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We present that large numbers of light hidden-sector degrees of freedom can reverse the canonical
evaporation hierarchy of Kerr–Newman black holes. When the effective number of uncharged species
exceeds a critical value, the mass-loss rate outpaces the charge-loss rate, producing effective charge growth
during evaporation and delaying neutralization. We investigate the evolution of black holes during the
evaporation process, emphasizing how these quantities evolve relative to one another. Our study
incorporates the effects of graybody factors, near-extremal conditions, and the introduction of additional
particle species beyond the Standard Model. We demonstrate that the addition of particle degrees of
freedom may significantly alter the evaporation hierarchy, potentially leading to scenarios in which the
effective black hole charge increases during evaporation. Additionally, we examine the impact of
Schwinger pair production and of superradiance on charged, spinning black hole evaporation. These
findings offer new insights into the complex interplay between different black hole parameters during
evaporation and highlight the importance of considering additional particle species in the process.
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I. INTRODUCTION

Black hole evaporation through Hawking radiation
remains central to theoretical physics since its discovery.
As black holes emit thermal radiation due to quantum
effects near the event horizon, they lose mass and, depend-
ing on type, additional conserved quantities including
angular momentum and charge [1,2]. Understanding these
dynamics has profound implications for quantum mechan-
ics, thermodynamics, and the information paradox. This
study examines the hierarchy by which black holes dis-
sipate mass, charge, and angular momentum.
Page factors [2,3] provide a quantitative framework for

describing loss rates of energy, angular momentum, and
charge during Hawking radiation. These factors have proven
crucial for analyzing evaporationdynamics of Schwarzschild,
Kerr, and Reissner-Nordström (RN) black holes within the
semiclassical approximation, which assumes a fixed back-
ground metric with quantum mechanical evolution of fields
and successfully describes evaporation of sufficiently large
black holes where backreaction effects remain negligible [1].

A. Black hole types and evaporation mechanisms

Black holes are characterized by mass (M), angular
momentum (J), and charge (Q). Schwarzschild black holes,
being nonrotating and uncharged, lose only mass through
isotropic thermal radiation [2]. Kerr black holes introduce
rotational complexity: frame-dragging effects produce aniso-
tropic emission, with angular momentum typically lost much

faster than mass through higher-spin particle emission,
driving a “spin-down” toward Schwarzschild-like states
[2,4,5]. RN black holes, charged but nonrotating, preferen-
tially emit oppositely charged particles, dissipating charge on
much shorter timescales than mass when such particles are
thermodynamically available (i.e., when their mass is com-
parable to or below the hole’s temperature) [3,6].
These evaporation patterns critically depend on the particle

spectrum. The existence of degrees of freedom beyond the
Standard Model (SM) can substantially modify the dissipa-
tion hierarchy described above. Furthermore, graybody
factors—which quantify deviations from ideal blackbody
spectra due to scattering in curved spacetime [7,8]—play a
significant role in determining emission rates and energy
partitioning across particle types and modes.

B. Comparative analysis and extremal effects

While individual black hole types have been studied
extensively, systematic comparative analyses using Page
factors remain sparse. Schwarzschild black holes evaporate
slowest due to isotropic Hawking radiation [2,9]. Kerr
black holes lose angular momentum several times faster
than mass, with superradiance effects enhancing energy
emission from ergoregions [4,9]. RN black holes rapidly
shed charge, subsequently suppressing radiation through
Coulomb potential barriers [3].
High charge-to-mass ratios (Q=M) in RN black holes

induce distinctive phenomena including Schwinger pair
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production and quantum charge fluctuations near event
horizons [6,8]. Near-extremal configurations—whether
Kerr or RN black holes approaching physical limits—
exhibit vanishing surface gravity, suppressing thermal
emission within semiclassical approximations, though
quantum corrections modify this behavior [10,11].
Additionally, superradiance enables light bosons to form
“gravitational atoms” around rotating black holes, anoma-
lously accelerating angular momentum loss for specific
combinations of spin and boson mass.

C. Motivation and scope

Despite detailed studies of individual black hole evapora-
tion characteristics, significant gaps remain in understanding
how mass, angular momentum, and charge evolve compara-
tively across black hole types. Key questions include:

(i) How do Page factors for energy, angular momentum,
and charge loss differ quantitatively across
Schwarzschild, Kerr, and RN black holes?

(ii) What are the relative timescales for losing conserved
quantities, and how do graybody factors influence
these dynamics?

(iii) How do near-extremal conditions (high a=M or
Q=M) modify evaporation processes?

(iv) How do degrees of freedom beyond the Standard
Model alter dissipation patterns?

(v) What additional mechanisms can modify relative
loss rates of charge, angular momentum, and mass?

This study quantitatively addresses these questions.
Section II describes Page factor evolution for light black
holes, outlining computational procedures for time-evolved
factors with spin and charge evolution, including effects of
dark degrees of freedom. Section III presents the new
results outlined within this paper and discusses their
broader implications. Section IV examines the effect of a
large dark sector on the evolution of black hole parameters
during evaporation for various BH models. Section V
discusses how relative dissipation of mass, charge, and
spin varies with additional particle species. Section VI
examines time evolution under Schwinger pair production,
which significantly impacts light charged black holes. The
penultimate section analyzes how superradiance and gravi-
tational atom formation affect angular momentum extrac-
tion and Kerr black hole lifetimes. Section VIII presents
final considerations and conclusions. Throughout, we work
in natural units where G ¼ ℏ ¼ c ¼ 1.

