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Abstract. We have recently introduced a new model for the distribution of dark matter (DM) in
galaxies, the Ruffini-Argiielles-Rueda (RAR) model, based on a self-gravitating system of massive
fermions at finite temperatures. The RAR model, for fermion masses above keV, successfully
describes the DM halos in galaxies, and predicts the existence of a denser quantum core towards
the center of each configuration. We demonstrate here, for the first time, that the introduction of a
cutoff in the fermion phase-space distribution, necessary to account for galaxies finite size and mass,
defines a new solution with a compact quantum core which represents an alternative to the central
black hole (BH) scenario for SgrA*. For a fermion mass in the range 48keV < me? < 345keV, the
DM halo distribution fulfills the most recent data of the Milky Way rotation curves while harbors
a dense quantum core of 4 x 10 M within the S2 star pericenter. In particular, for a fermion mass
of mc? ~ 50keV the model is able to explain the DM halos from typical dwarf spheroidal to normal
elliptical galaxies, while harboring dark and massive compact objects from ~ 10°> M, tp to 10% M at
their respective centers. The model is shown to be in good agreement with different observationally
inferred universal relations, such as the ones connecting DM halos with supermassive dark central
objects. Finally, the model provides a natural mechanism for the formation of supermassive BHs
as heavy as few ~ 105My. We argue that larger BH masses (few ~ 109710M@) may be achieved
by assuming subsequent accretion processes onto the above heavy seeds, depending on accretion
efficiency and environment.

1 Introduction fermionic particles with the aim of describing galactic
dark matter halos. It was there considered a quantum
fermionic distribution taking into account the possible

presence of a cutoff in the energy as well as in the an-

The problem of the distribution of stars in globular
clusters, and more general in galactic systems, has im-

plied one of the results of most profound interest in
classical astronomy. In particular, in the pioneering
works of [1] and [2], they considered the effects of colli-
sional relaxation and tidal cutoff by studying solutions
of the Fokker-Planck equation. There, it was shown
that stationary solutions of this kind can be well de-
scribed by lowered isothermal sphere models, based
on simple Maxwellian energy distributions with a con-
stant subtracting term interpreted as an energy cut-
off. An extension of this statistical analysis with ther-
modynamic considerations, which includes the effects
of violent (collisionless) relaxation, has been studied
in [3], with important implications to the problem of
virialization in galaxies which are still of actual in-
terest. In a series of works, [4-6] changed the em-
phasis from self-gravitating systems of classic stars
(which verify Maxwellian distributions) to systems of
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gular momentum. A remarkable contribution in the
understanding of these issues was given in [7], based
on the study of generalized kinetic theories account-
ing for collisionless relaxation processes, and leading
to a class of generalized Fokker-Planck equation for
fermions. It was there explicitly shown the possibility
to obtain, out of general thermodynamic principles, a
generalized Fermi-Dirac distribution function includ-
ing an energy cutoff, extending the former results by
[1] and [2] to quantum particles. More recently, it
was shown that quantum particles fulfilling fermionic
quantum statistics and gravitational interactions are
able to successfully describe the distribution of galac-
tic dark matter halos when contrasted with observa-
tions [8-11]. In particular, [11] proposed a new model
(hereafter RAR model), based on such fundamental
physical pillars to attack this problem, presenting a
novel and more general dense quantum core - classical
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halo distribution. Thus, given the apparent ubiquity
of massive black holes at the center of galaxies, in [11]
the RAR model was proposed as a viable possibility
to establish a link between the dark central cores to
dark matter halos within a unified approach.

In this work we extend the RAR model by in-
troducing a cutoff in the momentum distribution to
account for finite galaxy sizes (analogously as previ-
ously done in [6]) and to account for more realistic
galaxy relaxation mechanisms as indicated above and
in [7]. This approach provides a new family of solu-
tions with an overall redistribution of the bounded
fermions. Consequently, the more stringent outer
halo constraints of these novel configurations allow
a higher compactness of the central cores. A detailed
description of the presented results, the RAR model,
its application to galactic structures and the compar-
ison with universal relations is provided in [12].

2 Novel constraints from Milky Way
Observables

We consider the extended high resolution rotation
curve data of the Galaxy in [13], ranging from pc
scales up to ~ 102 kpc, together with the orbital data
of the eight best resolved S-cluster stars taken from
[14]. Our analysis will thus cover in total more than
nine orders of magnitude of radial extent.

