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Abstract

We derive and constrain semiclassical quan-
tum corrections to black hole quasi-normal
mode (QNM) frequencies arising from the ex-
pectation value of the renormalized stress-
energy tensor in the Hartle–Hawking vacuum
state. Starting from the semiclassical Ein-
stein equations Gµν = 8πGN⟨T̂µν⟩ren, we com-
pute leading-order O(ℏ/M2) corrections to the
Schwarzschild metric and propagate these to
the QNM spectrum via a modified Regge–
Wheeler–Zerilli formalism. Using ringdown
observations from 47 binary black hole mergers
in the LIGO–Virgo–KAGRA GWTC-3 cata-
log, we perform a hierarchical Bayesian analy-
sis constraining the dimensionless semiclassical
coupling parameter αsc = ℏc3/(G2

NM
2ωQNM)

to |αsc| < 0.034 at 90% credibility for rem-
nant masses M ∈ [20, 150]M⊙. This bound
improves upon previous theoretical estimates
by a factor of ∼ 12 and rules out anoma-
lously large vacuum polarization effects near
black hole horizons. We perform six system-
atic checks including prior sensitivity analy-
sis, waveform model comparison, and detector
calibration marginalization, alongside two null
tests using GW190521-like high-mass events
and sub-threshold injections. Our framework
provides the first direct observational con-
straint on semiclassical gravity corrections to
black hole ringdown, establishing a method-
ology applicable to next-generation detectors
where Planck-suppressed effects may become
measurable.

PACS: 04.70.Bw, 04.62.+v, 04.30.Db, 04.80.Nn

Keywords: black holes, quasi-normal modes, semi-
classical gravity, gravitational waves, quantum field
theory in curved spacetime

1 Introduction

The detection of gravitational waves from binary
black hole (BBH) mergers [1, 2, 3, 4] has opened an
unprecedented window into the strong-field regime
of general relativity (GR). The ringdown phase of
these signals, characterized by quasi-normal mode
(QNM) oscillations of the remnant black hole [5,
6, 7, 8], provides a direct probe of black hole space-
time geometry in the immediate vicinity of the event
horizon [9, 10, 11].

Classical GR predicts that the QNM spectrum of
a Kerr black hole is uniquely determined by its mass
M and dimensionless spin χ = J/(GM2/c) [12, 13].
Deviations from this prediction would signal ei-
ther physics beyond GR [14, 15, 16] or the in-
fluence of quantum effects in strong gravitational
fields [17, 18, 19]. While full quantum gravity
remains elusive, the semiclassical approximation—
wherein quantum matter fields propagate on a clas-
sical but dynamically curved background satisfy-
ing Einstein’s equations sourced by the expectation
value of the stress-energy tensor—provides a well-
defined framework for computing leading quantum
corrections [20, 21, 22, 23].
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The semiclassical Einstein equations,

Gµν = 8πGN⟨T̂µν⟩ren, (1)

have been extensively studied in cosmological con-
texts [24, 25, 26, 27, 28] and for black hole space-
times [29, 30, 31, 32, 33, 34]. However, observational
constraints on semiclassical effects in the strong-
field regime have remained largely theoretical due
to the Planck suppression factor ℓ2Pl/M

2 ∼ 10−76

for astrophysical black holes.

In this work, we demonstrate that gravitational-
wave ringdown observations can place meaningful
bounds on semiclassical corrections despite this sup-
pression. The key insight is that cumulative phase
evolution during ringdown amplifies small frequency
shifts, and that the exquisite timing precision of
modern interferometric detectors—reaching δt/t ∼
10−21—can probe fractional frequency deviations at
the 10−2 level for the fundamental QNM [35].

Our central result is a constraint on the dimen-
sionless semiclassical coupling parameter

αsc ≡
ℏc3

G2
NM

2ω220
, (2)

where ω220 is the fundamental (ℓ = 2,m = 2, n = 0)
QNM frequency. Using 47 confident BBH detec-
tions from GWTC-3 [4] with identifiable ringdown
signals, we obtain

|αsc| < 0.034 (90% credibility), (3)

which represents the first direct observational bound
on semiclassical gravity corrections to black hole dy-
namics.

This paper is organized as follows. Sec-
tion 2 presents the conceptual framework connect-
ing quantum field theory in curved spacetime to
observable ringdown signatures. Section 3 devel-
ops the theoretical formalism, deriving semiclassi-
cal corrections to the Schwarzschild metric and the
modified QNM spectrum. Section 4 describes our
observational inputs from GWTC-3. Section 5 de-
tails the hierarchical Bayesian inference methodol-
ogy. Section 6 presents our main results. Section 7
discusses systematic checks and null tests. Section 8
provides physical interpretation of our bounds. Sec-
tion 9 addresses limitations and caveats. Section 10
concludes with implications for future observations.
Technical derivations appear in the Appendices.

Throughout, we use geometrized units with GN =
c = 1 unless otherwise specified, and adopt the
(−,+,+,+) metric signature. Factors of ℏ are re-
tained to track quantum corrections.

2 Conceptual Framework

2.1 Quantum Fields in Black Hole
Spacetimes

The discovery by Hawking [36, 17] that black holes
emit thermal radiation at temperature

TH =
ℏc3

8πGNkBM
≈ 6.2× 10−8

(
M⊙
M

)
K (4)

demonstrated that quantum effects, though Planck-
suppressed, produce physically meaningful modifi-
cations to black hole physics. The associated en-
tropy [37, 38],

SBH =
kBc

3A

4GNℏ
=
πkBc

3r2H
GNℏ

, (5)

where A = 4πr2H is the horizon area and rH =
2GNM/c2 is the Schwarzschild radius, established
a profound connection between gravity, thermody-
namics, and quantum information [39, 40, 41].
The stress-energy tensor of quantum fields on

a Schwarzschild background has been computed
using several regularization and renormalization
schemes [42, 29, 43, 33, 31]. For a conformally cou-
pled massless scalar field in the Hartle–Hawking vac-
uum state [44, 45], the renormalized stress-energy
tensor takes the form [30, 46]

⟨T̂µ
ν⟩ren =

ℏ
(4π)2r4

T µ
ν(r/rH), (6)

where T µ
ν is a dimensionless tensor function that de-

pends only on the ratio r/rH and satisfies the con-
servation equation ∇µ⟨T̂µ

ν⟩ren = 0 [47, 19].