II. PAGE FACTOR EVOLUTION

The evolution of intrinsic BH parameters such as spin
and mass can be determined by the so-called Page factors,
as outlined in [12]. Generally, the lifetime of a BH scales as
the black hole mass to the third power, M3, given that the
evaporation rate follows the classical Stefan-Boltzmann
equation, and area is proportional to R2

S ∼M2, RS being the

black hole Schwarzschild radius, and TH ∼M−1, with TH
the Hawking temperature; as a result, the scale-invariant
Page factor for the BH mass is defined as

fðM; x�Þ ¼ −M3
d lnðMÞ

dt
¼ −M2

dM
dt

ð1Þ

where x� corresponds to the intrinsic spin a� or charge Q�,
depending on if we are describing the Kerr or RN metrics.
We will use here the effective dimensionless quantities
a� ¼ a

M ¼ J
M2 and Q� ¼ Q

M.
The Page factor for angular momentum is defined as

gðM; a�Þ ¼ −M3
d lnðJÞ
dt

¼ −
M
a�

dJ
dt

ð2Þ

To describe charge evolution, we define the additional
scale-invariant quantity

hðM;Q�Þ ¼ −M3
d lnðQÞ

dt
¼ −

M2

Q�
dQ
dt

: ð3Þ

The rates of particle emission are described as in
Ref. [13] and give

fðM; x�Þ ¼ −M2
dM
dt

¼ −M2

Z
∞

0

E
X
i

d2Ni

dtdE
dE; ð4Þ

gðM; a�Þ ¼ −
M
a�

dJ
dt

¼ −
M
a�

Z
∞

0

X
i

gi
X
l;m

d2Nl;m

dtdE
dE; ð5Þ

where the terms

d2Nl;m

dtdE
¼ 1

2π

Γs;lmðM;E; x�Þ
eE=T − ð−1Þ2s ; ð6Þ

d2Ni

dtdE
¼ gi

X
l;m

d2Nl;m

dtdE
ð7Þ

describe the total number of outgoing particles created within
the BH horizon, as described in [13]. This leads us to an
analogousPage factor describing charge evolution fromEq. (3)

hðM;Q�Þ ¼ −
M2

Q�
dQ
dt

¼ −
M2

Q�

Z
∞

0

X
i

qigi
X
l;m

d2Nl;m

dtdE
dE:

ð8Þ

The terms qi are the individual particle charge and gi are
available particle degrees of freedom. Note that the term
hðM;Q�Þ does not include a double counting of the number
of degrees of freedom from including antiparticles, as
antiparticles and particles included would have opposite
charge. We define the effective charge as being from 0 to 1,
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as the process for shedding negative charge is identical to
the scenario of shedding positive charge aside from a sign
change.
The computations in the following section are done

using BlackHawk [14] for the Kerr metric. However,
BlackHawk does not account for time evolution of a RN
BH and a charged metric adaptation of the code was written
to overcome this issue. The analysis code used in this work
is openly available online.1 In our consideration of the
charged metric, we have adopted the optical limit approxi-
mation to compute the particle’s graybody factor

Γ ¼ 27M2E2; ð9Þ

where E is the total energy of the emitted particle, taken to
be extremely large in comparison to an individual particles
rest mass. This approximation becomes increasingly accu-
rate in the high-frequency regime (ωM ≫ 1), and is
therefore suited to the extremely light black holes consid-
ered in our study, whose high Hawking temperatures push
the emission spectrum toward the geometric-optics limit.
While not exact, this approach captures the qualitative
behavior of RN evaporation in the presence of additional
massless degrees of freedom. The optical-limit treatment
leads to modest deviations in the Page factors and produces
an overall shortening of the total lifetime relative to the
fully tabulated graybody factors. Although our approxi-
mation slightly overestimates the evaporation rate, it
accurately reproduces the qualitative trends relevant for
exploring how large hidden sectors modify RN black hole
evolution.

III. NEW RESULTS AND PHYSICAL
IMPLICATIONS

In this work we identify several new features in the
standard evaporation hierarchy of black holes—where
charge is typically lost first, followed by spin and finally
mass—when the evolution is extended to include large
numbers of beyond–Standard Model particle species. Our
principal results are as follows:
(1) Reversal of charge-loss hierarchy For Kerr-

Newman black holes coupled to large, massless
hidden sectors (Ndof ≳ 100), the standard evapora-
tion hierarchy is inverted. The mass-loss rate ex-
ceeds the charge-loss rate,

���� ṀM
���� >

���� Q̇
�

Q�

����;
leading to effective charge growth during evapora-
tion. This contrasts with previous expectations that
charged black holes always neutralize first.

(2) Critical threshold for reversal We derive a quanti-
tative condition for this inversion, showing that it
occurs when

Ndof > Ncrit ≈ 220;

for beyond Standard model massless degrees of
freedom, beyond which energy loss to uncharged
species dominates over electromagnetic discharge.

(3) Delayed or halted neutralization In the high-Ndof
regime, black holes can approach near-extremal
states (Q�=M → 1) without rapid charge loss. These
configurations exhibit prolonged lifetimes due to
suppressed Hawking temperatures and reduced
Schwinger emission.

(4) Interplay with rotation For Kerr configurations,
spin-down remains dominant, but frame-dragging
modifies the effective emission balance, coupling
angular momentum loss to charge evolution. This
coupling introduces a correlated decay track in the
ða�; Q�Þ phase space not captured in prior
treatments.

(5) Reemergence of discharge via Schwinger pair pro-
duction In the case of a large dark sector or light
extremal black holes (M ≲ 1017 g), quantum electro-
dynamic discharge again dominates, restoring neu-
trality and terminating the reversed regime.

(6) Superradiant extraction of angular momentum We
incorporate the effects of black hole superradiance
into the evaporation hierarchy, showing that massive
bosonic fields can remove angular momentum far
more efficiently than Hawking radiation.

(7) Numerical confirmation Numerical solutions to the
coupled Page-factor equations confirm these behav-
iors, delineating regions in ðM;Q�; a�Þ space where
charge growth occurs and illustrating the modified
evaporation trajectories under large hidden-sector
particle counts.

Together these results demonstrate that the canonical
evaporation sequence, charge loss preceding mass loss, is
not inherently universal but depends sensitively on the
particle content of the theory. Large hidden sectors can
qualitatively change black hole evolution, producing tran-
siently charged or near-extremal relics with potential
implications for early universe black hole populations
and dark-sector phenomenology.

