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ABSTRACT

Observations support the idea that supermassive black holes (SMBHs) power the emission at the centre of active galaxies.
However, contrary to stellar-mass BHs, there is a poor understanding of their origin and physical formation channel. In this
article, we propose a new process of SMBH formation in the early Universe that is not associated with baryonic matter (massive
stars) or primordial cosmology. In this novel approach, SMBH seeds originate from the gravitational collapse of fermionic dense
dark matter (DM) cores that arise at the centre of DM haloes as they form. We show that such a DM formation channel can
occur before star formation, leading to heavier BH seeds than standard baryonic channels. The SMBH seeds subsequently grow
by accretion. We compute the evolution of the mass and angular momentum of the BH using a geodesic general relativistic disc
accretion model. We show that these SMBH seeds grow to ~10°—10'" M, in the first Gyr of the lifetime of the Universe without
invoking unrealistic (or fine-tuned) accretion rates.

Key words: galaxies: formation—galaxies: high-redshift—galaxies: nuclei—quasars: supermassive black holes— galaxies:

structure — dark matter.

1 INTRODUCTION

The formation, growth, and nature of the supermassive BHs
(SMBHb) residing at the galaxy centres are outstanding problems in
astrophysics and cosmology. Important unresolved questions include
how can they grow so large and so fast to be present in the farthest
distant quasars (Volonteri 2012; Woods et al. 2019); what is the nature
and mass of BH seeds that grow to form the SMBHs of ~108-10° M,
in the high-z Universe (Zhu et al. 2022); and what is the nature of
the connection between the total mass of a host galaxy and the mass
of its central SMBH (Volonteri, Habouzit & Colpi 2021).

Here, we propose a new paradigm for the nature and formation
of SMBH seeds, which arise from the gravitational collapse of high-
density regions of dark matter (DM) at the galaxy centres (Argiielles
et al. 2021). We present calculations on the subsequent growth of
such BH seeds from an accretion disc around a Kerr BH in a fully
general relativistic framework. In this way, we aim here to provide
answers to the above three main questions.
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Among the various scenarios analysed in the literature to explain
the origin of SMBHs (see Inayoshi, Visbal & Haiman 2020; Volonteri
et al. 2021; Mirabel & Rodriguez 2022 for recent reviews), we can
divide them into two main categories according to their formation
channel: (I) channels associated with baryonic matter, i.e. gas and
stars, and (II) channels associated with early Universe cosmology. In
this work, we propose a novel, third possible scenario: (III) channels
associated with DM. Before motivating this new framework, we
highlight the pros and cons of the most studied formation channels.
In the case of the baryonic channels (I), we can distinguish among (a)
Population Il stars, and (b) direct collapse to a BH (DCBH). Pop. 111
stars are physically motivated (though yet hypothetical) stars with
an average mass of ~ 10% My (Madau & Rees 2001; Hosokawa
et al. 2016) originated in metal-free clouds hosted in small haloes
of ~ 10° Mg, at high z. Thus, the stellar collapse of such massive
stars would lead to a BH seed of ~ 10> My, which, under idealistic
accretion conditions, would reach a 10° My SMBH in the first billion
years. However, recent state-of-the-art simulations show that BH
seeds of < 10° M, fail to grow until 108 M, at z ~ 6 because of
strong radiative feedback (Zhu et al. 2022). In the DCBH scenario
(b), dense gas clumps at the centre of massive haloes of ~ 108 Mg
become globally unstable and collapse first to a supermassive star
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of ~10*-10° Mg, which then undergoes core-collapse to a central
BH. The newborn BH then grows fast by accreting surrounding
material ending in a larger BH seed with masses up to ~few 10° Mg
(Begelman, Volonteri & Rees 2006; Begelman, Rossi & Armitage
2008; Woods et al. 2017). Former simulations suggest that the
conditions for the occurrence of this scenario, e.g. to reach metal-
free gas able to form atomic (instead of molecular) gas, may be
rare (Habouzit et al. 2016). However, recent hydrodynamic N-body
simulations show that DCBH scenarios are among the most preferred
mechanisms to explain the origin of the SMBHs (Latif et al. 2022;
Zhu et al. 2022), albeit numerical resolution issues and the use of
phenomenological recipes limit the generality of the results (Zhu
et al. 2022).

On different physical grounds, channels of BH formation and
growth associated with the early Universe (II) would take place
before galaxy formation and include primordial BHs (Carr & Kiihnel
2020), or even more exotic candidates such as topological defects
in forms of cosmic string-loops (Bramberger et al. 2015) or domain
walls (Rubin et al. 2001; Khlopov et al. 2005). However, there is
no observational evidence (nor direct or indirect) of such processes
since they are associated with very early cosmological epochs poorly
constrained by observations.

