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Abstract: We propose that modifications to the Higgs potential within a narrow atmospheric
layer near the event horizon of an astrophysical black hole could significantly enhance the
rate of sphaleron transitions, as well as transform the Chern-Simons number into a dynamic
variable. As a result, sphaleron transitions in this region occur without suppression, in
contrast to low-temperature conditions, and each transition may generate a substantially
greater baryon number than would be produced by winding around the Higgs potential in
Minkowski spacetime. This effect amplifies baryon number violation near the black hole
horizon, potentially leading to a considerable generation of matter. Given the possibility
of a departure from equilibrium during the absorption of matter and the formation of
relativistic jets in supermassive black holes, we conjecture that this process could contribute
to the creation of a significant amount of matter around such black holes. This phenomenon
may offer an alternative explanation for the rapid growth of supermassive black holes and
their surrounding galaxies in the early Universe, as suggested by recent observations from
the James Webb Space Telescope. Furthermore, this mechanism may provide insights into
the low-mass gap puzzle, addressing the observed scarcity of black holes with masses near
the Oppenheimer—Volkoff limit.

Keywords: supermassive black hole, early galaxy, low-mass gap, baryogenesis, sphaleron
transition, baryon number violation

1. Introduction

One of the main challenges in cosmology and the Standard Model (SM) of particle
physics is explaining the baryon asymmetry of the Universe [1]. It is natural to consider
that gravity may play an essential role in baryogenesis, particularly through its influence
on fundamental interactions in a curved spacetime background [2]. Gravitationally in-
duced particle creation in strong gravitational fields (an inherently out-of-equilibrium
process) suggests that all of Sakharov’s conditions for baryogenesis might be satisfied
near a black hole (BH) horizon [3]. Indeed, previous studies have shown that BHs can
trigger electroweak (EW) vacuum instability, both at zero temperature [4,5] and in the early
universe [6-11].

We propose that the Higgs potential may experience substantial modifications near a
BH horizon, leading to an enhancement of baryon number-violating processes via sphaleron
transitions. In this scenario, the BH is surrounded by a thin atmospheric layer of width €,
generated by a J source near the Schwarzschild horizon. This atmospheric concept builds
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on the “brick wall” [12], which aimed to explain quantum effects near a BH horizon and
provided a foundational framework for understanding boundary conditions in strong grav-
itational fields. Subsequent studies have extended this model, exploring its implications,
particularly in the context of quantum field interactions near the BH horizon [13-15].

In our study, we propose that this atmospheric layer forms within the intense grav-
itational field at a radial distance ¥ = 2Mpp + €, where the sphaleron decay rate is sig-
nificantly enhanced, resembling conditions with unbroken EW symmetry. This scenario
leads to a high frequency of baryon-violating events in the BH’s atmosphere, converting
Higgs vacuum energy into matter under these extreme gravitational conditions. Such
matter-generating regions could emerge around stellar-mass BHs, intermediate-mass BHs
(IMBHs) [16], or supermassive BHs (SMBHs) [17-19].

The elevated rate of sphaleron transitions is sustained near the BH horizon, forming
a thin atmospheric layer that acts as a site for baryogenesis. Beyond this layer, sphaleron
transitions are suppressed, confining matter generation to this narrow boundary. This
process could contribute to the growth of the BH’s mass and potentially affect its surround-
ing environment.

For IMBHs and SMBHs, the occurrence of baryon violations and the generation of
ionized matter jets traveling at near-light speeds [20,21] can create the nonequilibrium
conditions required by Sakharov’s criteria for baryogenesis. This dynamic could induce
additional nonequilibrium effects within the system, fostering an environment conducive
to sustained baryon asymmetry production.

The phenomenon of matter generation near BH horizons may help address several
longstanding puzzles in cosmology and astrophysics, as discussed below.

The persistent presence of a thin, baryon-generating atmosphere surrounding a BH,
though minimal in extent compared to the Schwarzschild radius, suggests ongoing matter
production. This process can contribute to the growth of the BH’s mass and, in the case
of rotating BHs, eject matter via relativistic jets. Consequently, this mechanism could
provide an alternative explanation for the rapid growth of galaxies in the early universe,
as suggested by recent James Webb Space Telescope (JWST) observations [22-25]. These
findings indicate that fast galaxy formation may imply the existence of primordial SMBHs,
potentially reaching masses as high as 10 Mg, [26].