As we will show below, the key result of our work
is that there is a continuous underlying dark matter
distribution covering the whole observed Galactic ex-
tent, which not only governs the dynamics of the outer
halo above r > 10 kpc, but also the central pc, being
the intermediate region dominated by the baryonic
components (bulge+disk).

The objective now is to solve the metric potential
v(r) for given regular initial conditions at the center
(Bo, 00, Wy) and different dark matter particle mass
m, in order to find the mass solution M (r) consistent
with the observationally constrained dark matter halo
of the Galaxy. In detail, a dark matter halo described
by (ri1, M;) = (40 kpc,2 x 101 M) consistent with
the dynamics of the outer dark matter halo as shown
recently in [15]. This is equivalently consistent with
(ra, Ma) = (12 kpe, 5x10*° M) as constrained in [13].
Simultaneously, we require a quantum core of mass
M(r.) = M. = 4.2 x 10 M, enclosed within a radius
re < Tp(s2) = 6 X 10~ pc, the S2 star pericenter [14].
The results of this full boundary condition problem for
the Milky Way observables are summarized in fig. 1.

The Milky Way outermost dark matter halo be-
havior is subjected to the cutoff conditions W (ry) =~ 0
when p(r,) = 1075Mg /pc? at the boundary radius
ry = 50 kpc (see fig. 1). Here, p(rp) is the Local
Group density as constrained in [17]'. The limit-
ing behavior of such a dark matter density profile
is also consistent with a dark matter halo mass of

INote that the exact W(r) = 0 cutoff condition, is fulfilled
in the limiting case p(r) = 0 achieved for r > 7.
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Figure 1. (Colour online, with permission of [12]) Theo-
retical rotation curves (upper panel) and density profiles
(lower panel) for different DM fermion masses in the keV
region, in agreement with all the Milky Way observables
from ~ 1073 pc to ~ 10° pc. The continuous thick-red
curve that fit the observed data (blue points) is the total
rotation curve given by the RAR model plus the baryonic
(bulge + disk) component without the need for a central
BH, i.e. using any RAR profile for mc? = 48-345 keV. We
also show, for the sake of comparison, the contribution
of the NFW DM profile to the total rotation curve (not
shown here) which produces an equally good fit to the data
in the halo region [see 13, for details]. The stars-symbols
represent the eight best resolved S-cluster stars [14], whose
positions in the plot indicates the effective circular veloc-
ity at pericenter (i.e. without considering the ellipticity
of the orbits). In the inner bulge region (3 < r < 10%) pc,
the large velocity error bars of about £20-30% are mainly
due to non-circular motions, while in the halo region there
are larger observational errors bars of up to ~ 50% due
to systematics [13]. The DM contribution to the Galactic
halo becomes necessary above ~ 7 kpc, in agreement with
[16].

M (40 kpc)= 2 x 10" M, as required above, further
implying a total Galactic mass (dark + baryonic) at 7,
of M,y ~ 3x 10 M, of which 80% is dark according
to our model (i.e. M(ry) = 2.4 x 1011 My). It is clear
that such a dark matter mass distribution must be
also in agreement with the dynamical constraints set
by the Galactic satellite dwarf observations, e.g. the
Sagittarius (Sgr) dwarf satellite. Indeed, such obser-
vational constraints have been recently considered in
[15], who showed that their fulfillment requires a to-
tal mass of the Galaxy (at ~ 80% confidence level)
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Man(r 2 50 kpe)~ 3 x 10 Mg, in agreement with
our results here.

The different regimes in the p(r) profiles are also
manifest in the dark matter rotation curve. We define
the first maxima as the core radius r. and the second
maxima as the halo (or the one-halo scale length) ry,.
Following then the standard assumption in the liter-
ature that baryonic and dark matter do not interact
each other, we have theoretically calculated the to-
tal rotation curve as vi; = vi(r) + v3(r) + viy (7).
With v (1) and vg(r) the baryonic circular velocities
for bulge and disk. We calculated the total (inner
-+ main) bulge circular velocity using the same mass
model parameters as in [13]. For the disk, we have
performed the calculations with mass models param-
eters slightly changed (within 12%) with respect to
those given in [13], where the NFW dark matter pro-
file was assumed. We do this change to improve the
fit of the observational data when adopting our dark
matter profile. Finally, v3,,(r) is the dark matter
contribution given by the RAR model.

