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īThe search for dark matter candidates includes primordial black holes (PBHs) as possible constituents.
Recent studies show that some PBHs can survive to the present epoch by gaining angular momentum
through Hawking radiation of photons and becoming extremal before complete evaporation. While this
provides a plausible model in a two-derivative theory of gravity, additional issues arise in effective field
theory (EFT)-corrected theories of gravity. In such theories, a rapidly spinning black hole can lead to
extremely high tidal forces on a near-horizon observer, with possible observational consequences. In this
work, by modeling Hawking radiation as a biased random walk within an EFT of gravity, we show that
nearly the same fraction of PBHs survives as in Einstein’s two-derivative theory of gravity. We argue that
the resultant near-horizon tidal effects should be detectable in future gravitational-wave observables.
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I. INTRODUCTION

Cold dark matter (CDM) has remained one of the
essential ingredients in our current understanding of the
Universe. Among the various objects that can constitute
CDM, black holes have remained one of the most long-
standing candidates. However, to be considered as viable
dark matter candidates, they must have formed before big
bang nucleosynthesis (BBN) and persist until the present
epoch [1,2]. These conditions can possibly be satisfied by
primordial black holes (PBHs) formed well before BBN
from the collapse of large density fluctuations, bubble
collisions, or cosmic string loops [2–7]. While a tentative
lower bound has been suggested on the mass of these
PBHs [4,8], several studies have also investigated mech-
anisms that could allow PBHs with a very low mass to have
survived to the present day [9,10].
Recently, in [11], the authors have proposed a possible

survival mechanism based on spin evolution during
Hawking evaporation. In this picture, the PBH mass
decreases monotonically due to evaporation, while the
angular momentum undergoes a biased random walk
driven by the spin of the emitted quanta. As the spin of
the black hole increases, the Hawking temperature
decreases, and for a significant fraction of PBHs, the
evolution leads up to an extremal Kerr state. The authors
report that almost 22% of an ensemble of PBHs modeled as
Schwarzschild BHs spin up to extremality. At or near
extremality, the Hawking temperature approaches zero,

effectively halting further evaporation and producing
long-lived or stable extremal Kerr black holes that could
serve as dark matter candidates.
While these scenarios are compelling within the semi-

classical framework, at the later stages of evaporation, the
black hole mass reduces to the order of a few Planck
masses. At such scales, due to the extremely low length
scales, and hence, high energy scales being probed, it is
expected that Einstein’s two-derivative theory of gravity
(called “GR” henceforth) would not explain the system
sufficiently, and higher-derivative corrections should come
into effect. These higher-derivative effects can be treated
within an effective field theory (EFT) approach, remaining
agnostic to the UV-complete theory of gravity. Although
these EFT corrections are expected to alter the behavior of
the black holes only perturbatively, there can arise cases
where they lead to observationally significant effects.
Recent investigations [12,13] have shown that EFT cor-
rections to an extremal Kerr black hole in asymptotically
flat four-dimensional spacetime can lead to divergent tidal
forces near its horizon. In case the black hole spins close to
extremality, the tidal forces, which scale as an inverse
power of its temperature, can be significantly large, signal-
ing a breakdown of the EFT.
Motivated by these findings, we investigate whether

primordial black holes in an EFT-corrected theory of
gravity can evolve, through Hawking emission of photons,
from initially nonrotating states to configurations with
near-extremal angular velocity. For a physically viable
region in the parameter space of EFT coefficients, we
estimate the fraction of primordial black holes that can
undergo such an evolution and assess its sensitivity to
higher-curvature effects. Further, we demonstrate that for a
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range of different initial mass and initial spin configura-
tions, a similar number of primordial black holes evolve to
near-extremal spins, thus showing the robustness of the
spin-evolution mechanism even in the presence of EFT
corrections. Keeping in mind the possibly diverging tidal
effects discussed in [12,13], we then argue that if such near-
extremal spinning black hole solutions of gravitational EFT
constitute even a small fraction of the dark matter abun-
dance, they would generically produce strong and poten-
tially observable signatures, driven by the rapidly growing
tidal forces in the near-horizon region. These effects would
then offer a novel probe of both primordial black hole dark
matter and the breakdown of effective field theory in
strong-gravity regimes, which are relevant to the early-
Universe scenario.
The paper is organized as follows. Section II discusses

the EFT-corrected theory of gravity that we use to model
the black holes and the probability function used for the
spin-evolution mechanism. We present the results of the
simulations in Sec. III and conclude with a discussion of
their possible consequences in Sec. IV. Appendix A lists the
expressions of the EFT corrections to temperature, and
Appendix B elaborates upon the inclusion of EFT correc-
tions to the probability function.