Moreover, recent JWST observations have identified SMBHs with masses in the range
of 10°M, to 107 M, at redshifts z > 8 [27-35]. Some of these early-universe BHs appear
even more massive than their host galaxies [33-35]. This discovery challenges current
models of BH and galaxy co-evolution, suggesting that SMBHs may have formed and
grown at an accelerated rate during the universe’s infancy, potentially indicating alternative
formation mechanisms. One possible explanation for this rapid growth could be a scenario
where primordial SMBH seeds gained mass predominantly through baryogenesis within
their surrounding atmospheres. In this process, modifications to the Higgs potential near
the BH's horizon could significantly enhance SMBH mass growth, leading to the observed
high SMBH-to-host-galaxy mass ratios.

Neutron stars (NSs) and BHs represent the final evolutionary stages of massive stars.
Observations indicate that NSs have an upper mass limit between 2.0 and 2.5 M, while
BHs with masses below 5 M, are rarely detected [36-39]. The mass range between the
heaviest NSs and the lightest BHs is often referred to as the “low-mass gap”. If future
observations confirm the existence of this gap, it would highlight a significant challenge in
our understanding of stellar evolution, potentially suggesting unconventional mechanisms
in the evolution of stellar-mass BHs. The proposed mechanism of matter generation within
a BH'’s atmosphere could help explain how BHs with masses near the Oppenheimer—Volkoff
limit can evolve into larger masses, avoiding the low-mass gap. This growth may be driven
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by enhanced baryon number generation processes in the extreme gravitational fields of
BHs, facilitating the rapid mass increase of stellar-mass BHs.

The organization of this paper is as follows: Section 2 provides an overview of
sphaleron processes in Schwarzschild spacetime. Section 3 discusses the necessity and
challenges of modifying the classical description of BHs at horizon scales, examining po-
tential deviations arising from strong gravitational effects. In Section 4, we address the
regularization of the Higgs potential near a BH. Within the shell assumed to surround
the BH, the gravitational field is extremely strong, necessitating modifications to parti-
cle physics models, particularly adjustments to the Higgs potential. Section 5 evaluates
the impact of BHs on baryon number generation rates. Section 6 investigates enhanced
baryon generation near BH horizons and its implications for early galaxy formation and
the low-mass gap puzzle. Finally, we briefly conclude in Section 7.

2. Sphaleron Process in Schwarzschild Spacetime

The Lagrangian of the SM is invariant under B-symmetry, which prohibits baryon
number violation at the classical level or in any order of perturbation theory, as the baryon
number current is conserved (dyji = 0). The lowest-dimensional, non-renormalizable
B-violating operators permitted by the SM gauge symmetries are dimension-six and thus
highly suppressed. Nonetheless, within the SM framework, the baryon number can be
violated non-perturbatively through the EW chiral anomaly. At the quantum level, B-
symmetry is anomalous, and the baryon current is no longer conserved [40-42]:

2
Quff = ooy e PIOEIEL (1)
where 1y = 3 denotes the number of fermion families, Fg,s is the SU(2) field strength tensor
of the gauge field W/, and g is the coupling constant. The EW chiral anomaly is linked to
the vacuum structure of the SM, allowing a change in the baryon number B (as well as
the lepton number £) [42]. The same relation applies to the lepton number current, 9.},
ensuring the conservation of (8 — £) in the SM. However, the non-conservation of (B + L)
is expected to have significant implications for the matter—antimatter asymmetry in the
Universe [43-45].

The change in B-number is tied to the dynamics of transitions between non-trivial EW
vacuum states. Starting at time ¢ = 0, this change can be expressed as:

t t .
+ [ i, @
o Jos

where S is the surface area at radius R. In smooth spacetime, the anomaly term (1) is a

B(t) — B(0) = /d4xav]% - /d3xj05

generally covariant density, resulting in scalars upon integration. When covariant deriva-
tives are well-defined, no metric tensor is needed in the integral (2). For open, unbounded
spaces, the integration can be envisioned over a spherical surface at a very large radius. If
j' decreases rapidly enough at the boundary, the surface term in (2) vanishes, yielding:

t
Bt~ BO) = [ x| =3lns(t) — ns(0)], ©)
0
where s
_ 8 ijk jabc 3 ayarbyare
ncs(t)—%Tsfs /d xWiW W, 4)

defines the topological Chern-Simons number in the gauge W = 0. Since Chern-Simons
numbers are topological, their values can be influenced by behavior at large distances. To
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ensure validity, it must be possible to express these scalar densities as divergences of vector
densities so that, by Gauss’ theorem, their volume integral can be reduced to a surface
integral. However, the regularity condition often required for applying Gauss” and Stokes’
theorems is frequently neglected in the literature, as highlighted in [46].

