime well described by the Boltzmann (King) distribu-
tion function with cutoff in energy. In conclusion, strange
DM halos are non-relativistic, Newtonian and do not fol-
low 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 (pp = 10~2*gem™?) and parti-
cle mass (m = 10GeV), while increasing the value of
—0r until we reach M ~ 10*2 M and R ~ 100kpc (see
Fig.B)). We compute solutions in the range Wy = 1 =+ 10
(for globular clusters, the most significant values are be-
tween 4 and 8; for galactic halos we expect even less).
In this regime, the dependence on #r becomes a scaling
law. It is possible to make a tuning by varying the cen-
tral density po and the concentration parameter fr 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 py = 1072*gem ™2 are very satisfying: we ob-
tain 0 = —81.7 and Wy = 1.8, implying a halo mass
M = 9.98-10' M), a halo radius R = 89.41 kpc, a mean
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FIG. 6: Solutions for MW-sized DM halos obtained through
scaling laws between halo physical parameters and conglom-
erate 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.

halo density p = 3M /47 R3 = 2.16-10726g cm 2 and a ve-
locity dispersion o = 405km s~!. The other solutions can
be obtained from scaling laws involving the total mass M
and the radius R. We obtain

M=998-10" [ — P P m 74M
' 10~24g cm—3 10 GeV ©
(12)

P -1/6 m* —4/3
R=89.41 (10_24g Cm_3> <10 Gev) kpe |
(13)
Here we indicated the particle mass m as the conglomer-
ate mass m*.
Analogously, we could express the Eqs. (I2]) and (I3)
in terms of ¢ and m* or o and pg. In these cases we get

- - _ ~1/2
M o o®?m*=2 and R o< o~ /?m*2, or M o o?p, /

and R opal/Q. It is also interesting to express the
surface velocity dispersion ¢ as a function of the other
two parameters, the conglomerate mass m* and central
density po; we get

0 U3 ;o\ 43
=405 | ———= — kms™ ' .
7 (10—24gcm—3> <10 GeV) s

These results are summarized in Fig.[6

V. COMPARISON WITH DWARF GALAXY
HALO PROPERTIES

The theoretical scenario presented in Section [V]
though fascinating, is deeply related to the existence of

unobserved SQM conglomerates; furthermore, the de-
rived physical parameters of the DM halo hold in prin-
ciple 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 struc-
tural properties. In particular, we take advantage of the
scenario of massive DM particles annihilating or decay-
ing into SM products, among which y-rays ﬂﬁ], which is
being currently explored with deep observations of DM
halos at several v-ray facilities for DM particle masses
from the GeV to the TeV range (up to ~ 100TeV). In
the case of SQM conglomerates, the mass increases with
the baryon multiplicity A: any value for the conglom-
erate 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 size like
those surrounding the dwarf spheroidal galaxies (dSphs),
probably 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 nor-
mal galaxies. In 2015, the Fermi-LAT ~-ray observatory
discovered a ~-ray excess between ~ 3 and ~ 10GeV
in the direction of the dSph Reticulum II (Ret IT; [71])!.
Such an excess was compatible with a flux due to anni-
hilation of DM particles with mass m, ~ 25GeV at 30
confidence level (see figures 1 and 3 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 analyz-
ing the kinematics of their member stars. To this end,
we apply the Markov-Chain Monte Carlo (MCMC) Jeans
analysis integrated in the cLumpy? software ] and
described in iﬂ] to the dSphs analyzed by [13], with the
inclusion of Carina (Car), Tucana II (TucIl) and Ursa
Minor (UMi) and the removal of Triangulum IT (TrilIl;
see @, @]) We present the list of selected targets in
Tab.[Il

We refer to [77, R1] for a detailed description of the
spherical Jeans analysis. Here, we simply recall that
the integration of the moments of the phase-space distri-
bution function for a steady-state, spherically symmet-
ric and negligibly rotating collisionless system yields the
second-order Jeans equation ﬂ@]

n(lr) {% (mﬁ)} +255“‘Ti(r)173(r) - _4:2G /OT poni(s)s%ds . (14)