This work proposes an SMBH formation channel in the high-z
Universe conceptually different from (I) and (II) discussed above.
A crucial qualitative difference with the channels mentioned above
is that it does not rely either on specific pristine gas assemblies or
on the very early epoch of the Universe. Instead, it depends on the
gravitational collapse and subsequent growth of dense fermionic DM
cores that originate at the centre of the haloes as they form. Such novel
dense core-diluted halo DM density distributions (profiles) are natu-
ral consequences of maximum entropy production principle (MEPP)
scenarios of halo formation, in which the fermionic (quantum) nature
of the particles is duly accounted for Argiielles et al. (2021, 2022a).
Our theory for realistic SMBH formation is original, and should
not be confused with somewhat related formation scenarios via DM
(of gravothermal-catastrophic nature) as porposed in (Balberg et al.
2002; Xiao H. et al. 2021) which invoke for DM self-interactions.

This paper is organized as follows. In Section 2, we discuss the
underlying physics behind our new SMBH seed formation scenario
and give specific examples of how such seeds may arise in the high
z Universe. In Section 3, we present relativistic calculations of the
time evolution of the mass and spin of the recently born BH seed
with a surrounding accretion disc. We summarize and conclude in
Section 4.

2 THE DARK MATTER CHANNEL OF SMBH
FORMATION

The DM channel proposed for forming early BH seeds takes place
within the more general and broad theory of DM halo formation as
developed in Argiielles & et al. (2021) within WDM cosmologies.
Unlike the (zoom-in) hydrodynamical simulation approaches applied
in baryonic BH-seed formation channels (Zhu et al. 2022) (such as
(Ia) and (Ib) introduced above), the problem of DM halo formation
is here assessed using a thermodynamical approach for systems of
self-gravitating fermions that maximize its coarse-grained entropy
at the end of relaxation (Argiielles et al. 2021). This mechanism’s
most general density profile develops a dense and compact DM core
(supported against gravity by Pauli degeneracy pressure) surrounded
by a dilute halo. The first early studies of this kind of fermionic core-
halo solutions dates back to the '80s (Chau, Lake & Stone 1984;
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Ingrosso & Ruffini 1988), followed by a series of further and recent
developments (Gao, Merafina & Ruffini 1990; Chavanis & Sommeria
1998; Bilic et al. 2002; Chavanis 2006; Destri, de Vega & Sanchez
2013; Argiielles & Ruffini 2014; Chavanis, Lemou & Méhats 2015;
Ruffini, Argiielles & Rueda 2015; Argiielles et al. 2018, 2019;
Becerra-Vergara et al. 2020, 2021; Argiielles et al. 2022b; Chavanis
2022; Krut et al. 2023). The more realistic version of this model,
which includes particle evaporation and central (fermion) degener-
acy, was developed in General Relativity in Argiielles et al. (2018)
and is referred to as the (extended) Ruffini-Argiielles-Rueda (RAR)
model.! The model’s fermionic halo explains the galaxy rotation
curves, while the degenerate fermion core has key implications for
galactic centres: it can mimic a central BH or eventually collapse
into one (Argiielles et al. 2018, 2019, 2021, 2022a, b; Becerra-
Vergara et al. 2020, 2021). One key advantage of this semi-analytical
approach is that it allows for a detailed description of the relaxed
haloes from the very centre to the periphery, not possible in N-body
simulations (due to limitations in resolution at inner-halo scales).
Moreover, the thermodynamic approach here applied includes richer
physical ingredients than those involved in traditional simulations:
(i) general relativity (GR) — necessary for a proper gravitational DM
core-collapse towards an SMBH seed; (ii) the quantum nature of
the particles — allowing for an explicit fermion mass dependence
in the profiles; (iii) the Pauli principle self-consistently included
in the phase-space DF at relaxation — giving place to novel core-
halo profiles. Interestingly, this theoretical framework allows linking
the behavior and evolution of the dark matter particles from the
early Universe to the late stages of non-linear structure formation
at virialization. That is, the DM halo profiles are obtained by
first calculating the linear matter power spectrum for O(keV) DM
fermions, to then use the corresponding extended Press—Schechter
formalism to obtain the virial halo mass, M,;., with associated redshift
Zvir [see the Appendix and Argiielles & et al. (2021) for a previous
result]. Finally, we obtain the fermionic haloes by assuming that a
MEPP takes place at the end of relaxation and agrees with the virial
mass constraints. Such a MEPP, originally introduced in Chavanis
(1998) generalizing Lynden-Bell results, allows obtaining a most
likely coarse-grained DF of Fermi-Dirac type? (see equation 1 in
Argiielles & et al. 2021) that depends on four free parameters, m the
particle mass, 8 the (dimensionless) temperature, 6 the degeneracy
parameter, and W the cut-off particle energy. All parameters are set at
the centre of the configuration (denoted with the subscript 0) to fully
solve the system of equilibrium differential equations of the RAR
model (see equations 8—12 in Argiielles & et al. 2021). The RAR
model can be applied to form a DM halo and their central SMBH
seeds.

Once having such a DF at the end of the relaxation, we calculate
the full family of fermionic density profiles at equilibrium in GR,
all with given total particle number N and thus with the same total
(Newtonian) halo mass (Mo, = M,;, = mN). For such an endeavour,
we follow the thermodynamic approach applied in Argiielles et al.
(2021) within the microcanonical ensemble to further calculate the
important problem of (thermodynamical and dynamical) stability of
such a family of equilibrium solutions. That is, not all the equilibrium

't also called in the literature as the general relativistic fermionic King model
(Chavanis 2022).