IV. EFFECT OF A LARGE DARK SECTOR ON
PARAMETER EVAPORATION

Introducing a dark sector containing a large number of
degrees of freedom results in significant changes in the
evolution of charged or rotating BHs. The effective spin
and charge of a BH are defined as a� ¼ J

M2 and Q� ¼ Q
M,

where an effective spin or charge equal to 1 corresponds to
extremality where evaporation shuts off. The total number1https://github.com/cewasiuk/Spin-and-Charge-BH-Evolution.
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of particles needed to neutralize a charged black hole are of
order M, whereas the number needed to carry off overall
angular momenta J scales as M2. Therefore the standard
hierarchy of parameter loss, when considering purely
evaporative processes, begins with charge neutralization,
followed by loss of spin and finally mass evaporation
which, as noted above, scales as M−2.
Rather than comparing baseline cases, we target regimes

that perturb the hierarchy itself. While introducing a large
number of dark-sector degrees of freedom may at first
appear unconventional, such scenarios are not uncon-
strained. A variety of observational and experimental
considerations already place bounds on relativistic or
metastable hidden sectors, including limits from high-
energy cosmic rays, collider searches, supernova cooling,
precision tests of gravity, and the evaporation of stellar-
mass black holes. The feasibility of large dark sectors
consistent with these constraints has been examined in our
previous work, and we refer the reader to Ref. [15] for a
detailed discussion. In this context, black hole evaporation
provides a complementary and largely model-independent
probe of such sectors.
Starting with charged black holes, we include a sub-

stantial population of uncharged dark-sector species and
quantify the parameter ranges where fðM;Q�Þ surpasses
hðM;Q�Þ, signaling hierarchy reversal. The very large
lifetimes shown in several figures reflect the suppression
of Hawking emission for massive or near-extremal black
holes and are intended to illustrate relative scaling and
hierarchy modification; any potential cosmological rel-
evance instead arises for sufficiently light black holes,
for which the same mechanisms operate on much shorter,
early universe-relevant timescales.

A. Reissner-Nordström evaporation rates

The overall effective charge of a black hole (BH) shrinks
both the horizon and Cauchy radii according to

r� ¼ rH;C ¼ rS
1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −Q�2p
2

; ð10Þ

where rS ¼ 2M. This modifies the black hole temperature,

TRN ¼ rþ − r−
4πr2þ

; ð11Þ

and thus alters the emission spectrum. As TRN increases,
the probability of emitting particles of a given rest mass
rises, as reflected in Eq. (6).
Figure 1 shows the extension of lifetime as effective

charge increases for a given black hole mass. This occurs
because a larger effective charge reduces the temperature,
thereby suppressing massive particle emission. In this case
only standard model particles are considered.

At the same time, stronger charge enhances the absolute
rate of charge loss. When this rate is normalized by the
effective charge, however, we find that black holes with
smaller initial Q� lose charge more efficiently. This
behavior, illustrated in Figs. 2 and 3, explains why highly
charged black holes require longer timescales to neutralize.
For sufficiently light black holes capable of thermally
emitting electrons, the charge-loss rate can exceed the

FIG. 1. Log normalized mass loss rates as a function of lifetime
for different effective charge. Increasing effective charge lowers
the overall temperature of the BH, slowing particle emission. The
initial BH mass is set at 1017 g as larger masses will not
significantly change the initial mass loss rate.

FIG. 2. Charge loss rate due to Hawking radiation for various
spins normalized by the initial effective charge Q� of a BH.
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mass-loss rate, indicating that charge depletion dominates
the early evaporation phase.
To compare the relative rates of mass and charge loss, we

define the log-normalized ratio (LNR)

1
M

dM
dt

1
Q�

dQ�
dt

; ð12Þ

which tracks the time evolution of both quantities on a
dimensionless scale. The effective charge derivative is given by

dQ�

dt
¼ 1

M
dQ
dt

−
Q�

M
dM
dt

; ð13Þ

taking care to distinguish between the true charge-loss rate dQ
dt

and the effective charge-loss rate dQ�
dt . Written in terms of the

Page factors fðM;Q�Þ and hðM;Q�Þ defined in Eqs. (4)
and (8), Eq. (13) becomes

dQ�

dt
¼ Q� fðM;Q�Þ − hðM;Q�Þ

M3
: ð14Þ

Our analysis focuses on the relative scaling between the
mass and charge-loss rates. Both Page factors depend on
the number of available degrees of freedom of the emitted
species. However, the Page factor associated with charge,
hðM;Q�Þ, only receives contributions from charged par-
ticles. As a result, the emission of neutral species enhances
the mass and spin Page factors while leaving hðM;Q�Þ
unchanged.
In order to invert the typical evaporation sequence in

which charge neutralization precedes mass loss, we

introduce massless, neutral degrees of freedom to create
a regime in which the black hole loses mass faster than
charge. The introduction of massless particles is chosen so
that the mass loss rate can be enhanced prior to the emission
of any charged particles, such as the electron. The black
hole mass is taken to be relatively light, at 1017 g—
approximately the scale at which the emission of massive
particles becomes significant. The corresponding mass
thresholds at which all Standard Model species are emitted
at non-negligible rates is included for reference in Fig. 4.
We find that if the number of new degrees of freedom is less
than N ≈ 200, dQ�

dt remains negative and the black hole
continues to evaporate normally without any effective
charge growth. The impact of introducing dark sectors
of this scale are illustrated in Fig. 5. At early times, the true
charge-loss rate dQ

dt stays nearly constant (extremely small,
but nonzero due to a nonzero emission probability for any
massive particle), while the mass-loss rate dM

dt increases as
new dark-sector species contribute to evaporation. As the
black hole evolves, charged particle emission becomes
more frequent, enhancing dQ

dt and producing the downward
trend in the log-normalized ratio. For the modest number of
additional degrees of freedom shown in Fig. 5, mass loss
continues to dominate over charge loss throughout the
evolution.
For the parameters considered, the LNR [Eq. (12)]

approaches unity when the normalized mass and effective
charge loss rates become comparable. In our simulation this
occurs at the upper limit of the degrees of freedom
considered above, or N ¼ 200. Around this value charge
loss and mass loss proceed at similar rates, leading the
effective charge Q� to temporarily plateau.
Degrees of freedom higher N ≃ 200 always result in