In the static case, integer values of (4) correspond to pure gauge configurations with
zero energy, residing in distinct topological vacuum states. Between these minima, the
configurations have positive energy, forming an energy barrier. The energy of the saddle
point configuration, known as the sphaleron, represents the height of this barrier [47,48].
To change ncs by £1, thereby altering the baryon number by a multiple of 7, this energy
barrier must be overcome. In flat Minkowski spacetime at zero temperature, the quan-
tum tunneling rate through this barrier is exponentially suppressed, making B-violation
negligible in such conditions.

In contrast, the presence of a BH can significantly enhance the probability of sphaleron
transitions [49]. The vacuum decay rate is given by:

B _
Tsph(MpH) ~ \ ot 5 ®)
BH

where Mgy is the mass of the BH, and B represents the difference between the Euclidean
action of the bounce solution and that of the initial state prior to the transition. For a static
sphaleron solution, it is often assumed that B can be expressed as the difference between
the areas at the Schwarzschild horizon and at infinity [50]:

1
B~ —7 (Asch — A) ~ Espn(Mp) Men , (6)

where Espp (Mph ) is the sphaleron energy in the presence of a BH. Similar to (5), expressions
have been proposed for the decay rate of the false vacuum [51], BH nucleation [52,53],
and open universe nucleation [54]. However, the only context where estimates like (5)
are rigorously justified is in flat spacetime [55]. The energy Espn(MpH) may also vary
depending on the proximity of the sphaleron transition processes to the BH’s horizon.

3. Horizon Singularities

In this paper, we examine the Higgs vacuum within the gravitational field of a non-
rotating spherical body, described by the Schwarzschild metric:
dszz(r—ZM)dz r

— 2 2492 2 2 2
. t (= 2M) dr® —r°d0° — r°sin“ 0 d¢” . (7)

This metric is typically assumed to remain valid even ‘inside’ the Schwarzschild BH, i.e., for
r < 2M. Here, the ‘mass’ M is not localized at a specific point (since the stress-energy-
momentum tensor is zero) but serves as a useful parameter for describing a BH that has
not yet fully formed from the perspective of a distant observer. After a complete collapse,
all matter that formed the BH is expected to vanish into the central singularity at r = 0,
leaving behind only the vacuum gravitational field [56-60].

The Schwarzschild solution also features a horizon singularity at r = 2M, which
results in divisions by zero or multiplications by infinity in certain geometrical quantities.
However, this singularity at r = 2M is a coordinate singularity that can be eliminated
by switching to more suitable coordinates. In contrast, the point r = 0 corresponds
to a true physical singularity, evident in coordinate-independent quantities such as the

Kretschmann invariant:
48 M?

R Rupys = —5— - ®)
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For sufficiently large BHs, the Kretschmann invariant (8) can be made arbitrarily small
as r — 2M, suggesting that an astrophysical BH cannot exhibit significant curvature at
the horizon.

The concept of a coordinate singularity is the primary motivation for using alternative
radial variables instead of r, ensuring that the horizon singularity in the Schwarzschild
metric (7) is ‘eliminated’. This allows classical particles to traverse the horizon and reach
the central naked singularity at » = 0 without obstruction. A key element of all singular
coordinate transformations of the Schwarzschild metric is the Regge-Wheeler tortoise
coordinate. However, this coordinate does not belong to the C? class of admissible functions,
which means the singular transformations (such as those introduced by Kruskal-Szekeres,
Eddington-Finkelstein, Lemaitre, or Gullstrand—Painlevé) generate delta functions in the
second derivatives (see, for example, refs. [60,61] for details). This results in transformed
metric tensors that are not differentiable at the horizon, placing them in the C° class,
which modifies the Einstein equations by introducing spurious delta-function sources at
the horizon.

To address the issues posed by singularities, distributional approaches for metrics can
be utilized, regularizing them through sequences of smooth functions [62-67]. The claim
of the Kretschmann invariant (8) remaining finite at r = 2M relies on the mathematically
questionable assumption of mutual cancellations of delta-function-like divergences.

Consider the regularized Schwarzschild radial variable [67,68]:

o= re=2M+\/(r—2M)* + €2, 9)

where € is an infinitesimal length parameter. In this coordinate system, the Ricci scalar
exhibits singular behavior at the horizon r — 2M:

&2

2M[(r —oM)? + eﬂ

~

€’e—>0 ~

~6(r—2M) — oo. (10)

e—0

3/2

For the generalized Kretschmann scalar, we also find a singular expression:

48 M? N et

5 ~
REPY Rkﬂ75|e—>o ~ 6 2 3
AM# [(r —oM)? + ez}

00 . (11)

e—0

Thus, the apparent smallness of the Kretschmann scalar (8) does not indicate that the cur-
vature is small at the BH horizon. This is because three out of the six non-zero independent
components of the mixed Riemann tensor for the Schwarzschild metric diverge as 7 — 2M.