2 Approaches of this kind based on statistical mechanics may present potential
difficulties: the relatively short time-scale involved during violent relaxation
may not be enough for the system to explore the full phase-space to reach a
most likely final state (see Chavanis 2022).
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Figure 1. Caloric curves for the critical solutions of three examples with a darkino mass of me? = 100 keV: (1) Myir = 5 x 1010 Mg and rg = 30 kpe, (2)
My =5 x 101 Mg and ry = 80 kpc, (¢) Myir =5 X 10'2 Mg and rg = 250 kpc. The necessary constraints (. = eWo=% and N) to compute the caloric curves
are extracted from the corresponding critical solutions. For the x-axis, 1 — M/(mN) is (minus) the binding energy normalized with mN. For the y-axis, T is the
normalized temperature of the system as measured by an observer placed at infinity. Thin lines are unstable solutions, while thick lines are stable solutions. A
black dot marks the change in stability. It exist a last-stable core-halo configuration located at C; and C, where the fermion core collapses towards a SMBH
which is surrounded by a DM halo of astrophysical interest. The core-halo solution marked by the black diamond at C3 has the same critical core-mass as C;

and C; though is not preceded by a stable-branch .

solutions of self-gravitating fermions will be thermodynamically
stable.? This is done following the Katz criterium [see Appendix A in
Argiielles et al. (2021) and Appendix C in Alberti & Chavanis (2020)
for updated summaries, and Katz (1978, 1979) for the original works
] for which is necessary to calculate the caloric curves in GR, given
as the inverse temperature of the system 1/7 = ~! Vs. (minus)
the binding energy —E, = —(M — mN)c? [with T the normalized
temperature such that 8 = kT/(mc?) and k the Boltzmann constant].
A distinctive characteristic of such general relativistic caloric curves
for fermions (at difference with the Newtonian case), is the existence
of a last stable configuration located at the turning point (see points
Cy and C; in Fig. 1), followed by a second spiral feature of relativistic
origin. Based on the Katz criterium, this important result was first
shown in Alberti & Chavanis (2020), Chavanis (2020), Chavanis &
Alberti (2020), and Chavanis (2022) for a self-gravitating system of
fermions bounded in a box, together with a detailed characterization
of the caloric curves and the gravitational phase transitions occurring
to the Fermi gas. Remarkably, as shown as well in Argiielles et al.
(2021) for the more realistic RAR (or relativistic fermionic King)
model, the existence of such a last stable configuration located at
points C; and C,, implies the onset of a thermodynamical instability

3While the problem of equilibrium involves the extremization of entropy 85 =
0 (at fixed energy and N), the problem of stability has to do with second-order
variations of entropy 828 = 0 Chavanis (2020).

of the core-halo solutions, where the fermion-core collapses towards
an SMBH.

Based on the above (relativistic) thermodynamical analysis, we
demonstrate, for the first time, the existence of a critical fermion-core
(located at C; in the caloric curve) which is surrounded by a DM halo
of realistic astrophysical application (see the DM density profiles
in Fig. 2, concerning Fig. 1 and the fulfilment with observations in
Fig. 3). We do it for a typical particle mass in the range 50-345 keV,
i.e. m = 100 keV, to then explore (see Section 3.2) other particle
masses in that range. The relevance of such a narrow window of
particle masses is taken from Argiielles & et al. (2018, 2019), where
it was shown it is possible to find core-halo RAR solutions where the
outer halo agrees with the galaxy rotation curves while the DM core
(not necessarily critical) can mimic the central BH (see also Becerra-
Vergaraetal. 2020, 2021; Argiielles et al. 2022b for a tailored analysis
about the Milky Way and Sgr Ax).

In Fig. 1, we give three specific examples of caloric curves
for different (Newtonian) halo masses M,; covering the relevant
range between 5 x 10'°-5 x 10'>My. Among all the equilibrium
core-halo solutions along each caloric curve, only the ones placed
within the branches B; — C; (i = 1, 2) are thermodynamically
and dynamically stable within cosmological time-scales, as clearly
explained in Argiielles et al. (2021) [see also (Alberti & Chavanis
2020; Chavanis 2020, 2022; Chavanis & Alberti 2020) for analogous
results obtained for fermionic systems bounded in a box]. We recall
that the core-halo solutions located at C; (see Fig. 2) correspond
to the last stable configuration where the DM-core achieves the
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Figure 2. Core-halo density profiles corresponding to solutions Cj, C, and
C3 from Fig. 1, where the core has reached the critical mass for collapse
into a SMBH of Mgt = M (r,) = 6.3 x 107 Mg (labelled with a black
dot), and which are surrounded by an astrophysical halo according to Fig.
3. The dotted line shows the corresponding fully degenerate core solution,
from which we define the core radius r, of the more general semi-degenerate
core-halo profiles here analyzed.
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Figure 3. Surface DM density curves as a function of central fermion
degeneracy (0p), for three examples as described Fig. 1. Thin lines are
unstable solutions, while thick lines between B; — C; are meta-stable. The
shaded regions mark the maximal extent of 1o and 3o errors as obtained in
Donato et al. (2009), evidencing the astrophysical validity of the fermionic
haloes which surround the critical cores associated to each Cj solution.