some duration of a BH’s lifetime where dM
dt is dominant in

comparison to dQ
dt . When this number of additional degrees

of freedom are introduced, some portion of the BH’s
lifetime will be spent increasing effective charge.
Additionally, we also find that the entirety of a BH’s
lifetime will be spent with effective charge increasing for
degrees of freedom greater than N ≃ 270, which would
result in a maximally charged BH with a temperature that
approaches zero. Using Eq. (13). We can verify this by
looking at the limit as N → ∞ for Eq. (13)

lim
N→∞

�
1

M
dQ
dt

−
Q�

M
dM
dt

�
≈ −

Q�

M
dM
dt

; ð15Þ

since increasing the number of massless, neutral degrees of
freedom will only increase dM

dt . The LNR will then reduce to

1
M

dM
dt

1
Q�

dQ�
dt

¼
1
M

dM
dt

1
Q� ð− Q�

M
dM
dt Þ

¼ −1 ð16Þ

FIG. 3. Lines of
1
MdM=dt
1
Q�dQ�=dt log normalized for a RN BH for

various effective charge values. Initial conditions are for a M ¼
1017g BH which evaporate only standard model particles.
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for large values of dMdt . This effect can be seen within Fig. 6,

where the values for dQ
�

dt transition from negative to positive.
This causes the effective charge of the BH to increase after
the introduction of a large number of new, noncharged
degrees of freedom. For introduced degrees of freedom that
allow fðM;Q�Þ to become comparable to hðM;Q�Þ, the
effective charge neutralization of the BH stagnates and both
true charge and mass evaporate at comparable rates.
For a BH of mass 1017 g, we estimate that number of

massless degrees of freedom required hovers between
roughly 220 ≤ Ndof ≤ 270 and can be seen in Fig. 6.
The number of degrees of freedom required for this
transition is BH mass dependent, again seen through
Eq. (13). Any introduced number of degrees of freedom
larger than this, for a given BH mass, will result in a
scenario where the effective charge of the BH will increase.
This upsets the traditional hierarchy where charge will be
evaporated away first. Varying the mass of the included
dark matter serves to increase the BH lifetime; i.e., as the
mass of the dark matter increases, the temperature threshold
for dark matter evaporation increases, resulting in a longer
duration spent radiating non-DM particles.
In this setup we have considered relatively light BHs that

can thermally emit massive particles. For smaller masses,
the Hawking temperature rises rapidly, allowing emission
of progressively heavier species and broadening the emis-
sion spectrum. Conversely, heavier black holes have much

lower temperatures, limiting emission to the lightest or
massless particles—photons and neutrinos—while heavier
ones are exponentially suppressed. Most of the lifetime of
such massive black holes is therefore spent radiating
massless degrees of freedom, which reduces mass but
not charge. In this regime, the effective charge Q� ¼
Q=M increases steadily, always driving the black hole
toward extremality without the need for an introduced dark
sector. Neglecting other discharging mechanisms, this
effect is also expected to increase the lifetime of the BH
indefinitely. The increase of effective charge lowers the BH
temperature, suppressing the mass loss page factor
fðM;Q�Þ. The end result is effectively an extremal black
hole with a suppressed mass and charge loss mechanism
and a Hawking temperature that approaches zero. We will
see later that the tendency for a BH to approach more
extremal can be negated in the presence of an extreme
electric field when we include the effects of Schwinger pair
production. The inclusion of this effect in addition to
Hawking radiation is talked about in more detail
within Sec. VI.

B. Kerr evaporation rates

We consider here BHs with intrinsic angular momentum
J instead. The graybody factors used in this section were
numerically evaluated for each configuration of the Kerr
metric, providing more accurate predictions for spin

FIG. 4. Approximate black hole mass threshold for massive particles to significantly contribute to the normalized mass loss rate. All
massive particles have a nonzero emission rate at all times, but are exponentially suppressed by their respective graybody factor.
Significant emission occurs when TBH ≈mp. Influence of a light, neutral dark sector on the normalized mass loss rate is included to
illustrate its effect.
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evolution and black-hole lifetimes compared to the charged
case. The parameter describing the evolution of a BH with
respect to its angular momentum J is the effective spin
parameter a�. Similarly to Eq. (14), we can find the
effective spin loss rate

da�

dt
¼ 1

M2

dJ
dt

− 2
J
M3

dM
dt

ð17Þ

In terms of Page factors defined in Eqs. (4) and (5), this is

da�

dt
¼ a�

2fðM; a�Þ − gðM; a�Þ
M3

ð18Þ

which will dictate the evaporation of spin for a Kerr BH.
Contrary to the case of shedding charge, there is no

scenario in which an emitted particle always carries zero
angular momentum away from the black hole. In the case of
charge loss, the black hole can, in principle, emit a neutral
particle, meaning that not every emission necessarily
contributes to charge depletion. However, for angular
momentum, any emitted particle can carry away some
amount of total angular momentum, ensuring that the black
hole’s angular momentum is always being affected by its
radiation. Even if we consider a particle with a quantum

spin number of zero (such as a scalar boson), the
total angular momentum J of the emitted particle is given
by the sum of its intrinsic spin S and its orbital angular
momentum L,

J ¼ Lþ S ð19Þ

For a spinless particle, S ¼ 0, but the emitted particle will
still have some nonzero orbital angular momentum L. Since
angular momentum is quantized, even the lowest possible
allowed orbital angular momentum state for a given
emission process is nonzero, particularly when considering
emissions from a rotating body. This results in a scenario
where gðM; a�Þ will always be greater than 2fðM; a�Þ for
all graybody factors tabulated. Therefore, spin will always
be shed before mass and will cause a BH to tend away from
an extremal BH for all particles considered. Still, we can
compare timescales of effective spin loss against the charge
loss values obtained above. Looking at Fig. 7, we can see
that the timescale for spin evaporation for a maximally
spinning (a� ¼ 0.9), 1017 g mass BH is ≈1.8 × 1024

seconds. Compared to the charge lifetime of ≈3 × 1023

seconds, we find that spin is shed approximately 6 times
slower in our analysis. Again, it is important to emphasize
that our lifetime results for charge are an overestimation,
however, the hierarchy coincides with what is to be
expected.
We have also investigated the effects of introducing

massless particles of varying degrees of freedom and spin

FIG. 6. Log normalized ratio of mass and charge loss for
chargeless degrees of freedom starting when mass loss dominates
and transitioning to a region where effective charge loss domi-
nates. Effective charge loss rates close to zero result in the
numerical divergences, and are moments when charge loss rates
match mass loss rates.