II. SETUP

In a four-dimensional asymptotically flat spacetime, the
Einstein-Hilbert Lagrangian can be corrected up to eight
derivatives as [12,14,15]

L ¼ 1

16πκ2
ðRþ ηκ4R3 þ λκ6C2 þ λ̃κ6C̃2Þ ð1Þ

with R3 ≡ Rab
cdRcd

efRef
ab, C≡ RabcdRabcd,

C̃≡ Rabcdϵab
pqRpqcd, and κ ¼ M−1

Pl , with MPl denoting
the Planck mass. Following [11], we work in units where
mass is measured in units of MPl. Following [15,16], the
EFT-corrected form of the Hawking temperature of a Kerr
BH can be expressed in terms of the dimensionless spin
parameter χ ¼ J=κ2M2 as

TEFT ¼ TGR

�
1þ η

κ4M4
ΔTηðχÞ þ

λ

κ6M6
ΔTλðχÞ

þ λ̃

κ6M6
ΔT λ̃ðχÞ

�
; ð2Þ

TGRðχÞ ¼
1

4πκ2M

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − χ2

p
1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − χ2

p : ð3Þ

The explicit forms of the EFT corrections to the temper-
ature [ΔTηðχÞ;ΔTλðχÞ;ΔT λ̃ðχÞ] are mentioned in the
Appendix A. In GR, the extremal limit is marked by
χ ¼ �1, where the Hawking temperature vanishes

ðTGR ¼ 0Þ. In the presence of EFT corrections, this
extremal limit itself gets corrected to χ2EFT-ext ¼
1þ αεþOðε2Þ, where ε denotes the strength of the
EFT coupling. However, as discussed in [15], thermody-
namic quantities such as the entropy and temperature
become nonanalytic in the EFT expansion at extremality.
The perturbative EFT framework relies on a Taylor
expansion in higher-derivative couplings, which is well
defined only for subextremal black holes jχj < 1, where the
temperature remains small but nonvanishing. Therefore, to
maintain numerical stability and to ensure the validity of
the perturbative expansion, we restrict our analysis to spins
below a cutoff value χmax ¼ 0.99.
To ensure that the perturbative hierarchy of the EFT

corrections remains well maintained within the range
0 ≤ χ ≤ 1, we impose a “budget-splitting” criterion on
the fractional temperature corrections.
The overall signs of the EFT coefficients ðλ > 0; λ̃ > 0Þ

are fixed independent of χ from physical arguments like
causality of graviton propagation [17] and the unitarity and
analyticity of scattering amplitudes [18], whereas for η < 0,
one has to assume the standard model, as argued in [12,19].
By scanning over several different weight combinations,
we find the following range of the coefficients to form a
reasonable parameter space for our analysis: η∈
½−1.85 × 10−5; 0�; λ∈ ½0; 1.1 × 10−7�; λ̃∈ ½0; 1.7 × 10−8�.
Another crucial input in the construction of this prob-

ability evolution framework is the dependence of the
probability function on the spin of the photon emitted
by the black hole. During Hawking radiation from a
rotating black hole, photons are more likely to be emitted
with spin aligned to the black hole’s angular momentum
[20]. Consequently, each emission event tends to reduce
rather than increase the black hole’s spin. Thus, this process
can be modeled as a biased random walk problem, favoring
the black hole’s spin being reduced. To keep the model
tractable, we consider only the dominant s-wave emission
channel, which sufficiently captures the qualitative features
of Hawking photon emission relevant to the stochastic spin
evolution. Further, we restrict to the m ¼ �1 modes
[20,21] and expand all spin-dependent quantities to linear
order in χ. For a black hole with dimensionless spin χ, the
probability that its spin increases (decreases) after photon
emission is parametrized by