onset of gravitational collapse (of relativistic origin) towards a BH.
Interestingly, at the fixed mass of m = 100 keV, the theory predicts a
threshold total halo mass My;, ~ 5 x 10'2 M above which the stable
branch B;—Cj5 disappeared (see the right-hand panels of Fig. 1). The
shrinking of the metastable branch (B — C) as the total mass My
(or N) increases; together with the existence of a threshold particle
number N* above which the meta-stable branch disappear, was first
shown in Alberti & Chavanis (2020) and Chavanis & Alberti (2020)
for box confined systems. This remarkable result, when applied to
realistic haloes as in this work, may explain why we do not observe
single virialized galaxies above such an order of magnitude (i.e.
above O(10'%) M), indicating how powerful the thermodynamics
of self-gravitating systems can be.

Moreover, in such a halo-mass window, we further show in
Fig. 3 that the halo regime of the RAR solutions has the required
morphology in the sense of being able to fulfil the DM surface
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density relation. We also show in Fig. 2 the density profiles of such
core-halo astrophysical solutions at the onset of DM core-instability,
all having a typical SMBH seed of M ~ 6.3 x 10’ M. We have
defined the SMBH seed mass at the core radius r. of the core-
halo solution, i.e. Myi = M(r.), with r,. coinciding with the surface
radius of the corresponding fully degenerate solution (e.g. where the
density falls to zero, see dotted line in Fig. 2). Such a numerical
value of the critical mass can be well approximated with the semi-
analytic equation (1) (only valid within the fully degenerate regime),
which is no other than the Oppenheimer-Volkoft (OV) mass limit
Oppenheimer & Volkoff (1939)

3 10keV >
Meip & 0.384’"—‘;‘ ~ 6.274 x 10° ( i ) Mo, )
m mc

where mp; = /hc/G ~ 2.176 x 1073 g is the Planck’s mass and m
is the darkino mass.

The reason for the validity of this critical mass approximation
of our DM cores can be easily understood when realizing that
the core-halo fermionic solutions under consideration here (see
Fig. 2) encompass two different regimes: a highly degenerate
(quantum) regime of the fermionic-core (i.e. 6y > 10) close to
the fully degenerate case, which monotonically transitions to the
classical regime at larger distances from the centre, leading to the
(Boltzmannian) halo region [where 6(r) < —1]. Further detailed
explanations about the equivalence between the traditional turning-
point instability criterium of core-collapse Schiffrin & Wald (2014),
to that of the last (dynamical and thermodynamical) stable solution
at point C; in the caloric curves are given in section 4 of Argiielles
et al. (2021) and references therein.

3 BH MASS AND SPIN EVOLUTION

We follow the treatment of a nearly geodesic thin accretion disc
around a Kerr BH in Novikov & Thorne (1973), Page & Thorne
(1974), and Thorne (1974). Matter and radiation transfer energy and
angular momentum to the BH during the accretion. In particular,
it is essential to account for the feedback of radiation/photons on
to the BH since they exert a counter-torque Godfrey (1970) that
avoids the BH from reaching the extreme regime a = M. This
implies that the accretion of massive particles and radiation does
not lead the BH to become a naked singularity (Thorne 1974). We
denote by dm the rest-mass accreted by the BH in a coordinate time
interval dz, so 7 = dm/dt is the rest-mass accretion rate, and Mg
and Jy,q are the rate of energy and angular momentum transfer by
radiation to the BH. We refer the reader to the Appendix B for details
of the equations governing the evolution of the mass and angular
momentum of the BH. We use geometric units ¢ = G = 1 unless
otherwise specified.

3.1 Accretion rate and luminosity

We calculate the rate at which rest-mass flows inwards through the
local balance between the tidal gravitational acceleration and the
radiation pressure along the z coordinate. This condition is

ZR: - =k F(r), 2)

0z0

where k& = 0.34 cm? g~! is the Thomson electron scattering opacity,
R is the Riemann tensor. Using the change of variable x = /r/M,
equation (2) becomes

3km

flx,o)=1, 3

81z
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Here, x;, x,, x3 are the roots of the polynomial x> — 3x + 2a. The
terms A, and A3 can be obtained from A; through a cyclic order of the
set {1, 2, 3}. For a given value of « and an appropriate expression
z = z(r), the value of m such that equation (3) has exactly one
solution defines a critical accretion rate ri.;.. Above this rate, the disc
enters the super-Eddington regime, and the thin disc approximation
breaks down. The tidal gravitational pull reaches a maximum value
at z = H. Additionally, the thin disc approximation is reasonably
accurate insofar as the half thickness of the disc obeys H < r
(Chen & Beloborodov 2007; Liu, Gu & Zhang 2017). Consequently,
by introducing a parameter 0 < 8 < 1 (not to be confused with the
dimensionless temperature parameter introduced in Section 2) and
setting z = r (see Abolmasov & Chashkina 2015 for details), we
calculate the accretion rate by