2.2 The Semiclassical Backreaction
Problem

The semiclassical Einstein equations (1) describe
the self-consistent evolution of spacetime geometry
in response to quantum vacuum fluctuations. This
backreaction modifies the metric from its classical
form,

gµν = g(0)µν + ℏ g(1)µν +O
(
ℏ2
)
, (7)
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where g
(0)
µν is the Schwarzschild solution and g

(1)
µν en-

codes the leading quantum correction.
For Schwarzschild black holes, several approaches

have been employed to compute g
(1)
µν :

1. Perturbative expansion: Direct solution of the
linearized semiclassical equations [48, 49, 32].

2. Effective action methods: Derivation from the
one-loop effective gravitational action [50, 51,
52, 53].

3. Adiabatic regularization: Mode-sum calcula-
tion with fourth-order WKB regularization [54,
55, 31].

The resulting correction to the metric near the
horizon can be parameterized as [46, 56]

g
(1)
tt = −

α1ℓ
2
Pl

r2H
f(r) ln

(
r − rH
rH

)
+O

(
(r − rH)

0
)
,

(8)
where f(r) = 1− rH/r and α1 is a numerical coeffi-
cient of order unity that depends on the field content
and regularization scheme.

2.3 From Metric Corrections to QNM
Shifts

The QNM frequencies of a perturbed black hole are
eigenvalues of the wave equation for metric pertur-
bations, subject to outgoing boundary conditions at
spatial infinity and ingoing conditions at the hori-
zon [57, 58, 11]. For Schwarzschild, the perturba-
tion equations reduce to the Regge–Wheeler [59]
and Zerilli [60, 61] equations for odd and even parity
modes, respectively.
The fundamental (ℓ = 2,m = 2, n = 0) mode

frequency in classical GR is [13, 62]

MωGR
220 = 0.3737− 0.0890 i, (9)

corresponding to an oscillation frequency
f220 = Re(ω220)/(2π) and damping time
τ220 = −1/Im(ω220).

Semiclassical corrections to the effective potential
in the wave equation induce shifts

ω220 = ωGR
220

(
1 + αsc δω +O

(
α2
sc

))
, (10)

where δω is a complex coefficient of order unity com-
puted from the perturbed potential. Our goal is to
constrain αsc observationally.

3 Theory and Derivations

3.1 The Semiclassical Einstein Equations

We consider a Schwarzschild black hole of mass M
surrounded by a quantum scalar field ϕ̂ satisfying
the curved-spacetime Klein–Gordon equation

(
□− ξR− m2c2

ℏ2

)
ϕ̂ = 0, (11)

where □ = gµν∇µ∇ν is the d’Alembertian, R is the
Ricci scalar, ξ is the curvature coupling (ξ = 0 for
minimal coupling, ξ = 1/6 for conformal coupling
in four dimensions), and m is the field mass.

The classical stress-energy tensor for a real scalar
field is

Tµν = ∇µϕ∇νϕ−
1

2
gµν

(
gαβ∇αϕ∇βϕ+

m2c2

ℏ2
ϕ2

)
+ξ (gµν□−∇µ∇ν +Gµν)ϕ

2,

(12)
where Gµν is the Einstein tensor. Upon quantiza-
tion, the expectation value ⟨T̂µν⟩ diverges and must
be renormalized.

3.2 Renormalization of the Stress-
Energy Tensor

The renormalized stress-energy tensor is obtained
by subtracting the divergent contributions using
point-splitting regularization [42, 69] or dimensional
regularization [70, 71]. The result can be written
as [47, 18]

⟨T̂µν⟩ren = lim
x′→x

[
⟨T̂µν(x, x′)⟩ − ⟨T̂µν(x, x′)⟩div

]
,

(13)
where the subscript “div” denotes the divergent part
computed from the Hadamard parametrix [72, 73,
74].

For a conformally coupled massless scalar (ξ =
1/6,m = 0) in the Hartle–Hawking vacuum state on
Schwarzschild, the nonzero components of ⟨T̂µ

ν⟩ren
were computed numerically by Candelas [43] and
analytically near the horizon by Howard and Can-
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delas [33]:

⟨T̂ t
t⟩ren = − ℏc

960π2r4H

[
1

u4
− 1

u2
+O ((1− u))

]
,

(14)

⟨T̂ r
r⟩ren = − ℏc

960π2r4H

[
1

u4
+

1

3u2
+O ((1− u))

]
,

(15)

⟨T̂ θ
θ⟩ren = ⟨T̂ ϕ

ϕ⟩ren = − ℏc
960π2r4H

[
− 1

u4
+

1

3u2
+O ((1− u))

]
,

(16)

where u = r/rH. The trace anomaly [75, 76] con-
tributes

⟨T̂µ
µ⟩ren =

ℏc
2880π2

(RµνρσR
µνρσ −RµνR

µν +□R) =
ℏc

2880π2
48M2

r6
,

(17)
where we have used the Schwarzschild curvature in-
variants.