Here, n(r), v2(r) and Bani(r) are the stellar number den-
sity, velocity dispersion and velocity anisotropy respec-

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

2 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 “ultra-faint”. Distances de are taken from Iﬂ], ]

Name Type de(kpe) ps(1072°gem™3)  r4(kpc) ! Ryir(kpe) Mpa(<Ryir)/10® Mg
Carina (Car) cs 105+6 281104 1.8765  0.3119% 5.0%58 3.0

Coma Berenices (CBe)  uft 44 +4 2501370 1.0756  0.647925 4.277%7 7515000
Canes Venatici I (CVnI) uft 218 + 10 17748 1.9728  0.324032 19.9%154 7.313%°

Draco I (Dral) cls  76+6 5801300 0.27910:946 0.4170-24  28+31 74011980
Reticulum II (Ret II) uft  32+2 44013480 0.472% 056702 1.777¢ N
Sculptor (Scl) cls 86+6 136779 0.69703% 0.287051 85T1L7 19738

Segue 1 (Seg1) uft 23+2 11557 03729 0537533 03722 0.004119-0719
Tucana II (TuclI) uft 5845 261106 14735 0601930 26163 1.5%52

Ursa Minor (UMi) cs 7643 1018 43727 0287915 1047107 42142

tively. For the case of dSphs, the solution to Eq. (I4]) re-
lates the internal proper motions of stars to the amount of
DM in the dSph halo, although only line-of-sight observ-
ables like the projected radius R, the surface brightness
Y(R) and the projected stellar velocity dispersion o, (R)
can be directly compared with data.

In order to determine the parameters that best repro-
duce the observed properties of the selected dSphs, we
run a set of 10> MCMC simulations with cLumMPY on the
member stars of each target, according to the prescrip-
tions for an unbinned analysis described in ﬂﬂ, @] and
assuming an Einasto profile [83] for the DM distribution
given by

p(r) = py e sl =1, (15)

We selected this DM profile over other possible choices,
such as the Zhao-Hernquist (ZH; [84, [87]) or the (cored)
Burkert profiles @], since N-body simulations of the Lo-
cal Volume have established that non-singular cuspy pro-
files are well suited to universally describe DM subhalos
gravitationally bound to MW-sized galaxies (e.g. [87]).
In addition, E] find 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 ﬂﬂ, , and the re-
sulting 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 @—@], and estimate
the membership probability P of the member stars as
follows:

e for the “classical” dSphs Car, Draco I (DraT), Sculp-
tor (Scl) and UMi, and the “ultra-faint” Segue
1 (Segl), we apply an estimation-of-membership
(EM) algorithm [98] to their member candidates,
keeping in the Jeans analysis only those for which
P >0.95;

e for the remaining “ultra-faint” dSphs Coma
Berenices (CBe), Canes Venatici I (CVnlI), RetII
and Tuc I, we associate binary (0/1) memberships
taken from the literature to each member candi-
date.

Finally, we adopt the functional form for the stellar ve-
locity anisotropy Sani(r) by [99].

In this way, we are able to fit Eq. (4] to the input
data in order to obtain the posterior distributions of the
7 free parameters (4 for the velocity anisotropy profile
and 3 for the DM density profile). We list the best-fit
parameters for the DM density profile of each analyzed
dSph in Tab.[l along with the corresponding virial radius
Ryir computed as in [77] (see their equation 18; see also
[82]) taking the dSph distances from [71, [80], and the
enclosed DM mass Mpy(<Ryiy). We also verify that our
MCMC simulations are self-consistent by reproducing the
projected stellar velocity dispersion profiles o,(R) and
the astrophysical factors J(AQ) for DM annihilation of
the analyzed dSphs, expressed by M]

J(AQ) = /A 9

Such profiles are compatible within errors with those ob-
tained by ﬂﬂ, @], and their analysis will be demanded

o, )l . (16)

l.o.s.
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FIG. 7: Left panel: Ret 1l 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 Il 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(ctint)
derived by Iﬁ] is reported as a visual confirmation of the goodness of the MCMC calculations.