8nBM
3k max {%} ’

(O]

m = :Bmcrit =

with max {% } the maximum value can take the given function
at each radius for given «. To calculate the power emitted by the
system, we only consider the photons that leave the disc and do not
fall into the BH. The procedure is equivalent to calculating the rate
of energy transfer to the BH, i.e. equation (B5), but using the factor
1 — Cinstead of C

2 oo /2 p271
Lgource = —— / / 1-0) k,F(r)dS (8)
Ty Jo Jo

We do not consider the possible photon recapture by the disc.

3.2 Growth of Kerr BH seeds

The equations of evolution are
M = rivég + My, )

@ = 55 (lor + Jra —2MMar) . (10)

It is helpful to make the M dependence explicit and express the
equations in terms of the system’s parameters and dimensionless
variables. To that end, let us write

M = MM, (1)
m = M;M Bin, (12)
Mg = M; M Bitt My, (13)
Jraa = MM Bii Joua, (14)
lo = M; Ml,, (15)

where 71, My, Jraa and Iy are functions of o only. With these
definitions, the ratio between equations (9) and (10) leads to the
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solution
v “ Mﬂi
M = exp / — €0 & Mrag —~da,p, (16)
a; lo + Jraa — 20, (EO + Mrad)

for the BH mass as a function of the dimensionless spin parameter.
From equation (10), we obtain

1 1
B B a; i I:INO + j;'ad — 20 (60 + Mrad)]

From equations (16) and (17), we can deduce some properties of
the BH’s temporal evolution: The solution «(#) is independent of M,
but it does depend on the parameter 8. Moreover, the general solution
a(t, B) obeys the relation a(t, 8) = (B, 1). The BH mass inherits
this property through equation (16), and we get M(t, ) = M(ft, 1).
The same will happen with any o and M function. This behaviour
suggests that knowing the solution for § = 1 is enough to produce
other solutions by properly scaling the variable ¢ and multiplying it
by an adequate power of B. For example, the accretion rate and the
power emitted obey the relations 7i1(t, ) = Bri(Bt, 1) and Lgoyree (2,
IB) = IBLsource(,Bts .

The properties of M(t, B) and «(f, ) become evident when
inspecting the panels in Fig. 4, where we show the evolution of
several BH seeds for values 8 = 1, 8 = 0.1, and g = 0.01 as a
function of time and the cosmological redshift. The initial redshift
zo corresponds to the typical collapse z* of a gravitationally bound
object with mass M,; in the extended Press—Schechter formalism
(see Appendix A). The standard Lambda cold dark matter (ACDM)
cosmology sets the relation between ¢ and z. Note that a(z, B) does
not depend on the BH mass, so the top left-hand panel contains only
three curves, one for each value of §.

In Fig. 5, we show the evolution of the accretion rate and the power
emitted by the BH. The slight reduction in the accretion rate for small
values of ¢ occurs because the factor max{f(x, )/x*} in equation (7)
increases by a factor of ~5 as « grows. The spin-up of a BH from
a; = 0to o =0.99775 takes ~37/8 Myr. The BH mass grows from
M; to ~3M;. Once « reaches the state & ~ 0, the BH mass grows
exponentially. By solving equation (9), we find a relation that allows
us to estimate the time Ar needed for any BH seed to grow up to a
final mass My > 3M;, starting from o; = 0:

3M;
At =6.2 x 10 1n{5—M-f}ﬂ*' yr. (18)

At

da,. (17)

Our result differs from equation 1 in Haiman & Loeb (2001),
namely,

- 8 My
At = 4 x 10%¢In m B! yr, (19)

where & = Lgyurce /mc2 is the radiative efficiency of the accretion
process. The differences arise for two reasons: first, Haiman &
Loeb (2001) did not consider the BH spin, while our treatment
accounts for it in a self-consistent manner: Fig. 4 shows that during
the transition to a saturated spin, the BH growth is faster than
exponential. Secondly, their definition of the accretion rate rests
upon a global balance between Newtonian gravity and spherically
symmetric radiation pressure. Consequently, the radiative efficiency
appears as a constant factor in equation (19). Our definition adopts
a relativistic local balance between radiation pressure and vertical
gravity, which increases the accretion rate (Abolmasov & Chashkina
2015) and allows the evolution of the efficiency with the BH
parameters M and «.