3.3 Semiclassical Metric Perturbation

We seek a static, spherically symmetric solution to
the semiclassical equations (1) of the form

ds2 = −A(r)c2dt2 +B(r)dr2 + r2dΩ2, (18)

where

A(r) = f(r) [1 + ℏ a1(r)] , (19)

B(r) = f(r)−1 [1 + ℏ b1(r)] , (20)

and f(r) = 1−rH/r is the Schwarzschild lapse func-
tion.

Substituting into the Einstein tensor components
and linearizing in ℏ, we obtain

Gt
t = G

(0)t
t + ℏG(1)t

t +O
(
ℏ2
)
, (21)

G
(1)t
t =

1

r2f

[
rf ′a1 + f(ra′1 + b1)− rf ′b1

]
, (22)

where primes denote differentiation with respect to
r.

The semiclassical Einstein equations at order ℏ
become

G(1)µ
ν = 8πGN⟨T̂µ

ν⟩(0)ren/ℏ, (23)

where the superscript (0) indicates evaluation on the
background Schwarzschild geometry.

Solving this system with appropriate boundary
conditions (regularity at the horizon, asymptotic
flatness at infinity), we find [49, 32]

a1(r) =
γ

90πr2H

[
rH
r

(
1 +

rH
r

+
r2H
r2

)
+ 3 ln

(
1− rH

r

)]
,

(24)

b1(r) =
γ

90πr2H

[
rH
r

(
1− rH

r
−
r2H
r2

)
− 3 ln

(
1− rH

r

)]
,

(25)

where γ is a dimensionless constant depending on
the field content:

γ =
1

4
(single real scalar, conformal coupling).

(26)

3.4 Modified Regge–Wheeler Equation

The perturbation equations for a Schwarzschild
black hole with the corrected metric (18)–(20) can
be derived following the standard Regge–Wheeler
procedure [59]. Decomposing metric perturbations
into tensor spherical harmonics and separating vari-
ables, the odd-parity (axial) modes satisfy

d2Ψℓm

dr2∗
+
[
ω2 − Veff(r)

]
Ψℓm = 0, (27)

where r∗ = r + rH ln(r/rH − 1) is the tortoise coor-
dinate and the effective potential is

Veff(r) = f(r)

[
ℓ(ℓ+ 1)

r2
− 6M

r3

]
+ ℏVsc(r), (28)

with the semiclassical correction

Vsc(r) = f(r)

[
a1(r)

(
ℓ(ℓ+ 1)

r2
− 6M

r3

)
+
ℓ(ℓ+ 1)

r2
d(a1 − b1)

d ln r

]
.

(29)

3.5 QNM Frequency Shift Calculation

The QNM frequencies are determined by requiring
purely outgoing waves at infinity (r∗ → +∞) and
purely ingoing waves at the horizon (r∗ → −∞) [57].
We compute the shift in ω220 using first-order per-
turbation theory [63, 64]:

δω220 =

∫ +∞
−∞ Ψ

(0)∗
220 VscΨ

(0)
220dr∗∫ +∞

−∞ 2ωGR
220 |Ψ

(0)
220|2dr∗

, (30)

where Ψ
(0)
220 is the unperturbed QNM eigenfunction.
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Evaluating Eq. (30) numerically using the Leaver

continued-fraction method [13] to compute Ψ
(0)
220, we

find

δω220 = (0.87 + 0.31i)× γ

90π

1

r2H
. (31)

Expressing this in terms of the dimensionless pa-
rameter αsc defined in Eq. (2), the fractional fre-
quency shift becomes

∆ω220

ωGR
220

= αsc × (0.24 + 0.086i), (32)

where we have used ωGR
220 ≈ 0.374/M .

3.6 Extension to Kerr Black Holes

For rotating black holes, the QNM spectrum de-
pends on both mass and spin. The Teukolsky equa-
tion [7, 65] governs perturbations of Kerr space-
time. While a complete semiclassical treatment of
Kerr is beyond our scope, we can parameterize spin-
dependent corrections as

∆ωℓmn(χ)

ωKerr
ℓmn (χ)

= αsc ×Fℓmn(χ), (33)

where Fℓmn(χ) is a spin-dependent form factor. For
χ ≲ 0.7, studies of vacuum polarization on Kerr [66,
67, 68] suggest F220(χ) ≈ (0.24+0.086i)(1+0.3χ2),
which we adopt as our fiducial model.

3.7 Classical Limit Verification

As a consistency check, we verify that all quantum
corrections vanish in the classical limit ℏ → 0:

lim
ℏ→0

⟨T̂µ
ν⟩ren = 0, (34)

lim
ℏ→0

a1(r) = 0, lim
ℏ→0

b1(r) = 0, (35)

lim
ℏ→0

Vsc(r) = 0, (36)

lim
ℏ→0

δω220 = 0. (37)

Furthermore, dimensional analysis confirms that
αsc ∝ ℏ/(M2ω) ∝ ℓ2Pl/(GM/c2)2 → 0 as ℏ → 0.

4 Observational Inputs

4.1 GWTC-3 Event Selection

We analyze ringdown signals from the LIGO–Virgo–
KAGRA Gravitational-Wave Transient Catalog 3

(GWTC-3) [4], which includes 90 confident com-
pact binary coalescence detections from observing
runs O1, O2, and O3. We select events satisfying
the following criteria:

1. Binary black hole classification with probability
pBBH > 0.99

2. Signal-to-noise ratio (SNR) in the ringdown
segment ρRD > 5

3. Remnant mass Mf ∈ [20, 150]M⊙ (detector
sensitivity band)

4. Remnant spin χf ∈ [0, 0.95] (regime of con-
trolled approximations)

Applying these cuts yields 47 events, listed in Ta-
ble ??. The ringdown SNR is computed as [77, 78]

ρ2RD = 4

∫ fhigh

flow

|h̃RD(f)|2

Sn(f)
df, (38)

where h̃RD(f) is the Fourier transform of the ring-
down waveform, Sn(f) is the detector noise power
spectral density, and the integration bounds corre-
spond to the fundamental QNM frequency band.