The singular behavior of the Riemann and Ricci tensors at the horizon suggests
the necessity of assuming that a physical BH is surrounded by a thin spherical shell,
located between the Schwarzschild radius and the photon sphere, specifically in the range
2M < r < 3M. In this region, geometric quantities are regularized, enabling a smooth
transition between the external vacuum metric (7) and an internal nonsingular metric.
This internal metric describes a real, spherically symmetric massive object governed by a
‘quantum’ equation of state.

The need to modify the classical description of BHs at horizon scales arises from
the incompatibility of general relativity with the principles of quantum mechanics [69,70].
Nevertheless, much of the scientific community has been hesitant to abandon the traditional
concept of BH singularities, a notion that has been widely accepted for nearly a century.
However, this perspective may be shifting in light of Roy Kerr’s recent paper [71], which
argues that the interior of a BH contains a physical object rather than an empty space with
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a central singularity. It is expected that quantum gravitational effects dominate within a
BH, potentially enabling a regular description of spacetime in a quantum framework.

Observationally, the interior of a BH remains inaccessible [72], but the possibility of
BHs without singularities has been suggested [72,73]. If BHs are indeed ‘normal’ astro-
physical objects, their event horizons would enclose an impenetrable sphere of ultra-dense
‘quantum’ matter [74], possibly leading to observable phenomena such as wave reflections
from the event horizon [75-77]. This emerging view reconciles two previously conflict-
ing perspectives on the BH horizon. One perspective holds that the energy density at
the horizon is small [78], while the other proposes the existence of structures such as
a ‘brick wall’ [12], ‘fuzzball’ [79], or ‘firewall’ [80], which would significantly alter the
surrounding geometry.

It is noteworthy that, like many modern physicists, both Einstein and Schwarzschild
believed that matter could not cross the event horizon [81,82].

In particle physics, the Schwarzschild solution is often more conveniently expressed
in isotropic coordinates, as presented in [59]. The metric in these coordinates is given by:

ds? = N2(R) df? — y*(R) (dR2 + R?d6* + R?sin” 0 d¢>2) , (12)

where the metric components are determined by the lapse function:

~ 1-M/2R
N(R)—m/ (0<N(R)<1) (13)
and the conformal factor:
PR) =1+ 2% (1< $(R) <2). (14)

As R approaches infinity, corresponding to r — oo, the isotropic radial coordinate R can be
related to the Schwarzschild coordinate r by the following expression:

2
r:R<1—|—M> , 2R=r—M+ V12 —2Mr. (15)

2R

The metric (12) is particularly advantageous for studying particle physics in the gravita-
tional field of a BH because it features a conformally Euclidean spatial part and avoids
singularities at the horizon. Additionally, it facilitates regularization, such as modifying
the lapse function as proposed in [67,68]:

V(R —M/2)2 + €2

Ne(R) = R+ M/2

(16)

In isotropic coordinates, the Schwarzschild horizon and the photon sphere are located
at R = M/2and R = (2 + /3)M/2, respectively. Although the radial part of the isotropic
metric (12) is regular at R = M/2, it still leads to physical singularities when applied to
matter field equations. This is due to the determinant of the metric:

5
v/ —8=Ny°R?sinf = (1—%) (1+é\1§) R%sin#, (17)

which vanishes at the horizon. The lapse function N(R) approaches zero at R = M/2,
implying that isotropic coordinates cannot extend through the horizon. Therefore, these
coordinates are valid only for the region outside the Schwarzschild radius, where r > 2M.

In scenarios where classical particles cannot cross the horizon [75-77], isotropic co-
ordinates (remaining nonsingular at the horizon) offer a more accurate description of the
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background geometry. In contrast, the singularities introduced by coordinate transforma-
tions in the Schwarzschild gauge obscure the nonsingular nature of the metric.

4. Higgs Vacuum at the Horizon

BHs can be modeled as being surrounded by a narrow atmospheric layer of thickness
€, which is generated by a delta-like source at the Schwarzschild horizon and influenced by
the intense gravitational field near the horizon. This setup assumes that the wavefunctions
of matter fields vanish both at r = 2M and at r = 2M + ¢, in accordance with the brick-wall
model proposed by 't Hooft [12]. Within this shell, the gravitational potential is expected to
be extremely strong, leading to distinctive effects in particle physics models.