Using the limiting efficiency for a Kerr BH, ¢ = 0.3, we obtain
At < 0.52AtyL. Thus, the growth from a possible BH seed within
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our framework of M; = 5 x 10°Mg to My =5 x 10°M,, takes only
At ~ 0.4 Gyr. In particular, our DM channel for SMBH formation
predicts that typical DM haloes of M,; ~ 10" Mg formed at zo
~ 7.5 (see Appendix A) can harbour SMBH seeds of M; = 6.3 x

MNRAS 523, 2209-2218 (2023)

10’ Mg, (i.e. for m = 100 keV), which can grow (within standard
accretion rates) upto My = M = 3 x 10° Mg in At~ 0.2 Gyr, thus
in agreement with most distant (i.e. z ~ 6) and most massive quasars
observed (see e.g. Mirabel & Rodriguez 2022). This result provides
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a new channel for SMBH formation from DM which can overcome
traditional baryonic scenarios such as Pop. III stars, whose light BH
seeds of < 10° M, fail to grow even to ~ 108 Mg by z ~ 6 (Zhu
et al. 2022).

4 CONCLUSIONS

We have proposed a novel channel for SMBH formation in the
high redshift Universe, which is not associated with baryonic matter
(massive stars) or primordial cosmology. Instead, it relies on the
gravitational collapse into a BH of fermionic dense DM cores that
arise at the centre of DM haloes as they form and on the subsequent
growth of the newborn BH by accretion. The formation of dense core-
dilute halo density distributions of DM form when accounting for
a fermionic (quantum) nature of the DM particles in the structure
of the DM haloes, which is not feasible in traditional N-body
simulations Argiielles & et al. (2021); Argiielles et al. (2022a). For
fermion masses in the range of 50-345 keV, this alternative non-
linear structure formation approach predicts stable DM haloes that
agree with observations and harbor dense DM cores at the brink of
gravitational collapse, with masses on the range of 10°~10% Mg, (see
Section 2 for a WDM cosmology with m = 100 keV). Thus, it offers
a whole new range of SMBH seeds that are considerably larger than
the ones predicted by baryonic formation channels, including the
DCBH scenario (see Section 1).

In this article, we assessed the mass and angular momentum evo-
lution of such massive BH seeds using a standard, geodesic general
relativistic disc accretion model. We self-consistently account for
the feedback of radiation/photons onto the BH (see Section 3). We
have explicitly shown in Section 4 that these SMBH can grow
to masses in the range ~10°-10'° Mg within the first Gyr of the
life of the Universe, in good agreement with the farthest quasars
observed, without invoking unrealistic (or fine-tuned) accretion rates.
A relevant advantage of the present framework is that it does not
require star formation within such a short cosmological time scale
as in traditional baryonic channels. At the same time, it naturally
connects the total mass of a host galaxy and the mass of its central
SMBH observed today, all in terms of DM and its cosmological
evolution.
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APPENDIX A: DM HALO FORMATION SCALES
WITHIN THE PRESS-SCHECHTER PARADIGM

In the context of the calculation of solutions that represent fermionic
DM haloes via the MEPP, as shown in Section 2 and initially
developed in Argiielles et al. (2021), a key parameter comes from
the boundary conditions for the solutions, for these general quasi-
equilibrium solutions can only describe DM haloes if their masses
and radii correspond to the ones characteristic of such structures
(Argtielles et al. 2018, 2019). Indeed, the conclusions of such
analysis regarding the thermodynamic stability of this system are
susceptible to such contour conditions, with other authors reaching
different conclusions by using the same analysis when considering
systems smaller than galactic haloes (Chavanis et al. 2015; Alberti &
Chavanis 2020). Thus, appropriately choosing the mass and radius
corresponding to a galactic halo becomes important. While DM halo
masses are usually a well-estimated observable for most observed
structures Karukes et al. (2019), defining the radius of such structures
can depend on the particular cosmological model considered [see e.g.
Mo, van den Bosch & White (2010) for a thorough explanation]. A
common measure for such radii is the virial radius, obtained from ap-
plying the virial theorem to the gravitationally bound structure. How-
ever, due to differences arising from the particular collapse models
used, it is common to use instead the ry radius, defined as the radius
where the density of the system is 200 times the background DM
density (Binney & Tremaine 2008), which is close to the value of the
virial radius ry; for most models (Bryan & Norman 1997). Thus, the
relation between mass and ;g radius for these structures is relatively
straightforward:

4 Hirdoll 4z
M = 2003 7r30pc(1) = 100%’”()] , (A1)

where M,;; stands for the (virial) mass of the object. We see, however,
that this definition is now time-dependent, as the background density
of the Universe evolves with time. In a cosmological context, we can
also reinterpret this time dependence as the expansion of the spatial
scales involved in the problem with time.