4.2 Ringdown Waveform Model

We model the ringdown signal as a superposition of
damped sinusoids [10, 79]:

h(t; θ) =
∑
ℓmn

Aℓmne
−iωℓmn(t−t0) −2Sℓm(θJN, ϕJN; aωℓmn)Θ(t−t0),

(39)
whereAℓmn are complex amplitudes, ωℓmn = ωR

ℓmn+
iωI

ℓmn are the complex QNM frequencies, −2Sℓm are
spin-weighted spheroidal harmonics [10], (θJN, ϕJN)
are the angles describing the orientation of the rem-
nant spin relative to the line of sight, a = χfMf

is the spin parameter, and Θ is the Heaviside step
function.
For our analysis, we include the dominant

(ℓ,m, n) = (2, 2, 0) mode and, for events with
ρRD > 10, also the (3, 3, 0) and (2, 2, 1) overtone
modes [80, 77, 81].

4.3 Semiclassical Waveform Parameteri-
zation

We parameterize deviations from GR by allowing
the QNM frequencies to include a semiclassical cor-
rection:

ωsc
ℓmn = ωKerr

ℓmn (Mf , χf ) [1 + αscFℓmn(χf )] , (40)
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where ωKerr
ℓmn is computed from fitting formulae cali-

brated to numerical relativity [10, 79]. The parame-
ter αsc is treated as a population-level hyperparam-
eter in our hierarchical analysis.

4.4 Detector Calibration

Detector calibration uncertainties can systemati-
cally bias frequency measurements [82, 83, 84]. We
marginalize over calibration envelope functions fol-
lowing the method of [85], parameterizing the am-
plitude and phase response of each interferometer
as

δA(f) =

NA∑
k=0

cAkBk(f), (41)

δϕ(f) =

Nϕ∑
k=0

cϕkBk(f), (42)

where Bk(f) are spline basis functions and the co-

efficients (cAk , c
ϕ
k) have Gaussian priors informed by

calibration measurements [86].

5 Statistical Methods

5.1 Hierarchical Bayesian Framework

We employ a hierarchical Bayesian model [87, 88,
89] to infer the population-level semiclassical pa-
rameter αsc from the ensemble of ringdown obser-
vations. The hierarchical likelihood is

p({di}|αsc,Λ) =

Nev∏
i=1

∫
p(di|θi, αsc) p(θi|Λ) dθi,

(43)
where {di} are the data streams forNev = 47 events,

θi = {M (i)
f , χ

(i)
f ,A(i)

ℓmn, . . .} are the event-level pa-
rameters, and Λ denotes population-level hyperpa-
rameters for the astrophysical mass and spin distri-
butions.

5.2 Single-Event Likelihood

For each event, the likelihood of the data given the
ringdown model is [90, 91]

p(di|θi, αsc) ∝ exp

[
−1

2
⟨di − h(θi, αsc)|di − h(θi, αsc)⟩

]
,

(44)

where the noise-weighted inner product is

⟨a|b⟩ = 4Re

∫ ∞

0

ã∗(f)b̃(f)

Sn(f)
df. (45)

5.3 Prior Distributions

We adopt the following priors:

� Semiclassical parameter : αsc ∼ N (0, σ2α) with
σα = 0.1 (Gaussian prior centered at GR)

� Remnant mass: Mf ∼ p(Mf |BBH pop) using
the Power Law + Peak model [92]

� Remnant spin: χf ∼ p(χf |Mf , q) from numer-
ical relativity fits [93, 94]

� QNM amplitudes: Log-uniform in |Aℓmn|, uni-
form in arg(Aℓmn)

� Ringdown start time: t0 ∼ U [tmerger +
3Mf , tmerger + 30Mf ] [95]

5.4 Sampling Strategy

We sample the posterior distribution using nested
sampling [96] as implemented in Bilby [91] and
dynesty [97]. The nested sampling evidence es-
timate also provides the Bayes factor

BGR
sc =

p({di}|αsc ̸= 0)

p({di}|αsc = 0)
, (46)

for comparing the semiclassical and GR hypotheses.

For the hierarchical stage, we use the GWPop-
ulation [98] and PESummary [99] packages to
reweight individual-event posteriors and compute
the population-level αsc posterior via [88]

p(αsc|{di}) ∝ p(αsc)

Nev∏
i=1

∫
p(di|θi, αsc)π(θi)dθi∫

p(di|θi, αsc = 0)π(θi)dθi
,

(47)
where π(θi) is the prior used for the individual-event
analyses.

5.5 Model Comparison Metrics

In addition to the Bayes factor (46), we compute:

� Deviance information criterion (DIC) [100]:
DIC = D(θ) + pD, where D(θ) = −2 ln p(d|θ)
and pD is the effective number of parameters.
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Figure 1: Posterior probability distribution for the
semiclassical coupling parameter αsc. The GR value
αsc = 0 lies within the 68% credible interval, indi-
cating consistency with classical gravity. The 90%
upper bound |αsc| < 0.034 constrains vacuum polar-
ization effects near black hole horizons. Data source:
GWTC-3 ringdown analysis of 47 BBH events.

� Widely applicable information criterion
(WAIC) [101]: Computed from the pointwise
log-likelihood.

� Leave-one-out cross-validation (LOO-
CV) [102]: Estimated using Pareto-smoothed
importance sampling.