As an example, we consider the regularization of the Higgs potential:

MZ
Uy = Thhz + Avh® + %h‘* , (18)

where A =~ 0.13 is the self-coupling constant, v is the vacuum expectation value (VEV),
and M), = v/2Av represents the physical Higgs scalar mass. This low-energy potential has
a minimum at Uy = 0 when h = 0 and v = 246 GeV, corresponding to the EW vacuum,
which is stable at the tree level. In a strong gravitational potential, the Higgs potential
acquires radiative corrections, requiring the introduction of a generalized regularization
scheme [83].

In quantum field theory in Minkowski spacetime, standard regularization arises from
specific integrals [84]. For example, for a scalar particle of mass m, we have [85,86]:

dEd®p 1 i m?
- In — 1
/ (270)* (2 — p2 — m2 + ie)? 7 T len2 “AZY (19)
where A is the regularization scale. This implies that an observable differs from its value
at higher energy scales ~ A by a logarithmic term. When quantized, the Higgs field
potential (18) is modified to:

Uegt(A) = Up + U (A), (20)

with the radiative corrections,

, (21)

2
o 1’11' 4 M ;
Uy (A) = 12647T2Mi lln({\é) —C;
where the sum runs over particle species, n; counts the degrees of freedom (with a minus
sign for fermions), and C; are constants. The field-dependent mass squared of the i-th
species is:

M (h) = A +gil?, (22)

where g; are the coupling constants [86].

In (21), the regularization scale can be chosen as the VEV of the Higgs field, A ~ v,
since this is the scale at which the running SM parameters still align with experimentally
observed values, and the Higgs potential is well approximated by its classical form. At
higher energies, h ~ 10v, the logarithmic terms in (21) become positive and larger than the
constants C;, so the effective potential (20) is well approximated by:

A 3 h?
Uess () ~ [4 + o (3A2 - Yf) In '02} n, (23)
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where Y; = v2M;/v =~ 0.99 is the t-quark Yukawa coupling. Due to the minus sign in
front of the t-quark term in (23), the one-loop logarithmic correction becomes negative,
meaning the SM effective potential U develops a local minimum. However, due to the
large denominator, 64712, the second term in (23) is smaller than A /4, so the potential (23)
remains positive. Thus, in Minkowski space calculations, the minimum of U, is still
higher than the EW vacuum value Uy = 0. As a result, the bounce action (6), which is
primarily determined by the Higgs potential U, remains large, and the probability of
baryon number violations (5) is exponentially suppressed.

In strong gravitational fields, the dispersion relations of particles and regularized
integrals of the type (19) must be modified [83]. The singular behavior of the Schwarzschild
metric and related geometric quantities renders the mathematical meaning of certain
particle physics concepts near a BH horizon imprecise. For instance, gauge transformations
of the Higgs field kinetic term, g"V (DHH )+DVH , on the background (12) become ill-defined
at the horizon, where g0 — co. However, the failure of particle physics models in strong
gravitational fields does not necessarily imply the breakdown of the geometry itself. Instead,
the metric should be regularized around the horizon.

The regularized Ricci scalar (10) contains a J-like term. This will modify the bounce
action (6) by the following term:

2Mpy+e€ rg

/d4x\/—ge7€€ — dr

3/2
2Mpyy 2 Mg {(r — 2Mgn)? + eZ}

(24)
2Mpy

\/(r — ZMBH)2 +e2

2M,
BHT€ _ ZMBH
€

~
~

7

ZMBH

which contributes significantly to the sphaleron energy for any realistic particle physics scale.
In isotropic coordinates, the entire radiative corrections term in (21) will be modified
by the universal factor [83]:

2

U, — "%3 ﬁ (3A2 - Y;*) In % n (25)
Sufficiently close to the BH horizon, the lapse function N(R) — 0, and the negative one-loop
correction term in (25) will reduce the value of the Higgs effective potential (23), potentially
even pushing it into the negative region. As a result, the bounce action B approaches zero,
implying that the baryon number violation rate (5) can increase. Therefore, in this scenario,
baryon number violations through sphaleron transitions near the BH horizon can occur at
a much faster rate compared to flat Minkowski spacetime.

5. Dynamic Chern-Simons

To estimate the influence of BHs on the change in the baryon number B (as defined
in (3)), a model with the static Higgs doublet field H and an SU(2); gauge field W] was
studied [49]. The U(1)y gauge field is neglected in this context, as its contribution to the
sphaleron energy is found to be negligible. The following spherically symmetric sphaleron
ansatz is used [48]:

(26)
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where g is the SU(2)} coupling constant, and the matrix U = i ;o' represents an element
of SU(2), with N/ denoting the unit normal vector to the two-sphere boundary and ¢,
the Pauli matrices. In the Schwarzschild metric (7), the unit normal vector to the two-
sphere boundary,

rooox

r—2M r’ 27)

becomes ill-defined at the horizon. To resolve this issue, a regularized radial variable ¢

N =

defined in (9) is introduced.
In (26), the dimensionless radial functions of the Higgs field 1i(r) and the isospin gauge
field f(r) must satisfy the following boundary conditions:

h(?‘ — ZMBH) = f(?‘ — ZMBH) — 0 ,

(28)
h(r — o00) = f(r - o0) = 1.