To marginalize this time dependence, a first approach can be to
estimate the most likely collapse time of a structure of size M,;; and
obtain the physical radius corresponding to such scale. While a deep
study of this collapse time would typically involve a full study on
nonlinear cosmology and structure formation (such as e.g. Navatro,
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Frenk & White 1997; Maccio et al. 2012; Fitts et al. 2019), it is
sufficient for this study to use the Press—Schecter formalism (Press &
Schechter 1974), based on the results from linear cosmology for a
given model. This is a well-studied theory, and a full description can
be found, for example, in Binney & Tremaine (2008); Mo etal. (2010)
among many other works. Here, we will limit ourselves to a summary
of the assumptions and results. To study this formalism, itis necessary
first to study how the overdensities collapse in the late, matter-
dominated Universe. For this, we can use one of the simpler nonlinear
collapse models, the spherical collapse (see e.g. Mo et al. 2010).
Under the assumptions of this model, any given overdensity collapses
to form a virialized structure, and at that point, the linear theory of
perturbation evolution will predict an overdensity of §. ~ 1.69. So,
according to this theory, we can assume that given an overdensity
field evolving according to linear dynamics, a peak of density >4§,
would instead correspond to a collapsed halo. The core assumption of
Press—Schechter’s formalism regards how to relate this observation
to the halo mass function. The formalism proposes that the fraction
of the Universe’s total mass that is in haloes of masses greater than
M is equal to the probability of a given overdensity is greater than the
critical §., where the overdensity field §,,(t) is averaged with a filter of
characteristic mass M. For this study, knowing the exact mass fraction
of a given mass M is not important. Instead, we are interested in the
characteristic timescale at which overdensities of mass M are most
likely to collapse. In this case, we can assume most overdensities will
start to collapse when the standard deviation o, of the Gaussian field
8y (known as the mass variance) crosses the threshold of §.. Thus,
for an overdensity of mass M, we define a characteristic collapse
time as

om(z") =4, (A2)
where

2. 1 = 2 2 2
oyt) = ﬁ/o P(k)D*(t)W=(k, R)k“dk, (A3)

being D(¢) the linear growth rate of perturbations, P(k) the linear
matter power spectrum, W(k, R) a window function of characteristic
radius R(M) (taken as a top hat function here, see e.g. Mo et al. 2010),
and §, ~ 1.69 according to spherical collapse (Mo et al. 2010).

We note that to obtain this characteristic collapse mass, it is nec-
essary to know the linear matter power spectrum, typically obtained
through a study on a particular cosmological model. In the preceding
sections, we have seen a particle mass-dependent description of DM
halo formation, where these masses are of order O 100 keV. This
particle mass is significantly lighter than most CDM models suggest
(Kolb & Turner 1990); and instead points to an extension of the
standard ACDM theory known as warm dark matter (WDM) Bode,
Ostriker & Turok (2001); Lovell et al. (2012); Boyarsky et al. (2019).
These types of extensions, typically characterized by DM particle
masses in the keV ranges, show a considerably higher initial velocity
dispersion when compared to their standard CDM counterparts,
which in turn predicts a smaller number of small-scale structures
in the Universe and may alleviate some existing tensions with CDM
(Bullock & Boylan-Kolchin 2017). The simplest production scenario
for WDM is that these particles are created via thermal processes very
early in the Universe’s history, and indeed this production scenario
requires some degrees of freedom in the initial plasma well above 103
Moetal. (2010). In any case, this scenario is an interesting benchmark
for other production scenarios, as most result in a similar suppression
feature in the matter power spectrum. An interesting class of
models that can realize this WDM scenario can be found in sterile
neutrino WDM, where non-equilibrium production of these particles
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can account for the observed DM fraction (Adhikari et al. 2017;
Boyarsky et al. 2019), and particle self-interaction can reconcile
the parameter space of these models with observation Yunis et al.
(2021).

We can see the results for the ryy as a function of the halo
mass scale M in figure Fig. A2 according to the Press—Schechter
formalism, while the typical collapse redshift z+ as a functiof M
is given in Fig. Al, calculated for three thermally produced WDM
models as well as a standard ACDM model. For reference, these 2.5
and 10 keV thermal models have similar suppression features as ~15
and 100 keV non-resonantly produced sterile neutrinos, according to
the criteria of Viel et al. (2013). We also include a line representing
a CDM model, but where equation (A3) has been refactored with
30 instead to represent the time when earliest collapsed structures in
the formalism are formed. There are thought to be produced roughly
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when rare 30 overdensities cross the 8, barrier and enter nonlinear
collapse. However, in the mass scales relevant to these studies, the
differences in rpoy between WDM and CDM models are minimal,
and these cosmologies can be used interchangeably to calculate DM
halo solutions.

APPENDIX B: GEODESIC DISC ACCRETION

We here present the equations of the evolution of a Kerr BH during the
accretion of matter from a geodesic thin disc. The treatment closely
follows the formulation in Novikov & Thorne (1973), Page & Thorne
(1974), and Thorne (1974).

In the equatorial plane (0 = 7/2) and close above it, the Kerr
spacetime metric can be written as

ds? = —e?dr? + ¥ (d¢p — wdr)? + **dr? + dZ?, (B1)

where z is the height above the equatorial plane, and v, V¥, 1, @ are
functions of the radial coordinate r:

A w r? e 2Mar

, €7 =—, e =
A r? A A

being A = 2 —2Mr+d?, and A = (2 + a2)2 — Ad?, with M and
a = JIM, respectively, the BH mass and angular momentum per unit
mass.