P↑↑
↑↓
ðχÞ ¼ 1

2
∓ ð1þ CEFTÞχ; ð4Þ

CEFT ¼ 1

2

η

M4κ4
þ 13

44

λ

M6κ6
−
108

11

λ̃

M6κ6
: ð5Þ

All the EFT corrections in this function P↑↑
↑↓
ðχÞ enter

through the temperature, angular velocity, and the gray-
body factor. While the EFT corrections to the first two
quantities are known explicitly, the precise dependence of
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the graybody factor on the black hole spin χ and radiation
frequency remains unavailable. Nevertheless, integrating
over the full frequency range and guided by the low-spin
analysis of [22], it is reasonable to expect the EFT effects to
enter the graybody factor in an effective, parametrized form
as adopted here. Moreover, parametrizing the EFT correc-
tions at spins following [11] and using the boundary
conditions P↑↑ðχ ¼ 1Þ ¼ 0; P↑↑ðχ ¼ −1Þ ¼ 1, the proba-
bility function can be modeled as

P↑↑
↑↓
ðχÞ ¼ 1

2
∓ ð1þ CEFTÞχ �

�
1

2
þ CEFT

�
χjχj: ð6Þ

In the presence of EFT corrections, the extremal spin
generically shifts away from its GR value, so that χext no
longer coincides with χ ¼ 1. Hence, in principle, the
appropriate boundary condition to fix the form of P↑↑;↑↓

should take χext into account. However, we note that in the
absence of an explicit expression for the EFT-corrected
extremality-bound χext in the literature, and since we are
conducting a qualitative study restricted to black holes
reaching spins below extremality, we have used the
boundary condition at χ ¼ 1 as a proxy.
With the probability model of photon emission that

changes angular momentum in place and the specified
EFT parameter space, we evolve an ensemble of primordial
black holes under Hawking radiation. The evolution extends
the stochastic framework of [11] to incorporate EFT-cor-
rected thermodynamics. We initialize a large ensemble of
EFT-corrected Schwarzschild black holes withmassM0 and
zero angular momentum (J0 ¼ 0), allowing each to undergo
a sequence of discrete emission events that simultaneously
decrease its mass and alter its angular momentum. The
emitted energy quanta are sampled from a Planck distribu-
tion, with each emission step corresponding to a mass loss
δM ¼ x:TEFT and a change of angular momentum from
J → J � 1. Here, x is a dimensionless ratio given by the
energy of the emitted quanta per unit temperature. The
evolution proceeds iteratively, updating both M and J, and
terminates when either the black hole reaches the imposed
subextremal cutoff (χ ¼ χmax ¼ 0.99) or its mass drops
below the cutoff mass,Mcut. For each simulation, we record
the final mass, spin, and temperature and compute the
fraction of black holes that reach the near-extremal regime
to study how this fraction depends on the EFT parameters.
Following the biased random walk prescription of

Eq. (6) and a Planckian spectrum for the energies of the
emitted quanta, we initialized an ensemble of 106 trajecto-
ries, evolving them from an initial state of mass M0 ¼
10MPl and angular momentum J0 ¼ 0. Similar to [11], we
performed the same analysis for a range of initial masses
while keeping the initial spin fixed at zero as well as for a
range of initial spins while keeping the initial mass fixed. In
both cases, we found that the resulting spin-up probabilities
remain nearly identical, as shown in Sec. III.

III. RESULTS

The parameter space spanned by ðη; λ; λ̃Þ is explored by
discretizing each parameter into 11 uniformly spaced values,
yielding a total of 113 ¼ 1331 points across the full
parameter space. However, for a subset of these points,
the values of η and λ are such that, for black holes at the final
stage of the stochastic evolution (M ≃ 1.3MPl), the metric
perturbation sourced by the Oðη2Þ term in the effective
Lagrangian can become larger than the contribution from the
OðλÞ term. In these cases, the linearized EFT expansion in
(1) loses validity, and therefore, breaks down [23]. Similarly,
there exist regions of parameter space in which the hierar-
chical structure of the temperature expansion is violated,
with contributions from the eighth-derivative operators
dominating over those from the sixth-derivative operators.
Such parametric combinations are similarly excluded from
our analysis. These consistency requirements account for
the gaps observed in the parameter-space distribution shown
in Fig. 1. We are, therefore, left with approximately 500
viable points in parameter space where the stochastic
evolution proceeds within the regime of EFT validity.
As a reference point for quantifying the impact of EFT