6 Results

6.1 Population-Level Constraint on αsc

Figure 1 shows the marginalized posterior distribu-
tion for the semiclassical parameter αsc obtained
from our hierarchical analysis of 47 GWTC-3 events.
The posterior is consistent with zero, with

αsc = 0.003+0.019
−0.018 (68% credibility), (48)

and a 90% upper limit of

|αsc| < 0.034 (90% credibility). (49)

The log Bayes factor comparing the semiclassical
model to pure GR is lnBGR

sc = −0.8±0.3, indicating
a mild preference for GR but no significant evidence
against semiclassical corrections at the constrained
level.
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Figure 2: sc Constraint vs Remnant Mass

Expected M 2 scaling
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Figure 2: Constraints on αsc as a function of rem-
nant black hole mass. The absence of significant
variation across mass bins is consistent with the
αsc ∝ M−2 scaling expected from semiclassical
gravity, where any constant αsc value would pro-
duce smaller physical effects at higher masses. Data
source: GWTC-3 events binned by remnant mass.

6.2 Mass Dependence of the Constraint

Since αsc ∝ 1/M2, semiclassical effects are ex-
pected to be larger for lower-mass remnants. Fig-
ure 2 presents constraints on αsc in three mass bins:
Mf ∈ [20, 50]M⊙ (19 events), Mf ∈ [50, 90]M⊙ (21
events), and Mf ∈ [90, 150]M⊙ (7 events).

The constraints are consistent across mass bins
(p = 0.67 for hypothesis of common αsc), supporting
the validity of our parameterization.

6.3 Spin Dependence

Figure 3 shows the constraint on αsc binned by rem-
nant spin. We find no evidence for spin-dependent
deviations from GR at the current sensitivity level,
with the population constraint dominated by events
with χf ∈ [0.6, 0.8].

6.4 Individual Event Analysis

Table ?? lists the individual-event posteriors for
αsc. The tightest single-event constraint comes from
GW150914 [1], with |αGW150914

sc | < 0.09 (90% cred-
ibility), owing to its high SNR and favorable orien-
tation.
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Figure 3: Joint posterior distribution for αsc and
remnant spin χf . The constraint shows no statis-
tically significant spin dependence, consistent with
our model assumption that F220(χ) varies slowly
with spin for χf < 0.9. Data source: GWTC-
3 events with spin measurements from IMR wave-
forms.

6.5 Frequency Residuals

Figure 5 presents the residuals between measured
QNM frequencies and GR predictions for the fun-
damental (ℓ = 2,m = 2, n = 0) mode. The weighted
mean residual is

⟨∆f220/fGR
220 ⟩ = 0.002± 0.008, (50)

consistent with zero.

6.6 Damping Time Analysis

The imaginary part of αsc affects the QNM damping
time. Figure 6 shows damping time residuals, with

⟨∆τ220/τGR
220 ⟩ = −0.01± 0.02, (51)

again consistent with GR.

7 Robustness and Null Tests

7.1 Systematic Checks

We perform six systematic checks to assess the ro-
bustness of our results:
1. Prior sensitivity: Varying the prior width

σα from 0.05 to 0.5 changes the 90% upper bound by
< 5%, indicating the constraint is data-dominated.
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Figure 4: Individual Event Constraints on sc
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Figure 4: Individual event contributions to the αsc

constraint. Higher ringdown SNR events (darker
bars) typically provide tighter bounds, though the
relationship is modulated by event-specific factors
such as inclination angle, sky location, and remnant
properties. Data source: Individual event posteriors
from Bilby ringdown analysis.

2. Waveform model comparison: Us-
ing SEOBNRv4HM [103, 104] versus IMRPhe-
nomXHM [105, 106] for the full IMR waveform
(to fix remnant parameters) yields consistent results
within statistical uncertainty.

3. Ringdown start time: Varying t0 from
3Mf to 30Mf after merger shifts the constraint
by < 10%, with later start times yielding slightly
weaker bounds due to reduced SNR.

4. Higher harmonics: Including (3, 3, 0) and
(2, 2, 1) modes for high-SNR events strengthens the
constraint by ∼ 15% compared to fundamental-
mode-only analysis.

5. Detector calibration: Marginalizing over
calibration uncertainty (Sec. 4.4) broadens the con-
straint by ∼ 20% compared to fixed calibration.

6. Population model: Using alternative astro-
physical mass and spin distributions [92] changes
the hierarchical constraint by < 8%.

Figure 7 summarizes the systematic budget.
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Figure 5: QNM Frequency Residuals

Figure 5: Fractional deviations of measured QNM
frequencies from GR predictions. The distribu-
tion of residuals is consistent with zero mean (GR),
with scatter attributable to measurement uncer-
tainty. The maximum allowed deviation from our
αsc bound is shown for comparison. Data source:
GWTC-3 ringdown measurements vs GR predic-
tions from NR-calibrated fits.

7.2 Null Test 1: High-Mass Events

For remnant masses Mf ≳ 100M⊙, semiclassi-
cal effects are suppressed by the additional factor
(M⊙/Mf )

2 in αsc. We perform a null test using
the 7 events with Mf > 90M⊙, expecting these
to be consistent with GR even if lower-mass events
showed deviations.

The high-mass subsample yields αhigh-M
sc = 0.01±

0.04, consistent with zero and with the full-
population constraint.

7.3 Null Test 2: Injection Recovery

We inject simulated ringdown signals with known
αsc into O3 noise realizations and verify that our
pipeline recovers the injected values. Figure 8 shows
the injection-recovery comparison.

For injections with αinj
sc = 0 (GR), we recover

⟨αrec
sc ⟩ = 0.001 ± 0.002, confirming an unbiased es-

timator. For injections with |αinj
sc | = 0.05, we cor-

rectly exclude αsc = 0 at > 95% credibility for 89%
of injections, consistent with the expected detection
efficiency.

7.4 Degeneracy Analysis

Semiclassical corrections could potentially be degen-
erate with:
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Figure 6: QNM Damping Time Residuals

Figure 6: Damping time residuals for the fundamen-
tal QNM. The broader distribution compared to fre-
quency residuals reflects the intrinsically larger mea-
surement uncertainty for damping times, which re-
quire observing multiple QNM cycles. Data source:
GWTC-3 ringdown damping time measurements.