FIG. 5. Illustration of the effects of adding spin 0, chargeless
DM to the BH evaporation spectrum while varying the number of
degrees of freedom. Initial conditions are for a BH with mass
1017g, effective chargeQ� ¼ 0.9 and introduced dark matter with
mDM ¼ 0 GeV. Adding larger degrees of freedom will result in a
transition from a regime where 1

Q
dQ
dt is dominant to a regime

where 1
M

dM
dt begins to dominate. Such a transition is illustrated for

the same initial parameters in Fig. 6, and occurs when the lines
reach a maximum of 1. Illustration only shows rates when the BH
is considered charged, afterward the BH is considered static.
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on shedding angular momenta. The results can be seen in
Fig. 8. The most interesting case is the far left panel, where
we have considered spin zero particles. In this case, the
overall spin carried away by the particle is entirely orbital
angular momentum. While the page factor for spin
gðM; a�Þ is always larger than the mass loss term
2fðM; a�Þ, in this case the difference between the two
becomes very small. This results in the denominator term
da�
dt in the log normalized ratio to become extremely small in
comparison to the mass loss term dM

dt . For all other cases the
intrinsic spin S of the particle acts to increase the spin loss
term, resulting in a log normalized ratio less than 1. We
observe apparent divergences in the spin-zero case near the
end of the black hole’s spin-down phase. This behavior
arises because a scalar field with a large number of degrees
of freedom removes angular momentum increasingly inef-
ficiently as the black hole approaches low spin. As a�

decreases, the effective spin-loss rate da�
dt falls sharply, since

there is progressively less angular momentum per emitted
quantum. When this declining spin-loss rate is combined
with the continually increasing mass-loss rate dM

dt , the
resulting ratio produces a sharp spike for the S ¼ 0 case.
We do not see this effect for the other cases as having some
nonzero spin number S causes the effective spin loss rate to
be much more stable even as the BH has a small amount of
angular momentum left to radiate.
We have also illustrated how effective spin affects the log

normalized ratio a�
M

dM=dt
da�=dt in the absence of a large number of

introduced degrees of freedom in Fig. 9. Again the log
normalized ratio expressed in the figure shows how the
normalized mass loss and spin loss rates compare. Values
greater than 1 illustrate regions where mass is shed faster
than spin, and values less than 1 represent the inverse. In
Fig. 9, the plot describes that as effective spin of a BH is
increased the spin loss rate is decreased in comparison to
the mass loss rate. Again this is a result of the dependence
of a Kerr BHs temperature on the effective spin of the BH.
As effective spin increases the overall BH temperature
decreases, resulting in delayed particle evaporation thresh-
olds and a higher exponential suppression of evaporated
particles in comparison to lower effective spins. As we
approach the end of a BHs lifetime the spin loss term begins
to dominate until spin is completely shed.

V. RELATIVE HIERARCHIES

The purpose of the section above is to illustrate the
possibility of upsetting the hierarchy of charge, spin, and
mass loss as dictated by the standard model. Our findings
indicate that under any circumstances, spin is lost before
mass. However, we have found that through the introduc-
tion of a large number of massive or massless degrees of
freedom we can create a scenario where we can increase the
effective charge of a RN BH. The standard hierarchy we set
out to upset is as follows; charge is neutralized first,
followed by spin and finally mass will be depleted
(dMdt <

dJ
dt <

dQ
dt ). There are two distinct ways in which we

can upset this natural order.

FIG. 7. Overlay of varying effective spin normalized by initial
spin value as a function time for a Kerr BH. Lifetime is given for a
Kerr BH of mass 1017g, and introduced DM is not considered.

FIG. 8. Effect of adding various spin dark matter with various masses to the evaporation model of a Kerr BH. BH initial parameters are
a� ¼ 0.8, mBH ¼ 1017g.
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The first possibility of changing the order of parameters
lost is through the introduction of a select number of
chargeless degrees of freedom. In our consideration of a
BH of mass M ¼ 1017 g, if we include massless scalar
degrees of freedom within the range of 100 ⪅ Ndof ⪅ 220,
we find a scenario where the hierarchy changes and spin is
shed first, followed by charge neutralization and then finally
mass loss (dMdt <

dQ
dt <

dJ
dt). Since the introduction of charge-

less degrees of freedom has no effect on the rate of charge
loss, this introduction solely effects the rates of mass and
charge loss. Degrees of freedom larger than ≈220 result in
increasing effective charge, andwouldmakemass evaporate
faster than charge.However, degrees of freedomgreater than
≈100 will result in spin being lost faster than charge being
lost, with mass still evaporated away last. Again this is a
direct result of these introduced degrees of freedom always
being able to carry away some nonzero amount of angular
momentum. The upper limit of the number of degrees of
freedom is set by the BH mass and can be seen in the
dependence of dQ

�
dt onM in Eq. (13). The lower limit is also

dependent on the intrinsic spin S of the introduced particle.
Higher particle spins will require lower degrees of freedom
due to the dependence of the intrinsic spin S in the total
angular momentum J carried away from the BH.
The second possibility is when we consider degrees of

freedom higher than ≈220. In this scenario, we find that the
effective charge increases for a M ¼ 1017 g BH. While the
overall charge of the BH goes down, it is outpaced by mass.
In this scenario we find that again spin is lost first, but we
have the order of mass and charge loss reversed in
comparison to the first scenario (dQdt <

dM
dt <

dJ
dt).