corrections, we first evaluate the fraction of trajectories
reaching χmax in the baseline case η ¼ λ ¼ λ̃ ¼ 0.
Reference [11] found approximately 22% of black holes
evolving to true extremality (χ ¼ 1), whereas, in our setup,
we observe about 24.7% reach χmax ¼ 0.99, hereafter
referred to as near-extremal black holes (NEBHs). This
enhanced fraction is expected, as the introduction of an
effective cutoff replaces the strict extremality condition,
permitting a larger set of trajectories to meet the near-
extremal criterion before the evolution is halted. We expect
this fraction to decrease toward the semiclassical value if
the evolution were extended all the way to χext.
In the presence of EFT corrections, the fraction of

NEBHs lies within 24.6%–24.9%. The distribution of these
fractions across the sampled phase space is shown in Fig. 1.
To provide a clearer visualization of the structure of the
parameter space, we present two complementary perspec-
tives of the same dataset corresponding to two different
azimuthal viewing angles. In Fig. 2, we plot the fraction of
PBHs that evolve to χ ¼ χmax for a range of different η’s
with λ ¼ λ̃ ¼ 0.
We next examine the evolution of representative individ-

ual trajectories, considering the following cases: (i) a PBH in
GR evolving to near extremality; (ii) a PBH in GR
evaporating completely before becoming near extremal;
(iii) a PBH in the EFT-corrected theory that evolves to near
extremality; and (iv) a PBH in the EFT-corrected theory that
evaporates completely prior to reaching near extremality. In
Fig. 3, we plot the evolution of the dimensionless spin
parameter χ, the angular momentum J, and the black hole
temperature T versus mass during the evaporation process.
We find that the spin parameter χ remains close to zero

for most of the black hole lifetime, indicating that PBHs
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remain effectively EFT-corrected Schwarzschild (χ2 ≪ 1)
until their masses decrease to within a few times the Planck
mass. A rapid spin-up occurs only during the final stages of
evaporation, driven by the emission of the last few
Hawking quanta.
We also find that the fraction of trajectories evolving

toward the near-extremal regime remains largely insensitive

to variations in the initial mass over the explored range,
consistent with the qualitative statement in Sec. II earlier. A
systematic scan of the full EFT parameter space over a
broad mass range is computationally expensive due to
longer evaporation timescales, making simulations for
masses much larger than 103MPl prohibitively expensive
within the present framework. The attached plot, therefore,
serves as a representative demonstration that the reported
near-extremal fraction remains stable against changes in the
initial mass within the accessible computational range.
Regarding the initial spin, our original motivation, follow-
ing Taylor et al., was to study the spin evolution of small-
mass primordial black holes modeled as Schwarzschild, for
which the initial angular momentum is expected to be
small. However, we have now additionally performed
simulations with nonzero initial spins (for M ¼ 10MPl)
and found that the near-extremal fraction remains essen-
tially unchanged across the small-spin regime considered.
(See Fig. 4.)
These results demonstrate that the stochastic evolution

mechanism permits a substantial fraction of PBHs to reach
near extremal values of spin and temperature. As argued
in [12,13,23], such near-extremal configurations are asso-
ciated with extremely large tidal forces experienced by

FIG. 2. Fraction (%) of near-extremal PBHs as a function of η
for fixed λ ¼ 0 and λ̃ ¼ 0.

FIG. 1. Fraction (%) of near-extremal PBHs across the EFT parameter space from two different azimuthal angles.