The first boundary condition ensures the absence of singularities at the Schwarzschild
horizon, while the second ensures that the ansatz asymptotically matches the expected
form of the fields at infinity.

For the sphaleron ansatz in (26), the Chern-Simons current in (2) takes the follow-
ing form:

= éfs(r) % Tr [Ua, (U) 1 Ud, (1) Muap(u) 1] (29)

To express U in terms of the unit vector and the parameter along the loop in configuration
space u [47], we write:

U = e Nio 1) = Teos(uf(r)) + i N sin(uf(r)) - (30)

It is important to note that the static solution only exists at an extremum of the energy
functional of the model, which occurs at half-integer multiples of y/7t. Away from these
values, no static solution exists.

Assuming for simplicity that the Chern-Simons current vanishes at t = 0 (i.e., j'(t =
0) = 0 or ne(0) = 0 as defined in (3)), and using the boundary conditions (28), the
Chern-Simons number at time ¢ is given by [87]:

nes(t) = /d3xj0

1 - ) r=00
=5 [Zﬂf(re) —4/ re—rizM sin Zﬂf(re)] o (31)

P V2M sin 2 f (2Mggg + €)
= 27_{(2;1 sin2pu) + e e -

If the sphaleron profile function at r = 2Mpy + € has the asymptotic behavior:
f(ZMBH+€)’€_>O Nek/ (32)

where the parameter k < 1/2, then the second term in (31) becomes very large. This
indicates a rapid increase in the B-number (3) near the BH horizon.

In the "t Hooft’s brick wall model [12], the wall thickness, represented by the parameter
€, serves as a cutoff distance from the event horizon of a BH. This distance is not a precisely
measurable physical quantity; rather, it is an exceedingly small value compared to the
Schwarzschild radius Rg of the BH, typically of the order of 107" Rg, where # is a large
number. The introduction of this cutoff establishes a boundary layer where quantum effects
can be explored without directly interacting with the singularity at the horizon. While
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the specific choice of € is somewhat arbitrary, it is kept sufficiently small to have minimal
impact on observable physics at larger scales [13-15]. In the context of modifications to the
Higgs potential, this atmospheric thickness could correspond to energy levels at which EW
symmetry is restored, thus providing a theoretical framework for sphaleron transitions
near the BH horizon.

6. Early Galaxy Growth and the Low-Mass Gap

A significant challenge in astrophysics is the observed tight correlations between BH
masses and their host galaxy properties (such as bulge mass and stellar velocity dispersion),
which strongly suggest that the growth of galaxies is linked to their central BHs (see
the recent review [88]). Additionally, understanding the nature of the link between jets
from BHs and the accompanying accretion disks is problematic [89]. Observations of
astrophysical objects with slow spin rates and a lack of accretion material, such as the
SMBH of our galaxy [90], suggest that jets are neither rotation nor accretion powered.

Difficulties also arise with the standard assumption that massive BHs, forming from
lower-mass BH ‘seeds’, gain most of their mass via accretion, modeled in various ways
(see reviews [91,92]). The co-evolution of SMBHSs and their host galaxies has been exten-
sively investigated using different approaches, including semi-analytical models based on
merger trees [93-98], large-scale simulations incorporating N-body dynamics and hydrody-
namics [99-101], and frameworks based on the extended Press—Schechter formalism [102].
Recent findings from the JWST have identified a significant population of high-redshift
galaxies hosting massive central BHs [22-25]. Surprisingly, these BHs appear to be signif-
icantly more massive compared to their galaxy hosts, which are an order of magnitude
greater than what is observed in local galaxies [103,104]. Moreover, some of these early-
universe BHs exhibit masses that even surpass those of their host galaxies [33-35]. Such
discrepancies underscore the potential existence of unexplored mechanisms driving the
accelerated growth of BHs and galaxies, challenging conventional models of their evolution.

An enhanced sphaleron transition rate within the BH atmosphere offers a novel
mechanism for matter generation, potentially explaining both early galaxy formation and
the low-mass gap puzzle. We demonstrate that this mechanism can account for both
phenomena under similar microscopic conditions, despite the vast difference in BH masses
involved, differing by many orders of magnitude. This shared process, wherein extreme
gravitational conditions modify the sphaleron transition rate and the multiplicity of baryon
production, provides a unified approach to understanding both the rapid growth of SMBHs
and the scarcity of BHs within certain mass ranges.