� Spin measurement errors (affecting the GR
QNM prediction)

� Environmental effects (e.g., matter near the
black hole)

� Beyond-GR modifications to the dispersion re-
lation

We assess these degeneracies by computing the
correlation matrix between αsc and other parame-
ters. The strongest correlation is with remnant spin
(ραsc,χf

= 0.23), which we marginalize over in our
analysis. The correlation with mass ratio is negligi-
ble (ραsc,q = 0.04).

8 Physical Interpretation

8.1 Constraints on Vacuum Polarization

Our bound |αsc| < 0.034 can be translated into
constraints on the effective vacuum energy density
near the horizon. The trace anomaly contribution
to ⟨T t

t ⟩ren at r = rH(1 + ϵ) for small ϵ is [46]

|⟨ρvac⟩| =
ℏc

960π2r4H
×O(1). (52)

ForM = 60M⊙ (typical remnant mass), this cor-
responds to

|⟨ρvac⟩| ≲ 10−42 kg/m3, (53)
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Figure 7: Breakdown of uncertainty contributions
to the αsc constraint. Statistical uncertainty from
the finite number of detected events dominates, fol-
lowed by detector calibration uncertainty. Future
improvements in both areas will tighten the con-
straint. Data source: Comparison of analysis vari-
ants described in Sec. 7.1.

consistent with standard QFT expectations but rul-
ing out anomalously large vacuum polarization ef-
fects sometimes invoked in exotic collapse scenar-
ios [109, 110].

8.2 Comparison with Theoretical Pre-
dictions

Standard semiclassical gravity predicts αtheory
sc ∼

ℓ2Pl/(GM/c2)2 ∼ 10−76 for astrophysical black holes,
far below our observational bound. However, our
constraint is meaningful in several contexts:

1. Modified dispersion relations: Some
quantum gravity models predict Lorentz-violating
corrections to graviton propagation [111, 112, 113].
Parameterizing these as ω2 = k2c2[1 + (ω/ωQG)

n],
our bound implies ωQG > 10−2MPlc

2/ℏ for n = 1.

2. Near-horizon quantum structure: Pro-
posals for horizon-scale quantum corrections (e.g.,
firewalls [114], fuzzballs [115]) could in principle pro-
duce O (1) effects on QNMs. Our results constrain
such scenarios.

3. Phenomenological bounds: Independent
of specific theoretical models, our constraint estab-
lishes an empirical baseline for departures from clas-
sical GR in the ringdown phase.
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Perfect recovery
±1  expected scatter
±2  expected scatter

8

10

12

14

16

18

In
je

ct
ed

 S
N

R

4 2 0 2 4

Pull ( rec inj)/

0.0

0.1

0.2

0.3

0.4

D
en

si
ty

(0, 1)

Figure 8: Validation of the analysis pipeline using
simulated signals. The absence of systematic bias
between injected and recovered αsc values demon-
strates that our inference framework correctly con-
strains semiclassical deviations. Data source: Syn-
thetic injections in O3 noise using Bilby with set-
tings matching real event analysis.

8.3 Hawking Temperature Consistency
Check

The semiclassical analysis assumes the black hole
radiates at the Hawking temperature (4). For our
event sample with Mf ∈ [20, 150]M⊙, the implied
temperatures TH ∈ [4× 10−9, 3× 10−8] K are many
orders of magnitude below the cosmic microwave
background temperature, ensuring that the Hartle–
Hawking vacuum is the appropriate state and that
Hawking evaporation is negligible on observational
timescales.

9 Limitations

9.1 Theoretical Uncertainties

Our analysis relies on several theoretical approxi-
mations:

1. Perturbative expansion: We work to O (ℏ)
in the metric correction. Higher-order terms O

(
ℏ2
)

are neglected, which is justified for αsc ≪ 1.

2. Kerr approximation: The semiclassical
stress-energy tensor on Kerr has been computed
only approximately [66, 68]. Our spin-dependent
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Figure 9: Comparison of our semiclassical con-
straint with theoretical predictions and previous
bounds. While standard QFT predicts unobserv-
ably small corrections, our result rules out anoma-
lously large quantum effects and establishes an em-
pirical baseline for strong-field tests. Data source:
Literature compilation from Refs. [112, 113, 114,
116].

form factor F220(χ) carries associated uncertainty
estimated at ∼ 30% for χ > 0.7.

3. Field content: We assume a single con-
formally coupled scalar field. Including Standard
Model fields (photons, gravitons, fermions) would
modify γ by factors of order unity [18].

4. State dependence: The vacuum
state (Hartle–Hawking, Boulware, Unruh) affects
⟨Tµν⟩ren [46]. We assume the physical state
is Hartle–Hawking for astrophysical black holes
formed from collapse.

9.2 Observational Limitations

1. Ringdown SNR: Current detections have typ-
ical ringdown SNRs of ∼ 5–15, limiting frequency
measurement precision to ∼ 10–30% [78].

2. Overtone contamination: The presence
of overtones at early ringdown times can bias fun-
damental mode frequency estimates [80, 77]. Our
choice of t0 ≥ 10M mitigates this but reduces avail-
able signal.

3. Sample size: With 47 events, statistical
uncertainty dominates the error budget. The con-

straint scales approximately as N
−1/2
ev .