to a forthcoming publication (Doro, Morselli, Rodriguez-
Fernandez, Saturni et al.; in prep.). As an example, we
show the profile of o, for RetII in Fig.[7] along with the
profile of J as a function of the integration angle aj, to
be compared with the lower limit 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 anal-
ysis implemented in CLUMPY, the impact of stellar feed-
back, triaxiality and tidal interactions on the dynamical
status of such halos remains unknown ﬂ@, ] Never-
theless, the average density p of dSph halos estimated
from virial radii and masses listed in Tab.[l] ranges be-
tween 6.57 - 10727gcm ™ and 3.13 - 10~ 2°gem ™3, with a
mean value (p) = (1.26 &+ 0.93) - 107?gcem ™3 in agree-
ment at a 95% confidence level with the value for the
MW derived in Section [Vl The fact that different ha-
los associated to morphologically very different galaxies,
dominated in different way by the DM component — in
fact, the dSph mass-luminosity ratios are very high with
respect to those of common galaxies — have mean den-
sities compatible among them, encourages the continu-
ation of studies on their common origin. Therefore, if
the hypothesis claiming SQM conglomerates to consti-
tute galaxy 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 ordinary matter, they would
have been able to gravitationally aggregate, forming the
potential wells where proto-galaxies began to collapse.

In Fig.B we show the scaling relation between the

1012
Moy = KxRg, Vs
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10t |
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FIG. 8: Scaling relation for nine dSph DM halo parame-
ters 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 mea-
surements of halo masses and virial radii. For comparison,
the relation Mpym o R2;, (dashed line) — corresponding to the
average density of ~ 1.26 - 1072°gem ™2 — is reported, along
with the same relation scaled at 1072* and 107*°gcm ™ (dot-
ted lines).



dSph halo parameters obtained from the MCMC spheri-
cal Jeans analysis with cLumpy and the MW parameters
for the theoretical SMP halo, using the numerical data
summarized in Tab.[ll A visual inspection already reveals
the correlation between log Mpy and log Ryiy, which is
confirmed by a correlation coefficient » = 0.98 and an as-
sociated null-hypothesis probability p(< r) = 1.05-107°
(e.g. [103]). In order to quantitatively compare dSph and
MW halos, we perform a logarithmic bisector fit [104] re-
stricted 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

MDM(<RViI‘) o Rvir
log{ 1090, = alog T0Tkpe +b, (17)

with @ = 2.67 £ 0.57 and b = 0.73 £ 0.50 (x*/nd.0f. =
9.6/7). The fit of the fixed-slope relation yields instead
b=0.83+0.30 (x%/nq.0r. = 8.8/8).

It is clear that, with such values of the statistical good-
ness 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%
confidence 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 differ-
ent morphology and stellar content can be approximated
with spheres of mean density ~ 1.26-10"2°gcm ™3 over a
range of almost three orders of magnitude in virial radius
and six orders of magnitude in enclosed DM mass.

VI. CONCLUSIONS

In this paper, we proposed a possible scenario for DM
origin in the Universe based on conglomerates made of
strange quark matter. These conglomerates form in the
very early phases after the Big Bang, when the condi-
tions of extreme density and temperature may favor the
aggregation of strange baryonic matter in stable struc-
tures that interact only gravitationally with ordinary
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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 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 important remark, we recommend to adopt some
caution when considering the results presented here. In
fact, the proposed scenario for DM composed by con-
glomerates of particles with strangeness is still tentative.
At present, no quantitative models able to compute the
stability and formation rate of strange conglomerates ex-
ist. Consequently, we stress that the existence and stabil-
ity of the conglomerates is not yet definitely established
(e.g. [60]), even if, for what concerning 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 for a detailed calculation of the formation rate of
such particles we address to a forthcoming paper, never-
theless we have shown as even the non-extreme physical
conditions holding in the first seconds of the early Uni-
verse may suffice in producing amounts of conglomerates
large enough to significantly contribute to the DM total
mass.

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