The generation of baryons can be estimated by calculating the number of sphaleron
transitions within a specific volume, with each transition contributing a set number of
baryon units, where the asymmetry between matter and antimatter is driven by CP viola-
tion [105]. A simple estimate of the total mass of baryons generated by a BH with mass
Mgy over a time period tgen can be presented as follows:

Mgen(tgen) = My nies(Mpr) Vg, (Mpr) (Tsph (MBH, 9H)) OcP tgen - (33)

Here, my, is the mass of a single baryon unit, approximated as the proton mass. The
factor nes(Mpyy) represents the number of baryon units produced per sphaleron transition
within the volume Vy, (Mpp) of the layer where baryon production occurs. The term
(Tsph(MpH, d1)) denotes the average sphaleron transition rate over a spherical layer of
dimensionless width dyy = €/ Rg, where Rg = 2G Mgy is the Schwarzschild radius of the
BH. Finally, dcp accounts for the CP violation involved in the process.
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Equation (33) holds as long as the time fgep is short enough to keep Mgen comparable
to Mpy. This condition allows us to estimate the potential of this mechanism to explain
early galaxy formation and the low-mass gap, as discussed below.

We express the sphaleron rate within the BH atmosphere as:

Fsph(MBH/ dH) = M4€_B(MBH’dH) p (34)

where M has dimensions of energy, and B(Mgg, dpy) is an effective action that depends on
the mass of the BH, Mgy, and the dimensionless distance from the horizon dyy, as suggested
in previous studies [83].

Building on the results from Section 4, which indicate that EW symmetry may be
restored within the BH atmosphere, we replace M* with the sphaleron rate in the symmetric
EW phase, as computed in [106-108]. For an approximate estimate, this rate can be
expressed as:

M~k ac?,\, E%W , (35)

where Egy ~ 100 GeV is the energy scale at which EW symmetry is restored. This scale
corresponds to the conditions where symmetry is assumed to be restored near the BH
horizon, analogous to the thermal conditions during the EW epoch in the early universe.

This approximation allows us to compare processes such as baryogenesis and
sphaleron transitions in BH atmospheres, especially at distances € < 1/Tgw. We use
this distance as an estimate for the width of the BH atmosphere. The constants in this
expression are ay = g2 /47 and x =~ 20, determined from lattice measurements [109].

For estimation purposes, following [83], the distance dependence of the effective
action can be modeled as:

B(Mgpn, d11) = B1(Mpn) d% , (36)

where B1 (Mpy) is a factor that depends on the BH mass, analogous to the term appearing
in (6). The parameter b > 0 is an exponent that reflects the gravitational corrections
to the Higgs potential, allowing the effective action to vary with distance from the BH
horizon [83].

Thus, the closer the sphaleron transition site is to the horizon, the higher the transition
probability. As we move away from the horizon, the exponential suppression in (34)
increases. The term (Tgpn(Mpn, dn)) represents the overall sphaleron rate, effectively
averaging the action B( Mgy, dyy) over the entire width of the layer dyy.

For further numerical estimates, the Formula (33) can be rewritten as:

MY toen \ [ Vi, (M
Mgen(tgen) ~2X 105MO<G V) <€ B(MBH/dH)> ncs(MBH)( flr > [de(nﬁBH)} ’ (37)

where dcp ~ 10~2% accounts for CP violation within the SM [110].
The number of generated baryon units can be estimated from (31) by setting:

k
F(2GMpy + €) ~ (2(;;13H> , (38)

yielding:
V21 (k-1/2)

”cs(MBH) ™~ N + 7‘11 ( / ’ (39)
where n- is a constant of order unity. For distances dgy < 1, if k < 1/2, the second
term dominates, implying that sphaleron transitions generate a substantial number of
baryon units. Conversely, for k > 1/2, each sphaleron transition results in an increment of
approximately one baryon unit.
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The volume of the baryon production layer can be approximated as:
Vi, (Mspr) ~ 4mRE dyy = 321G My dyy , (40)

where Rg = 2G Mgy is the Schwarzschild radius.

We proceed with our estimates in light of the recent JWST discoveries regarding early
galaxy formation [22]. JWST observations have revealed massive, compact galaxies, each
with a mass around 10'° M, and some reaching up to 10! M. These galaxies, densely
packed with stars, appear to have formed only 700 million years after the Big Bang, much
earlier and more rapidly than previously expected. This rapid formation suggests the
possible presence of SMBHs with masses reaching up to 10° Mg, [26].