Varying the particle mass produces configurations
which are classified in three groups. The fermion mass
range mc? < 10.4 keV is firmly ruled out by the
present analysis because the corresponding rotation
curve exceeds the total velocity observed in the bary-
onic (bulge+disk) dominated region, between ~ 1 pc
and 10% pc (including upper bound in error bars, see
fig. 1).

In the intermediate range 10.4 keV< mc? <48 keV,
the theoretical rotation curve is not in conflict with
any of the observed data and dark matter inferences
in [13], but the compactness of the quantum core is
not enough to be an alternative to the central BH
scenario.

There is a fermion mass range 48 keVg
mc? <345 keV with corresponding accompanying pa-
rameters (o, 0o, Wo), whose associated solutions ex-
plain the Galactic dark matter halo while providing
at the same time an alternative for the central BH.
The lower bound in m is imposed by the dynam-
ics of the stellar S-cluster, while the upper bound
corresponds to the last stable configuration before
reaching the critical mass for gravitational collapse
(M ~ mdy, . a/m?, see also [18]). The critical
configuration has a core radius r. ~ 4.75r, with
re the Schwarzschild radius associated to a BH of
4.2 x 10M¢, (see also [19)]).

3 Comparing observed galaxy correlations

We turn now to analyze if the RAR model agrees with
the Mpy — Miot relation [20-22] where Mo is the to-
tal dark matter halo mass and Mpy is the mass of the
compact dark object at the center of galaxies. Tradi-
tionally, that dark object is assumed as SMBHs but
here interpreted as dark matter quantum cores in the
case of inactive galaxies. In the following we consider
Mgy = M., being M, = M(r.) the quantum core
mass. In order to show this, we use the full family

of RAR solutions for typical dSphs (r, = 0.26 kpc,
My, = 2.7 x 10"Myg,), spiral (r, = 48 kpc, M) =
1 x 1012My) and elliptical galaxies (r, = 90 kpc,
Mj, = 5 x 1012My,) calculated for the particle mass
mc? = 48 keV and spanning the maximal free param-
eter space (80,00,Wp) in each galaxy case. See [12]
for details. These solutions cover correspondingly a
well defined window of predicted masses (M., M)
summarized in fig. 2.

For typical spiral and elliptical galaxy types the
family of predicted (M., Mio) covers the (horizon-
tal) spread of the observed correlation for each galaxy
type. In addition, it extends out of it indicating
a window of predicted masses by the RAR model,
not yet observed. The limiting values of (M., M),
with observationally given halo radius r, and halo
mass Mj, are automatically established by the grav-
itational core collapse at the critical point (intrin-
sic physical condition) and the necessity to have a
dark matter density contribution above the galaxy
group-scale (astrophysical condition). The Milky Way
RAR-solution is also plotted for completeness show-
ing a good agreement as well. The (M., M;,;) RAR-
predictions are displayed together with the observa-
tionally inferred best-fit relations [20, 22], only in the
region where data supports (i.e. the so-called Fer-
rarese window in fig. 2). The case of typical dwarf
galaxies is located at the lower end of the (M., Mot )
plane. It is worth to stress that no observational data
exist yet in that part of the correlation and thus the
blue curve at the bottom of fig. 2 is a prediction of
the RAR model. Additional verification of the above
predictions of the RAR model needs the observational
filling of the gaps in the (M., M) plane from dwarfs
all the way up to ellipticals. This is a work in progress
within our group.