FIG. 3. Evolution of χ, J, and T as functions of the black hole mass.
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infalling observers near the horizon. If PBHs persist in the
present epoch and contribute appreciably to the dark matter
abundance, such enhanced tidal effects could imprint
observable signatures in gravitational wave signals. This
leads to two distinct possibilities: either the large tidal
forces render rapidly rotating PBHs unstable before
extremality is reached, disfavoring extremally spinning
PBHs as viable dark matter candidates, or a population
of long-lived, near-extremal PBHs exists, detectable by
future gravitational wave observatories.
We also emphasize that our analysis is restricted to the

domain of the couplings η, λ, and λ̃ where the EFT
corrections remain consistent, satisfying all causality and
unitarity constraints, thus ensuring the validity of the results
established in Refs. [12,23].

IV. SUMMARY AND OUTLOOK

In this work, we assess the viability of extremal rotating
black holes as dark matter candidates when effective field
theory corrections to gravity become important. Building
on the semiclassical treatment of Hawking radiation in
Ref. [11], we perform a population-level analysis showing
that in EFT-corrected spacetimes, a significant fraction of
black holes can evolve from initially nonrotating or

moderately rotating states to near extremality through a
biased stochastic spin-up driven by Hawking emission.
This provides a concrete dynamical mechanism by which
primordial black holes with EFT corrections can acquire
near extremal spins and potentially contribute to the dark
matter abundance.
Once higher-derivative EFT corrections to thegravitational

action are included, Ref. [12] shows that for certain allowed
signs of the EFT coefficients, extremal rotating black holes in
asymptotically flat spacetime develop curvature singularities
on the horizon. Even for slightly subextremal configurations,
the spacetime can exhibit large near-horizon tidal forces
despite finite curvature invariants. A rough estimate of the
magnitudes of these divergences can be made as follows.
Following Refs. [12,13,23], the dominant near-horizon tidal
components of the Weyl tensor scale as

CρAρB ∼ Tγ−2; ð7Þ

where ρ denotes a near-horizon radial coordinate; A, B label
angular directions; T is the Hawking temperature; and γ
encodes the near-horizon scaling behavior. This motivates
defining a dimensionless measure of EFT-induced tidal
enhancement by comparing theEFT-correctedKerr geometry
to its GR counterpart,

δC ¼ CEFT
ρAρB

CGR
ρAρB

≡ K1

TEFT
γEFT−2

TGR
γGR−2

; ð8Þ

where K1 is an Oð1Þ coefficient. To evaluate this ratio, we
consider a representative near-extremal configuration
extracted from our simulations, with dimensionless spin
χ ¼ 0.99 and mass M ≃ 1.3;MPl, corresponding to the
typical mass of EFT-corrected near-extremal Kerr black holes
at the endpoint of the stochastic evolution.1 We evaluate the
tidal-force enhancement for a small set of representative
EFT couplings drawn from the parameter space explored in
our simulations. For example, for a few coupling choices
of ðη; λ; λ̃Þ, viz., ð−1.48 × 10−5; 9.9 × 10−8; 1.53 × 10−8Þ,
ð−1.66 × 10 − 5; 9.9 × 10−8; 1.7 × −8Þ, ð−1.85 × 10−5;
1.1 × 10−7; 1.7 × 10−8Þ, we find δC of order 10, with values
ranging between approximately 9 and 12. We find

δC ∼Oð101Þ; ð9Þ

which implies that even in the subextremal regime (χ ≃ 0.99),
the tidal forces in the EFT-corrected geometry can be

FIG. 4. Percentage of black holes reaching the near-extremal
limit when varying initial mass (at zero initial spin) and varying
initial spin (at 10MPl). EFT Branch 1: η ¼ −1.85 × 10−5,
λ ¼ 3.30 × 10−8, λ̃ ¼ 1.70 × 10−8. EFT Branch 2: η ¼ −1.66 ×
10−5, λ ¼ 1.10 × 10−7, λ̃ ¼ 1.70 × 10−8.