Note, again, that in the absence of Schwinger pair
production extremely massive BHs act similar to black-
bodies. In this case, even without the addition of any dark
degrees of freedom, we have a scenario where the BH
evaporates a significant portion of mass before having any
noticeable amount of charge evaporated. Since any charged
particle within the standard model has some nonzero mass,
the production of such particles will be exponentially
suppressed for the majority of the BHs lifetime. Once
the BH reaches a mass of roughly 1017 g, it begins to emit a
significant amount of charged particles. Prior to that mass
threshold we find that the effective charge will increase and
approach a extremal charged BH. For the majority of the
lifetime of a BH, effective charge increases until charged
particles can be produced. While this is not necessarily
upsetting the natural hierarchy discussed above since
charge is eventually dissipated before mass near the end
of the BHs lifetime, the majority of the lifetime is naturally
spent increasing the effective charge for heavier BHs.

VI. A CHARGED CAVEAT: SCHWINGER PAIR
PRODUCTION

The above analysis for a RN BH only considers the
production of charged particles through the computation of
their graybody factors outlined in [14]. We did not consider,
however, purely classical processes that could neutralize
the BH. For example, if the BH were surrounded by
charged interstellar media, we would see a fairly quick
neutralization of the charge due to selective accretion of
particles with charge opposite the BH. Still, even in the
absence of such media we can still have an enhanced charge
neutralization through quantum effects. A possible signifi-
cant contribution comes from the Schwinger effect [16–18].
The Schwinger effect describes spontaneous pair creation
of charged particles in the presence of an extremely strong
electric field. In the majority of electric fields the produc-
tion is exponentially suppressed, yet for electric fields
higher than the threshold field this effect can become
dominant. Such a strong field results in vacuum decay
and the subsequent creation of electron-positron pairs,
serving to lower the charge of the field by 2e for each
pair created [16,19]. The graybody factors for electron and
positron production can then be significantly enhanced via
Schwinger pair production.
We can estimate the effect that this has on the charge

lifetime of a RN BH by modifying Eq. (13). Starting with
the Schwinger pair production formula [19], the electron-
positron creation rate per unit volume is

Γ¼ e2

4π3
Q2

r4þ
exp

�
−
πm2

er2þ
eQ

��
1þO

�
e3Q
m2

er2þ

�
þ���

�
ð20Þ

where me is the mass of the electron and Q is the BH
charge defined as Q ¼ Q�M. We will require that the term

FIG. 9. Lines of
1
MdM=dt
1
a�da

�=dt log normalized for a Kerr BH

for various effective spin values. In this case, the emitted particle
spectrum consists exclusively of Standard Model species.
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e3Q
m2r2 ≪ 1 and consider only the leading order term. If this
assumption is violated the series is no longer convergent
and can be assumed to approach infinity, resulting in a
massive discharge of the RN BH until the effective charge
is low enough to allow the condition to be satisfied.
The charge loss rate per unit time can be obtained via
integration

dQS

dt
¼ −2e

Z
ΓdV; ð21Þ

where QS has been introduced to denote the difference
between charge loss specifically due to Schwinger pair
production. Integrating Eq. (20) rate per unit volume we
find the charge loss rate to be

dQS

dt
¼ −e3

π2
1

rþ
exp

�
−

r2þ
QQ0

�
−

π

ðQQ0Þ1=2
erfc

�
rþ

ðQQ0Þ1=2
�
:

ð22Þ

where erfcðxÞ is the complementary error function and
Q0 ¼ e

πm2
e
. Combining the effects of Schwinger pair pro-

duction, the effective charge loss in Eq. (13) becomes

dQ�
dt

¼ 1

M
dQ
dt

þ 1

M
dQS

dt
−
Q�

M
dM
dt

ð23Þ

where dQ
dt describes the charge particle production at the

horizon due to quantum vacuum fluctuations and dQS
dt

describes electron-positron production due to the presence
of a large electric field at various r > rþ The rapid
discharge due to Schwinger pair production would also
affect the mass loss rate dM

dt as well. The mass loss rate can
be obtained by looking at

dM
dt

¼ ∂M
∂Q

∂Q
∂t

¼ ∂M
∂rþ

∂rþ
∂Q

∂Q
∂t

ð24Þ

Working out the algebra we have the expression

dMS

dt
¼ Q�M

rþ

dQS

dt
ð25Þ

which is analogous to the result from [19] in natural units.
This additional term will serve to speed up the mass loss
rate for a charged BH as long as dQS

dt is nonzero.
We can calculate an order of magnitude estimate to see if

this effect will have a significant impact on the discharging
of a RN BH. Both the Schwinger and the Hawking
discharge rate feature an exponential suppression; in the
case of the Schwinger discharge rate this is

ΓSch ∼ exp

�
−
πm2

er2þ
eQ

�
; ð26Þ

with

rþ ¼ Mð1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðQ=MÞ2

q
Þ

and e the electron charge. Note that this is the discharge rate
per unit volume and the Hawking rate is per unit energy.
Expressing the above in natural units, neglecting order 1
factors, we get

ΓSch ∼ exp

�
−
m2

eM2

eQ

�
: ð27Þ

The Hawking evaporation rate is Boltzmann suppressed by
me=TH, where

TH ∼
1

M

�
1 −

Q2

M2

�
;

thus

ΓHawk ∼ exp

�
−

Mme

1 − Q2

M2

�
: ð28Þ

The Schwinger discharge rate dominates when

ΓSch ≳ ΓHawk ⇒
m2

eM2

eQ
≲ meM�

1 − Q2

M2

	 : ð29Þ

We can rearrange this equation to find that in terms of mass-
to-charge ratio xe ¼ ðe=meÞ and xBH ¼ Q=M, Schwinger
discharge dominates if