It is appropriate at this point to recall that the ma-
jority of the values of Mpy in the observed Mgy —M;t
relation have been obtained through the so-called
Mpy — o, relation, with o, the bulge dispersion veloc-
ity [23-25]. The M. values were there calculated at
the virial radius within a Navarro-Frenk-White dark
matter model [20] while in our case they were ob-
tained at the boundary radius 7, of the RAR model
equilibrium configurations. In the case of dwarf galax-
ies the observational inference of the mass of the cen-
tral dark region via the dispersion velocity is unclear
[see, e.g., 21, 26, and references therein]. However,
[26] attempted to give an estimate of the dark central
object mass in dwarf galaxies obtaining Mpy ~ 103
10* Mg, (often called intermediate massive BHs), in
agreement with the values of M, for dSph analyzed
in this work. Special attention has to be given to our
dwarf galaxy predictions in view of the recent observa-
tional result reported in [27] on the putative massive
black holes of few ~ 10° M, detected in ultra-compact
dwarf galaxies of total mass of few ~ 107 M. Inter-
estingly, these (rather evolved) compact dwarf galax-
ies show no (observational) hints of being dominated
by a dark matter halo, remarkably in agreement with
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Figure 2. (Colour online, with permission of [12]) The
different predicted colour lines read for each galaxy type
showing the ability of the three parametric (8o, 6o, Wo)
RAR solutions for a particle masse mc? = 48 keV to be in
agreement with the different My — Mot relations consid-
ered in the literature (see text) and explicited in the pic-
ture box. While the red and yellow RAR prediction lines,
together to the Milky Way solution (i.e. spiral and ellipti-
cal galaxies) lay within the observable Ferrarese window,
the blue RAR prediction for dwarfs, is located at the lower
end of the M.-M:ot plane, where data do not support. The
black dots correspond to the critical core masses MS", the
black square indicates the limiting maximum core mass
for dwarfs M ",

our halo deficit® solution, see fig. 2. It is interesting
that this observational inference was published few
weeks after the completion of our predictions. This is
a potentially important prediction of the RAR model
which deserves further analysis.

Moving to the larger elliptical galaxies, it is inter-
esting to note that the maximum quantum core mass
MS™ ~ 2x10% M, (for mc? = 48 keV) predicted by our
model, is in striking consistency with the uppermost
(sample-representative) central mass Mpy obtained
from an X-ray imaging analysis of more than 3000
isolated and inactive elliptical galaxies [22]. These re-
sults, when viewed through our theoretical M. — Mot
relation, give support to our idea that normal ellip-
tical galaxies may harbor dark central objects (not
yet BHs) without showing AGN-like activity, while
larger SMBHs masses do show AGN properties and
thus reach the upper end of the Mgy — M relation.

2This has to be understood in a technical context rather
than in an astrophysical.

4 Conclusion

It is now clear from our results that gravitationally
bounded systems based on fermionic phase-space dis-
tributions including for escape velocity effects and
central degeneracy, can explain the DM content in
the Galaxy while providing a natural alternative for
the central BH scenario in SgrA*. A key point of the
present RAR model is the ability to predict entire DM
halo configurations which fulfil the observed proper-
ties of galaxies, such as the Mpy-M;y, for a unique
DM fermionic mass. At the same time it provides, on
astrophysical basis, possible clues on the formation of
super massive BHs in galactic nuclei.

Our general results on the DM distribution in
galaxies can be considered as complementary to those
based on standard cosmological simulations. How-
ever, the latter being based on N-body purely New-
tonian simulations, contrast with our semi-analytical
four-parametric approach which has the chance to in-
clude more rich physical ingredients, such as quantum
statistics (arising from specific phase-space relaxation
mechanisms), thermodynamics and gravity. We have
shown that our density profiles successfully agree with
a large variety of galactic observables and universal
laws.

An important aspect of the particle mass range of
few 10-100 keV obtained here from galactic observ-
ables is that it produces basically the same behavior
in the power spectrum (down to Mpc scales) from
that of standard ACDM cosmologies, thus providing
the expected large-scale structure (see for details [28]).
In addition, it is not too warm (i.e. our masses are
larger than mc? ~ 1-3 keV) to enter in tension with
current Lya forest constraints [29, 30] and the num-
ber of Milky Way satellites [31] as in standard AWDM
cosmologies.

All the above arguments offer significant support
for our keV-scale fermions as dark matter, which may
well co-exist harmonically with other DM species in
the universe. These aspects will have to interplay
with the physics of elementary particles regarding
the nature of these fermions (Majorana neutrinos,
supersymmetric particles, sterile neutrinos, etc.) as
well as with the possible detection through decaying
processes involving weak interactions. Indeed, DM
fermion masses within the relatively narrow window
obtained here, 48 keV< mc? < 345 keV, have also
arisen within different microscopic models based on
extensions of the standard model and consistent with
all cosmological (i.e. large scale structure) and X-ray
constraints as the ones considered in [29].
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