1The values of the scaling exponent are taken from Ref. [12],
where it was shown that γEFT < 2 for extremal black holes in the
presence of higher-derivative EFT corrections. Although these
values strictly apply at extremality, we adopt them here as a rough
proxy to estimate the magnitude of tidal effects in the near-
extremal regime. As we are interested only in an order-of-
magnitude estimate of the tidal enhancement, this approximation
is sufficient despite the extrapolation away from exact extremality.
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enhanced by approximately an order of magnitude relative to
Kerr. Importantly, since the exponent γEFT − 2 is negative,
this ratio scales inversely with temperature. As a result, as the
black hole approaches closer to extremality and the temper-
ature decreases further, the corresponding measure of tidal
forces grows rapidly and could diverge in the extremal limit.
Whilewewereunable to simulate the evolutionup to the exact
extremal limit due to the limitations of the framework, the
structure of the Weyl tensor’s components in (7) and the
aforementioned estimates indicate a possible divergence at
the extremal limit.
These results and estimates lead to interesting and

physically significant consequences. While EFT-corrected
dynamics allow the formation of a sizable population of
near-extremal black holes through Hawking radiation-
driven spin-up, the resulting objects could be accompanied
by strong near-horizon tidal effects that may lead to
distinctive, potentially observable signatures beyond gen-
eral relativity. One possible method to further understand
the impact of these divergent tidal forces would be to
calculate the modified Hill radius of a secondary body
orbiting such black holes [24,25]. This requires computing
the tidal tensor by projecting the Weyl tensor onto a local
orthonormal tetrad along the orbit, which in turn neces-
sitates obtaining the complete modified black-hole geom-
etry. Such a calculation can be carried out using
pseudospectral methods and is part of ongoing work.
Investigating the resulting tidal stripping of matter bound
to the secondary could further lead to distinctive dephasing
signatures in gravitational-wave signals.
This work opens several directions for future study. In

particular, following Ref. [26], it would also be interesting

to investigate whether these instabilities source a stochastic
gravitational wave background detectable by current or
future experiments. Such observations could provide an
independent probe of the EFT parameters η, λ, and λ̃ and
further constrain scenarios in which extremal or near-
extremal spinning black holes contribute to dark matter.
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APPENDIX A: EFT CORRECTIONS TO
TEMPERATURE

The EFT-corrected Hawking temperature can be written
as follows [15]:

TEFT ¼ TKerr

�
1þ η

κ4M4
ΔTη þ

λ

κ6M6
ΔTλ þ

λ̃

κ6M6
ΔT λ̃

�

ðA1Þ

ΔTηðχÞ ¼
1

7

�
5 − 22χ2 þ 16χ4 þ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − χ2

p
ð1 − 6χ2 þ 4χ4Þ

ð1 − χ2Þð1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − χ2

p
Þ3

�
: ðA2aÞ

ΔTλðχÞ ¼ −
2

5

0
BBBBBBBBB@

40950 − 71925χ2 þ 31290χ4 − 1125χ6 þ 370χ8 − 520χ10 þ 480χ12 − 128χ14

−
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − χ2

p
ð40950 − 62475χ2 þ 23415χ4 − 810χ6 þ 280χ8 − 400χ10 þ 256χ14Þ

þ1575ð1 − χ2Þ½26 − 31χ2 þ 8χ4 −
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − χ2

p
ð26 − 11χ2Þ� arcsin χχ

χ10ð1 − χ2Þð ffiffiffiffiffiffiffiffiffiffiffi
1þ χ

p þ ffiffiffiffiffiffiffiffiffiffiffi
1 − χ

p Þ6

1
CCCCCCCCCA
: ðA2bÞ

ΔT λ̃ðχÞ ¼ −
8

5

0
BBBBBBBBB@

40950 − 71925χ2 þ 31290χ4 − 1125χ6 þ 50χ8 þ 520χ10 − 480χ12 þ 128χ14

−
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − χ2

p
ð40950 − 62475χ2 þ 23415χ4 − 810χ6 − 40χ8 þ 400χ10 − 256χ14Þ

þ1575ð1 − χ2Þ½26 − 31χ2 þ 8χ4 −
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − χ2

p
ð26 − 11χ2Þ� arcsin χχ

χ10ð1 − χ2Þð ffiffiffiffiffiffiffiffiffiffiffi
1þ χ

p þ ffiffiffiffiffiffiffiffiffiffiffi
1 − χ

p Þ6

1
CCCCCCCCCA
: ðA2cÞ
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Although each correction function in (A2) appears to
diverge as χ → 0 due to explicit χ−n factors, these diver-
gences cancel upon expansion, yielding a smooth
Schwarzschild limit. The resulting temperature correctly
reproduces the EFT-corrected Schwarzschild result. More-
over, the odd-parity six-derivative term proportional to λ̃
gives no contribution in this limit, since its associated
parity-odd curvature invariant RabcdR̃abcd vanishes for a
spherically symmetric background.