Matter and radiation transfer energy and angular momentum to
the BH during the accretion. In particular, it is essential to account
for the feedback of radiation/photons onto the BH since they exert a
counter-torque Godfrey (1970) that avoids the BH from reaching the
extreme regime a = M. This implies that the accretion of massive
particles and radiation does not lead the BH to become a naked
singularity Thorne (1974). We denote by dm the rest-mass accreted
by the BH in a coordinate time interval dt, so 1 = dm/dt is the
rest-mass accretion rate, and M, and J,q are the rate of energy
and angular momentum transfer by radiation to the BH. Therefore,
we can write the BH energy and angular momentum conservation
equations as Thorne (1974)

2
r A
o2 2

, (B2)

s

M = Mmatter + Mrads (B3)
j = jmaller + jrad, (B4)
where
Mmatter = €1, (BS)
jmaller = lO mit, (B6)
. 2 oo pm/2 p2w
Mg = —f/ / / Ck,F(r)dS, B7)
T Jry Jo 0
. 2 oo pm/2 P21
Jrad = f/ / / Cky F(r)dS, (B8)
T Jry Jo 0

being € and [ the specific (i.e. per unit mass) energy and angular
momentum of the matter accreted, i.e. at the radius r( of the inner-
most stable circular orbit (ISCO). Assuming that radiation emitted
from the disc’s surface is isotropic, the normalized photon four-
momentum, as measured by a comoving observer, is kit = ph/p =
(1, sin ® cos @, sin @ sin ®, cos ®) and k* = p*/p?, where p** is the
normalized photon four-momentum in the coordinate frame. The
expressions for k* can be found in Appendix A of Thorne (1974)
(see also Appendix C in Rueda, Ruffini & Kerr 2022). The factor
C = C(r, ©, D) is the capture function that takes the value 1 or 0
when photons emitted at radius a r with local direction (®, ®) are
captured by the BH or escape to infinity, respectively. The surface

MNRAS 523, 2209-2218 (2023)

€202 dunf | uo 1sanb Aq 820/81 £/6022/2/€2S/PI0IME/SEIUL/WOO"dNO"dlWapede//:sdny Wolj papeojumoq


art/stad1380_fa1.eps
art/stad1380_fa2.eps

2218

C. R. Argiielles et. al.

0.07 p
—— a=-04  oo0s05 ] =
0.06 a=-02  Jrlh P IONGS
— a=0 & 00490 \\\:: N
0.05f N\ @02 oo
P S Wil a=0.4 0'0475730 7.35 7.40 7.45 7;;\;5;.
& 0.04 rme
0.03
0.02
0.01E. . . .
5 10 15 20

r/M

Figure B1. Left-hand panel: Angular velocity of test particles versus radial distance r in units of the BH mass, M. Right-hand panel: Angular momentum L* of

test particles versus radial distance r in units of the BH mass, M.

0.98
0.97
0.96f ...

v 0.95
0.94

/ e
0.93 d 190 19.2 194 196 198 200

e M

0.92

5 10 15 20
r/M

F*

1.5

1.0

0.5

0.0

r/M

Figure B2. Left-hand panel: Energy E* of test particles versus radial distance r in units of the BH mass, M. Right-hand panel: radiative flux 7* multiplied by

10° of the accretion disc versus radial distance r in units of the BH mass, M.

area element is dS = 27 rsin ©cos @dPdOdr. The function F(r) is
the radiation flux emitted from the disc measured by the comoving
observer (Novikov & Thorne 1973; Page & Thorne 1974)
i 2, ' QNI zdr B9

4“@(6—91)2/;1)(6 ) dF, (BY)
where \/—g = "tV ** = r, ¢, and [is the specific energy and angular
momentum of circular geodesics of radius r in Kerr-metric (measured
at infinity), and = u®/u' is their angular velocity measured in the
coordinate frame, being u* the fluid four-velocity Bardeen (1973).
Using the change of variable x = /r/M we can write

F(r)=

X} -2xta
€= , (B10)
x3/2/x3 = 3x + 2«

M (x4 F 20x + a2)

[ = s (B11)
x32y/x3 = 3x £ 2«
1 1
_ 1 B12
Mo +x3’ (B12)

where o = a/M is the dimensionless spin parameter. The up-
per/lower sign corresponds to co-rotating/counter-rotating circular
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orbits. Clearly, we have €y = €(ry) and Iy = I(ry). The radius of the
ISCO is given by Bardeen (1973)

ro=M[3+2F VG- 2006+7 +22)|, (B13)
Zi=1+(1-0)""[(1+) +(1-a)"], (B14)
Z> = /3% + 7, (B15)

In Fig. B1, we plot the orbital angular velocity Q* = MQ (left-
hand panel) and angular momentum L* = I/M (right-hand panel) of
test particles as a function of radial coordinate in the Kerr metric, for
selected values of the spin parameter. Counter-rotating test particles
possess larger angular velocity and momentum than co-rotating
particles [for details, see Boshkayev et al. (2020, 2021)].

In Fig. B2, the energy per unit mass € of test particles is shown
as a function of radial coordinate (left-hand panel) and the radiative
flux F* = 10° M?F /i emitted from the accretion disc as a function
of radial coordinate (right-hand panel) for different values of the spin
parameter.

This paper has been typeset from a TeX/IZTgX file prepared by the author.
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