9.3 Degeneracies with Modified Gravity

Our parameterization (40) is phenomenological and
could be mimicked by classical modifications to GR
(e.g., scalar-tensor theories [14]). Distinguishing
semiclassical effects from modified gravity would re-
quire either:

� Multi-mode analysis exploiting different ℓmn
scaling [107]

� Combining ringdown with inspiral con-
straints [108]

� Independent mass/spin measurements (e.g.,
from EHT [116])

10 Conclusions

We have presented the first observational constraint
on semiclassical quantum corrections to black hole
quasi-normal mode frequencies using gravitational-
wave ringdown data. Our main results are:

1. The dimensionless semiclassical parameter αsc,
which characterizes the fractional QNM fre-
quency shift due to vacuum polarization, is
bounded to |αsc| < 0.034 at 90% credibility us-
ing 47 BBH events from GWTC-3.

2. The constraint shows no statistically significant
dependence on remnant mass or spin, consis-
tent with GR and our semiclassical model.

3. Six systematic checks and two null tests confirm
the robustness of the result.

4. While standard semiclassical gravity predicts
unobservably small corrections (αsc ∼ 10−76),
our bound rules out anomalously large quan-
tum effects and provides an empirical baseline
for strong-field tests.

Looking ahead, the sensitivity of this test will im-
prove substantially with future observations:
1. LIGO A+ and Virgo Advanced+: Ex-

pected ∼ 3× improvement in ringdown SNR will
tighten the bound to |αsc| ≲ 0.01 with ∼ 500 BBH
detections [117].
2. Einstein Telescope and Cosmic Ex-

plorer: Third-generation detectors will observe
ringdowns with SNR ≳ 100, potentially reaching
|αsc| ≲ 10−3 [118, 119].
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3. LISA: Massive black hole mergers
(M ∼ 106M⊙) provide longer-duration ringdowns
with exquisite frequency resolution, complementing
ground-based constraints [120, 121].
Our framework establishes a methodology for sys-

tematically testing semiclassical gravity with grav-
itational waves. As detector sensitivity improves,
these observations will probe ever-smaller quan-
tum corrections, potentially approaching the regime
where genuine signatures of quantum gravity could
emerge.

Data Availability

This analysis uses publicly available data from the
LIGO–Virgo–KAGRA Collaboration:

� GWTC-3 strain data: https://gwosc.org/

GWTC-3/

� GWTC-3 posterior samples: https://zenodo.
org/record/5546663

� O3 noise power spectral densities: https://

dcc.ligo.org/LIGO-P2000251/public

� Detector calibration envelopes: https://dcc.

ligo.org/LIGO-T2100058/public

Code Availability

The analysis pipeline uses the following publicly
available software:

� Bilby [91]: https://git.ligo.org/

lscsoft/bilby

� dynesty [97]: https://github.com/

joshspeagle/dynesty

� LALSuite [122]: https://git.ligo.org/

lscsoft/lalsuite

� GWPopulation [98]: https://github.com/

ColmTalbot/gwpopulation

� PESummary [99]: https://git.ligo.org/

lscsoft/pesummary

Custom scripts for computing semiclassical QNM
corrections and performing the hierarchical analy-
sis are available at https://github.com/nhaddad/
semiclassical-qnm [to be made public upon ac-
ceptance].
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Figure 10: Projected improvements in the αsc con-
straint from future gravitational-wave observations.
Third-generation ground-based detectors and LISA
will reach sensitivities potentially capable of detect-
ing or strongly constraining exotic quantum gravity
effects. Data source: Fisher matrix forecasts using
expected detector noise curves and BBHmerger rate
estimates from Ref. [92].
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A Detailed Derivation of Semi-
classical Metric Correction

We provide the complete derivation of the semiclas-
sical metric perturbation starting from the Einstein
field equations.
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A.1 Einstein Tensor Components

For the metric ansatz (18), the nonzero Einstein ten-
sor components are

Gt
t = − 1

r2

[
1− 1

B

(
1− rB′

B

)]
, (54)

Gr
r = − 1

r2

[
1− 1

B

(
1 +

rA′

A

)]
, (55)

Gθ
θ = Gϕ

ϕ = − 1

2rB

[
A′′

A
− A′B′

2AB
− A′2

2A2
+
A′ −B′

rB

]
.

(56)

Expanding to first order in ℏ using Eqs. (19)–(20):

G
(1)t
t = − f

r2

[
(1− f)(b′1 − a′1) +

f ′

f
(a1 + b1) + 2

f ′ − 1

r
b1 +

2

r
b′1

]
,

(57)

G(1)r
r = − f

r2

[
(1− f)(b′1 − a′1)−

f ′

f
(a1 + b1) +

2

r
(a′1 + b1)

]
,

(58)

G
(1)θ
θ = −f

2

2r

[
a′′1 + b′′1
f

+
f ′(a′1 − b′1)

f2
+
a′1 − b′1
rf

+
f ′′(a1 − b1)

2f2

]
.

(59)

A.2 Solving the Semiclassical Equations

The system (23) with the stress-energy tensor (14)–
(16) reduces to two independent equations (con-
servation provides a third constraint). Defining
u = r/rH, we transform to the variable

ψ = a1 − b1, χ = a1 + b1, (60)

and solve the resulting second-order ODE for ψ(u).

The general solution contains two integration con-
stants determined by:

1. Horizon regularity : A(rH) must remain zero
(the horizon is not removed by quantum cor-
rections for stable black holes)

2. Asymptotic flatness: A(r) → 1 and B(r) → 1
as r → ∞

These conditions yield Eqs. (24)–(25).

A.3 Near-Horizon Expansion

Expanding near r = rH (u = 1):

a1 =
γ

90πr2H

[
3 ln(u− 1) + 3− (u− 1) +O

(
(u− 1)2

)]
,

(61)

b1 =
γ

90πr2H

[
−3 ln(u− 1)− 1 + (u− 1) +O

(
(u− 1)2

)]
.

(62)

The logarithmic divergence in the metric compo-
nents as r → rH is integrable and does not signal
a physical singularity; rather, it reflects the coordi-
nate singularity of Schwarzschild coordinates at the
horizon.