APPENDIX B: EFT CORRECTIONS TO BIASING
PROBABILITY

Acentral input to this stochastic evolution framework is the
probability for the emission of a quantum that carries angular
momentum away from the black hole. Specifically, our
objective is to construct a continuous, monotonic probability
density function that dictates the spin-down bias, i.e., the
statistical preference for the black hole to emit quanta with
angular momentum antialigned with its own spin. This
reduces the spin evolution to a biased random walk problem.
To model this bias in a tractable way, we adopt a set of

simplifying assumptions similar to those in [11], restricting
our focus to the dominant emission channel for photons.
Because we are explicitly tracking the evolution of the
black hole’s spin, we isolate the specific modes that carry
axial angular momentum, and therefore, dictate the spin-
down bias. Modes with m ¼ 0 carry no axial angular
momentum [21] and do not contribute to the bias; therefore,
we begin by calculating the emission probability derived
from the Hawking number flux strictly for photons in the
m ¼ �1 modes. The number flux of photons emitted in a
specific mode is given by

hNlmi ¼
Γlmðω; χÞ

expðω−mΩH
T Þ − 1

; ðB1Þ

where Γlmðω; χÞ is the spin- and frequency-dependent
graybody factor, T is the black hole temperature, and
ΩH is the angular velocity of the horizon. From this, the
probability that a given emitted photon is antialigned (P↑↓)
or aligned (P↑↑) with the black hole’s spin is constructed as
the ratio of that specific mode’s number flux to the total
number flux in the angular-momentum-carrying channels.
To model the leading-order bias, we utilize the linearly

expanded forms for the EFT-corrected temperature and
angular velocity derived from [15]. By expanding the
resulting flux equations to linear order in the dimensionless
spin parameter χ, the frequency dependence and the exact

functional form of the graybody factors can be factorized
out, as all such dependencies are absorbed into a single
undetermined constant, C0. This yields the linear expanded
form for the emission probability:

P↑↑
↑↓
ðχÞ ¼ 1

2
∓ C0ð1þ CEFTÞχ; ðB2Þ

CEFT ¼ 1

2

η

M4κ4
þ 13

44

λ

M6κ6
−
108

11

λ̃

M6κ6
: ðB3Þ

A direct expansion beyond the linear order reveals that the
next nonvanishing spin-dependent correction in the general
relativistic limit appears only at the cubic order,Oðχ3Þ.While
these cubic terms generically introduce required curvature
into the probability profile as the spin approaches extremality,
truncating the expansion at Oðχ3Þ typically spoils the
monotonicity of the probability over the full physical domain
χ ∈ ½−1; 1�. A nonmonotonic probability distribution would
violate the strict physical boundary conditions required for the
emission states: P↑↑ð1Þ ¼ 0 (emission of aligned photons is
forbidden at extremality) and P↑↑ð−1Þ ¼ 1.
Therefore, we seek a minimal nonlinear completion

that captures the required curvature while preserving
both the monotonicity and the asymptotic conditions of
the probability. Following the authors in [11], we
introduce a corrective term by hand. This is achieved
by adding a term of the form C1χjχj to the linear
contribution:

P↑↓ðχÞ ¼
1

2
∓ C0ð1þ CEFTÞχ � C1χjχj: ðB4Þ

Applying the boundary conditions allows us to com-
pletely determine the coefficient C1:

C1 ¼ −
1

2
− C0 − C0CEFT: ðB5Þ

As seen from this relation, C0 remains a free parameter
parametrizing the baseline bias. We want to choose C0 such
that, when the higher-derivative EFT parameters (η; λ; λ̃) are
turned off, P↑↓ðχÞ smoothly reduces to the standard GR
probability model quoted by Taylor et al. [11]. This leads
us to C0 ¼ −1, which yields our final probability expres-
sion used for the simulations:

P↑↓ðχÞ ¼
1

2
∓ ð1þ CEFTÞχ �

�
1

2
þ CEFT

�
χjχj:
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