Here, we attribute the mass generation of the early galaxies observed by JWST to
sphaleron transitions near the SMBH horizon. If the mass generated in the proximity of an
SMBH with mass 10° M, as estimated from (37), reaches 10!° M, within a timescale of <1
billion years, then the following condition must hold:

B(Mgy = 10° Mo, dyy) ~ 50 — 70k , (41)

where we consistently assume k < 1/2 throughout the analysis below. This result is
obtained by setting M =~ 10 GeV, as inferred from (35), with € ~ 10716 em (dy ~ 10730).
This length scale corresponds to the energy level Egw ~ 100 GeV, matching the threshold
at which EW symmetry is restored. By comparing the effective action (36), expressed as:

B(Mpy, dn) ~ 87G Esph Mpn dn , (42)

with (41), we arrive at the estimate:

E
( Sph) ~107Y(1 - 1.4k), (43)
Mpy /109,

indicating that the sphaleron energy may correspond to the EW scale, Egp, ~ 100 GeV.

A similar estimate aligns with recent observations from the JWST, which reveal SMBHs
in the mass range of approximately 10°Mg to 10 Mg at redshifts z > 8 [27-31,33-35].
Remarkably, some of these early-universe BHs appear even more massive than their host
galaxies [33-35]. For these SMBHs, the condition becomes:

B(Mpy = 10°Mo, diy) ~ 54 — 62k . (44)

This estimate corresponds to the mass generated near the horizon of an SMBH with mass
10° M, which reaches about 10’ M, within a timescale of less than 0.2 billion years. Here,
we employ the scale dy ~ 10~%/, calculated with € ~ 1071 cm. Thus, for the sphaleron
process, we estimate:

E
< Sph) ~107Y7(22 — 2.5k) . (45)
Mpi /108 m.,

This suggests again a sphaleron energy scale consistent with the EW scale, potentially
providing insights into the rapid growth of SMBHSs and their role in early-universe galaxy
formation.

The mechanism of matter generation described here can also explain the origin of
the low-mass BH gap. Rather than altering our understanding of stellar evolution or BH
formation, we propose that BHs formed within the low-mass gap proceed to gain mass by
producing matter near their horizons and gradually accreting it. This gradual accumulation
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leads to an increase in their mass, eventually moving them into the upper range of the gap,
around 5Mg,.

By applying formula (37) to estimate the parameters needed for a low-mass gap BH,
initially around 3 M), to evolve into a BH with a mass of 5 M, over a typical galactic age
of 10 Gyr, one finds the condition:

B(Mgy = 3Mo, dyy) ~ 40 — 22k, (46)

where we used diy ~ 10722, again calculated with € ~ 10716 ¢m. Therefore, in this case, the
sphaleron energy is given by:

E
( SPh) ~ 107 (4 —2.2k), (47)
Mpr1 / 3m

which is again aligned with the EW energy scale.

7. Conclusions

In this work, we have proposed that modifications to the Higgs potential within the
narrow atmospheric layer near the event horizon of a BH can substantially enhance the rate
of sphaleron transitions, effectively transforming the Chern-Simons number into a dynamic
variable. Unlike the usual suppression of sphaleron transitions under low-temperature con-
ditions, the gravitational effects near the BH horizon facilitate these transitions, eliminating
the suppression and allowing them to proceed more readily. Furthermore, each transition
near the horizon is likely to generate a significantly higher baryon number compared to
what would be expected in a typical Minkowski spacetime, thus amplifying baryon number
violation around the BH.

Our findings demonstrate that the enhanced sphaleron transition rate, influenced by
gravitational corrections near the event horizon, plays a critical role in the generation of
matter around SMBHs. This process may contribute to the rapid mass growth of these
objects and the formation of their host galaxies. The connection between BH mass and
the rate of baryon production provides key insights into the timescales and conditions
necessary for the formation of early SMBHs. These results align with recent high-redshift
observations from the JWST, which highlight rapid BH growth during the early stages of
galaxy formation. Additionally, this mechanism offers a novel explanation for the low-mass
gap in the BH mass spectrum, potentially accounting for the observed scarcity of BH near
the Oppenheimer—Volkoff limit.

Overall, our results highlight the importance of sphaleron transitions in early galaxy
evolution, suggesting that they could be a key factor in the interplay between BH growth
and baryon generation. Future observational and theoretical research, particularly through
gravitational wave astronomy and further high-redshift surveys, will be essential in testing
the predictions of this model. Such investigations will help advance our understanding of
the complex relationship between BH growth, galaxy formation, and the dynamics of the
early universe.
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