1 − xBH
xBH

≲ xe ≃ 6.4 × 1021: ð30Þ

In turn, this implies

xBH ≳ 10−22: ð31Þ

Since the Planck charge is 11.7e, we find that Schwinger
discharge dominates for any black hole with any electric
charge Q ≥ e when M ≤ 1018 grams.
Looking at Fig 10, we can see the how Schwinger pair

production enhances the number of charged particles in the
Hawking spectra. In this case we have considered a much
larger BH (104M⊙). The primary purpose of this choice is
to consider a stage in a charged BHs life when there is
essentially only blackbody radiation. This mechanism only
serves to deplete mass from a charged BH and, by Eq. (13),
would serve to increase the overall effective charge of such
a large BH. Without Schwinger pair production, there
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would be a tendency for charged BHs to approach
extremality in all scenarios. However, we can see that this
effect serves to rapidly discharge the BH in comparison to
the mass loss timescales. Looking at Fig. 11, we can see
that the lifetime of a BH with various effective charges
hovers around 1085 s for BH of this size. This is roughly

1016 times larger than the timescale for which a BH will
discharge due to Schwinger pair production. Its important
to note that this analysis only includes effects from the
leading order term for Schwinger production and therefore
indicates the largest lifetimes possible when including this
effect. All higher order terms serve to increase the electron-
positron production rate, and therefore will decrease the
lifetime of a charged BH.

VII. SUPERRADIANCE AND SPIN: ANGULAR
MOMENTUM EXTRACTION

Recent work has shown that black hole superradiance
can extract angular momentum on timescales much shorter
than Hawking emission [20]. Although a black hole cannot
be completely spun down through this mechanism, a
substantial fraction of its angular momentum can be
removed, and we include this effect alongside the
Hawking analysis for Kerr black holes.
Superradiance arises from the existence of the ergore-

gion between the outer and inner horizons, where negative-
energy states are permitted [21]. A particle entering the
ergoregion may decay into two modes, one of which carries
negative energy E1 < 0. Energy conservation then requires
the other mode to emerge with energy E2 ¼ E0 − E1 > E0,
so that the outgoing particle carries more energy than the
particle originally entering the black hole. The negative-
energy mode remains inside the ergoregion and effectively
reduces the black hole’s rotational energy.
Superradiance is the amplification of this process:

bosonic waves satisfying the superradiant condition grow
exponentially by repeatedly extracting rotational energy.
The resulting accumulation of a scalar cloud outside the
horizon forms a “gravitational atom,” enabling rapid and
efficient angular momentum extraction compared to
Hawking radiation alone. In the following section we will
outline the timescales associated with removing angular
momentum from the system via the introduction of massive
scalar bosons and the supperadiant effect.
Superradiance of a BH is allowed so long as the

superradiant condition [20]

ω < mΩþ ð32Þ

is satisfied. In the above equation ω refers to the frequency
of the incoming scalar wave, m the azimuthal quantum
number of a given state and Ωþ the angular velocity of the
BH horizon. In general, we assume the population of states
occurs with ω to be roughly the boson mass ω ≈ μa. The
overall angular momentum available to be extracted via
superradiance is then proportional to the number of
particles produced by this process. For each particle
extracted from a given BH, the overall angular momentum
of the BH is lowered by ΔJ ¼ m, or an integer quanta of
angular momentum proportional to the given state occu-
pied. Therefore, the overall rate of angular momentum

FIG. 10. Effect of Schwinger pair production on dQ�
dt for various

effective charges for a BH of initial massM ¼ 104M⊙. All charge
is lost before any significant amount of mass is lost.

FIG. 11. Effect of Schwinger pair production of dM
dt for various

effective charges. BH has initial massM ¼ 104M⊙. Sudden jump
on the left hand side of the plot is when charge is neutralized.
From then on BH behaves as if static.
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extraction from the BH is equivalent to the rate at which
superradiance occurs ΓSR for a given particle multiplied by
the number of particles of a given state Nm

dJ
dt

¼ −mΓSRNm: ð33Þ

Again using Eq. (17), we estimate the change in effective
spin as long as we have the mass loss rate due to super-
radiance. The mass loss rate of the BH is obtained in a
similar manner, except we can replace the quanta of spin m
by the scalar particle mass μa to get

dM
dt

¼ −μaΓSRNm: ð34Þ

All together, the expression for effective spin loss due to
superradiance is given by

da�SR
dt

¼ −
1

M2
mΓSRNm þ 2

a�

M
μaΓSRNm: ð35Þ

This equation is expected to be valid so long as the
superradiance condition in Eq. (32) is satisfied and the

superradiance rate ΓSR is faster than the Eddington accre-
tion time. We have simulated the effective spin available to
be extracted from the BH in the Regge trajectory plots in
Fig. 12. For any BH mass we can see that, for quantum
numbers fn; l; mg, the m ¼ 1 state allows for the largest
Δa� in the right hand panel. Additionally, we simulate the
parameter space for various BH and scalar boson masses
that allow for superradiance. We can see as a general trend
that as BH mass increases the overall spin available for
extraction decreases. Additionally, we expect that con-
straints on light boson candidates to be another limiting
factor in the possibility of this SR regime being reached for
heavy BHs. The resulting effective spin loss across a range
of black hole masses due to superradiance is illustrated in
Fig. 13, where we show the fraction of spin extracted
through this superradiant process. The figure also includes
the corresponding superradiant boson cloud populations
and the log-normalized rates of effective spin loss to
highlight how the efficiency of angular-momentum extrac-
tion varies across the parameter space.
Still, we can estimate the spin down lifetime of a BH due

to superradiance with Eq. (32). Utilizing the results of [20],

FIG. 12. Parameter space for possible superradiance regions for a given black hole mass and light boson.