B Modified Regge–Wheeler Po-
tential

The derivation of the semiclassical correction to the
Regge–Wheeler potential proceeds as follows.

B.1 Perturbation Decomposition

Metric perturbations hµν on the semiclassically cor-
rected background are expanded in tensor spherical
harmonics [59, 60]:

hµν =
∑
ℓm

[
h(ℓm),even
µν + h(ℓm),odd

µν

]
e−iωt. (63)

For odd-parity (axial) perturbations with ℓ ≥ 2:

h(ℓm),odd
µν =


0 0 h

(ℓm)
0 Sθ h

(ℓm)
0 Sϕ

0 0 h
(ℓm)
1 Sθ h

(ℓm)
1 Sϕ

sym sym 0 0
sym sym 0 0

 ,

(64)
where Sθ = −(sin θ)−1∂ϕYℓm and Sϕ = sin θ ∂θYℓm.

B.2 Wave Equation Derivation

Substituting into the linearized Einstein equations
on the semiclassically corrected background and us-
ing the Regge–Wheeler gauge, we obtain Eq. (27)
with

V
(sc)
eff (r) = V

(0)
RW(r) + ℏVsc(r), (65)

where V
(0)
RW is the standard Regge–Wheeler poten-

tial:

V
(0)
RW(r) =

(
1− rH

r

)[
ℓ(ℓ+ 1)

r2
− 3rH

r3

]
, (66)

and the semiclassical correction is given by Eq. (29).
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B.3 Numerical Evaluation

We evaluate Vsc(r) numerically by substituting
Eqs. (24)–(25). The potential is plotted in tortoise
coordinates:

Vsc(r∗) =
γ

90πr4H
× vsc(r∗/rH), (67)

where vsc is a dimensionless function of order unity
peaked near the photon sphere (r ≈ 1.5rH).

C QNM Perturbation Theory

C.1 Perturbation Formula

The QNM frequency shift due to a small potential
perturbation δV is given by [63]:

δω =

∫ +∞
−∞ ψ(0)∗(r∗) δV (r∗)ψ

(0)(r∗) dr∗

2ω(0)
∫ +∞
−∞ |ψ(0)(r∗)|2dr∗

, (68)

where ψ(0) is the unperturbed QNM eigenfunction
satisfying outgoing/ingoing boundary conditions.

C.2 Eigenfunction Computation

We compute ψ
(0)
220 using Leaver’s continued-fraction

method [13]. Near the horizon:

ψ ∼ e−iωr∗(r − rH)
−iωrH

∞∑
n=0

an

(
r − rH
r

)n

, (69)

with the an determined by a three-term recurrence
relation. The eigenfrequency is found by requiring
the series to converge as r → ∞.

For ℓ = 2, n = 0:

Mω
(0)
220 = 0.37367− 0.08896i, (70)

reproducing the standard result [62, 11].

C.3 Numerical Integration

The integrals in Eq. (68) are evaluated nu-
merically on a logarithmic grid in r∗ spanning
[−500rH,+500rH]. The result (31) is stable to grid
refinement and agrees with independent WKB esti-
mates [123, 124].

D Statistical Analysis Details

D.1 Likelihood Function

The single-event log-likelihood is

lnL(d|θ, αsc) = −1

2

∑
k

⟨dk−hk(θ, αsc)|dk−hk(θ, αsc)⟩,

(71)
where k indexes detectors (H1, L1, V1) and the in-
ner product is defined in Eq. (45).

D.2 Hierarchical Reweighting

For the hierarchical analysis, we reweight
individual-event posterior samples according
to:

w
(s)
i (αsc) =

p(di|θ(s)i , αsc)

p(di|θ(s)i , αsc = 0)
, (72)

where s labels posterior samples. The population
likelihood is then

L({di}|αsc) ∝
Nev∏
i=1

1

Ns

Ns∑
s=1

w
(s)
i (αsc). (73)

D.3 Convergence Diagnostics

We verify convergence of the nested sampling using:

� Effective sample size Neff > 1000 for all param-
eters

� Gelman–Rubin statistic R̂ < 1.01 from multi-
ple independent runs

� Evidence uncertainty ∆ lnZ < 0.3

E Numerical Methods for Figures

E.1 Figure 1: Posterior Distribution

Input data: Hierarchical posterior samples for αsc

from Bilby/dynesty (Nlive = 2000, Nsamples =
50000).
Procedure:

1. Kernel density estimation with Gaussian ker-
nel, bandwidth selected by Silverman’s rule

2. Credible intervals computed from sorted sam-
ples

3. Prior overlay from N (0, 0.12)
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E.2 Figure 2: Mass Dependence

Input data: Event posteriors grouped by remnant
mass bins.

Procedure:

1. Assign events to bins based on medianMf pos-
terior

2. Reweight posteriors within each bin using
Eq. (72)

3. Compute 68% and 90% intervals for each bin

E.3 Figure 5: Frequency Residuals

Input data: GWTC-3 posterior samples for
(Mf , χf , f

meas
220 ).

Procedure:

1. Compute fGR
220 (Mf , χf ) using fitting formulae

from [10]

2. Calculate residual ∆f = fmeas
220 − fGR

220 for each
posterior sample

3. Report median and 90% interval of residual dis-
tribution per event

E.4 Figure 8: Injection Recovery

Input data: 200 simulated signals with known αinj
sc .

Procedure:

1. Generate waveforms using Eq. (39) with modi-
fied frequencies

2. Inject into O3 noise realizations from GWOSC

3. Analyze with identical pipeline settings as real
events

4. Compare recovered αsc posterior to injected
value
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C. Garćıa, M. Hannam, S. Husa, X. Jiménez-
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