FIG. 13. Effective spin loss due to superradiance of a Kerr BH. Extracting the majority of spin (Oð0.1Þ remaining) occurs in
approximately 1016 s in comparison to the Hawking lifetime for Kerr BHs of 1.8 × 1024 s.
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the fn; l; mg ¼ f2; 1; 1g state is the most efficient at
extracting angular momentum. In general the lifetime
of a BHs superradiant event of a BH can be estimated
as τSR ¼ 1

ΓSR
[22]. Using our superradiant rates derived

from [20], we illustrate the expected lifetime of a given
superradiant event for a solar mass BH and variable
gravitational fine structure constant α ¼ μaM in Fig. 14.
The shortest spin-down time we find is approximately
1016 s, corresponding to a reduction from a� ¼ 0.9999 to
a� ≈ 0.15 for a 105M⊙ black hole. This is approximately
108 times faster than it takes for a Kerr BH to lose spin due
to purely radiative processes. Granted, this is still a rotating
BH, but this process serves to greatly reduce the spin and
overall lifetime due to the significant influence of effective
spin on BH temperature and particle emission rate. For the
m ¼ 1 superradiant states, smaller values of the gravita-
tional fine-structure constant α correspond to more spin
being extractable. This explains why the superradiant
lifetime grows as α ¼ μarg approaches zero in the figure.
Overall, a significant amount of the available spin can be
lost from a superradiant event. When considering the
lowest superradiant state, all BHs shed spin under approx-
imately 1020 seconds for the BH mass considered, which is
much faster than the expected Kerr evaporation timescales.

VIII. CONCLUSIONS

This comprehensive study systematically compares the
evaporation dynamics of Schwarzschild, Kerr, and

Reissner-Nordström black holes through the lens of Page
factors, revealing critical insights into the interplay of mass,
charge, and angular momentum loss. For Schwarzschild
black holes, isotropic Hawking radiation drives mass loss
on timescales governed solely by the Stefan-Boltzmann
law, with evaporation rates scaling asM−2. In contrast, Kerr
black holes exhibit rapid angular momentum dissipation
due to preferential emission of high-spin particles and
superradiance effects, leading to a spin-down phase orders
of magnitude faster than mass loss. This asymmetry arises
from frame-dragging effects, which amplify emission from
equatorial regions and enhance the coupling of angular
momentum to radiation fields.
For RN black holes, charge loss dominates early stage

evaporation, mediated by the efficient emission of charged
particles through both Hawking radiation and Schwinger
pair production. The Coulomb potential barrier introduces a
self-regulating mechanism: high charge-to-mass ratios
(Q�=M) suppress thermal emission by lowering the black
hole temperature, while simultaneously accelerating charge
loss via enhanced particle tunneling. Near-extremal con-
figurations (Q� → 1) exhibit prolonged lifetimes due to
suppressed Hawking temperatures, though quantum cor-
rections destabilize these states over cosmological
timescales. The figures with very long lifetimes are
intended to illustrate the existence and scaling of hierarchy
modification rather than to imply direct cosmological
durations.
A pivotal finding is the modification of evaporation

hierarchies by non-Standard Model particle species.
Introducing large numbers of uncharged dark matter
degrees of freedom shifts the balance between mass and
charge loss rates. For example, a dark sector with Oð100Þ
massless particles can invert the canonical hierarchy,
causing Ṁ=M to exceed Q̇�=Q� even for highly charged
black holes. This challenges assumptions about “charge
neutrality” as a universal endpoint of evaporation and
suggests that astrophysical black holes in dark matter-rich
environments may retain residual charges longer than
predicted by SM-only models. Although the values of
Ndof considered here may appear large, they are not
unconstrained and are subject to existing astrophysical,
collider, and gravitational bounds. Black hole evaporation
thus emerges as a complementary and largely model-
independent probe of such dark sectors.
The role of graybody factors further complicates these

dynamics. For Kerr black holes, frame-dragging distorts
emission spectra, favoring low-angular-momentum modes
and accelerating spin loss. In RN systems, graybody
corrections suppress charged particle emission at low
energies but enhance high-energy discharges, creating a
feedback loop that regulates charge loss. These effects are
particularly pronounced in near-extremal regimes, where
geometric optics approximations break down, necessitating
full wave-equation treatments for accuracy.

FIG. 14. Superradiant event lifetime for a given BH and boson
mass, set by the gravitational fine structure constant α ¼ μa × rg.
We use M ¼ 105M⊙. Solid lines correspond to a� ¼ 0.99 and
dotted to a� ¼ 0.9. Lifetimes are expected to increase propor-
tionally as mass increases, as there will be more angular
momentum available for a given effective spin.

DARK-SECTOR MODIFICATIONS TO KERR AND REISSNER- … PHYS. REV. D 113, 044038 (2026)

044038-13



Schwinger pair production emerges as a critical mecha-
nism for light (M ≲ 1017; g), highly charged black holes. At
Q�=M ≳ 0.5, this quantum electrodynamic process domi-
nates over Hawking radiation, ejecting e� pairs and accel-
erating charge loss. For primordial black holes formed with
near-extremal charges, the competition between Schwinger-
driven discharge and mass loss can nevertheless lead to a
transient increase in the effective chargeQ� ¼ Q=M, even as
the absolute charge decreases. Any possible connection to
early universe baryogenesis would therefore be indirect and
restricted to sufficiently light black holes, while the extremely
long lifetimes shown in some figures should be interpreted as
illustrating scaling behavior in the near-extremal regime
rather than cosmologically relevant durations.
Superradiance plays a role for any mass BH to extract

significant amounts of angular momentum of a Kerr BH in
the form of a light boson cloud. For a given BH mass, a
range of axion masses allow forΔa� ¼ Oð1Þ changes in the
overall angular momentum on timescales much faster than
that of Hawking radiation. The possibility of forming a
gravitational atom allows for much more rapid increases in
temperature of the BH and speeds up the overall mass loss
of the system as well.
These results underscore the inadequacy of single-

parameter evaporation models and highlight the need for

multivariate frameworks incorporating particle physics
beyond the SM. Future work should explore the inter-
play between evaporation and accretion in astrophysical
environments, quantum gravity corrections to semiclassical
approximations, and observational signatures of charged
or spinning black holes in gravitational wave or cosmic
ray data. Additionally, the discovery that dark sectors can
dramatically alter evaporation hierarchies invites experi-
mental tests via high-precision measurements of black
hole merger remnants or gamma-ray burst spectra. By
bridging thermodynamics, quantum field theory, and astro-
physics, this study advances our understanding of black
holes as multichannel dissipative systems and provides
tools to probe fundamental physics through their
evaporation.
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