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frequencies of 95, 150, and 220 GHz. Photon coupling to an axionlike field leads to the rotation of CMB
polarization, inducing nonzero EB cross-correlations. We show that a multipole-dependent rotation f(£)
imprints a distinct signature in the polarization spectra that can be constrained. Specifically, we consider an
early dark energy (EDE) scenario in which a pseudoscalar field couples to photons through a Chern-Simons
interaction, generating a polarization rotation with multipole dependence. We introduce a phenomeno-
logical f(#) as a step function, obtaining constraints on the step function size consistent with zero, with
uncertainties less than ~0.15° (68% CL). In addition, using multi-frequency EE, BB, and EB cross spectra,
along with robust BICEP/Keck foreground treatment and likelihood framework, we derive constraints on
the axion-photon coupling amplitude ¢ for several choices of EDE parameters. For the baseline best-fit
value fgpg = 0.087 from the Planck 2018 analysis, we obtain g = 0.11 &£ 0.37 (68% CL), consistent with

previous limits.

DOI: 10.1103/v8y3-m75b

I. INTRODUCTION

Cosmic birefringence refers to a rotation of the linear
polarization plane of electromagnetic radiation as it prop-
agates through space [1-6]. Such a rotation may arise from
a coupling of photons to a pseudoscalar field, as predicted
in various extensions of the standard model [1,7-9]. A
detection of this effect would provide direct evidence for
new physics, such as axionlike particles, which have been
proposed as dark matter candidates [9-11].

The cosmic microwave background (CMB) is a particu-
larly sensitive probe of cosmic birefringence [2,4,5]. The
linear polarization of the CMB can be decomposed into
even-parity £ modes and odd-parity B modes [12-14].
There is no expected correlation between these modes, and
the EB cross spectrum should vanish [15,16]. A statistically
significant detection of a nonzero EB correlation would
thus suggest the presence of axionlike fields through
Chern-Simons type interactions [2,17].

Measuring a global rotation is experimentally challeng-
ing because it requires knowing the instrumental polariza-
tion orientation of each detector with sufficient precision.
A uniform per-band effective rotation by an angle a,
which results from the aggregate instrumental response of
a given frequency band, is degenerate with a global
birefringence angle S, such that the observed EB spec-
trum reflects the sum a+f [2,4]. In this isotropic
scenario, the induced EB power spectrum shape is largely
proportional to the EE spectrum.

Several strategies have been proposed to break this
degeneracy. The BICEP/Keck (BK) Collaboration has
initiated a dedicated polarization angle calibration cam-
paign [18,19] to enable forward-modeling constraints on /3
using known detector angles to measure global birefrin-
gence. Alternatively, a new dynamic field can manifest in
anisotropic polarization rotation [20-24] or time-evolving
cosmic birefringence [25], which possess distinct signa-
tures that do not require absolute angle calibration to
measure. These effects have also been studied in the BK
data [26-29]. Another proposed method is to use polarized
Galactic dust emission as a calibrator, modeling its intrinsic

EB dust as proportional to the EE dust [5]; however, this
assumption has been questioned and demonstrated to be at
least partially false [30].

In this paper, we investigate the multipole dependence
(Z-dependence) of the rotation angle in BICEP/Keck data.
If the pseudoscalar field evolves during recombination, the
epoch when CMB polarization was generated, the redshift-
dependent rotation will lead to such £ dependence [31,32].
Since EE modes are generated at different times throughout
recombination, a time-varying f(z) results in an EB
spectrum that encodes the evolving phase structure of
the EE peaks. In particular, as the sound horizon changes
with redshift, the peaks in the rotated EB spectrum reflect
a shifted and temporally smeared version of the original
EE peaks [33]. We parametrize this phenomenologically
by a multipole-dependent rotation angle function S(¢).
Measuring such ¢ dependence provides a concrete method
to distinguish cosmic birefringence from a simple detector
rotation [34,35].

An example of motivated models predicting #-dependent
birefringence is early dark energy (EDE) [36]. EDE posits
a dynamical scalar field that becomes non-negligible
around the epoch of matter-radiation equality. The
model is characterized by three primary parameters:
the maximum fractional energy density fgpg, the critical
redshift z. at which this density is peaked, and the initial
field displacement 6; [37-39]. The field quickly dimin-
ishes during recombination from z= 1200 to z = 900,
leaving minimal impact at late times, and modifies the
expansion history in a way that can raise the value of H,
inferred from the CMB, potentially alleviating the Hubble
tension [37,40,41].

If the EDE field is a pseudoscalar axionlike particle
coupled to electromagnetism via a Chern-Simons interac-
tion, it induces a rotation of CMB polarization. The
Lagrangian includes a term that gives rise to this effect:

1 -
L3~ 9pF b, (1)
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EE and EB spectra for various EDE parameters
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Multipole dependence in early dark energy. Left: EB and EE spectra generated by early dark energy models with different

values of fgpg. As frpg increases, the EB spectrum (blue) becomes more pronounced and deviates further from a constant rotation
model, while the EE spectrum (orange) stays roughly the same. fgpg is the primary driver of these shifts [36,37,44], but other
parameters (both EDE and standard cosmological parameters) also vary according to best fit values in Table I. Note that EE spectra
and EB spectra are on different scales for visual comparison. Right: effective rotation angle (red) approximated by
B(¢) = yarcsin(2DEB /DEF), where EB (blue) is derived from an EDE model with fgpg = 0.07, and EE (orange) is the best fit
curve from Planck 2013. Constant-angle models are insufficient for fitting to (7).

where ¢ is the axion-photon coupling constant, ¢ is the
EDE field, and F* is the dual electromagnetic field
tensor [1,10].

The time evolution of ¢ during recombination generates
the aforementioned redshift-dependent birefringence angle
B(z), which leads to an EB spectrum with nontrivial #
dependence [31,32,42,43]. This dependence varies with
specific EDE parameters (fgpg, z.,6;), as shown in Fig. 1
(left). As the EDE fraction fgpg increases, the amplitude of
the EB spectrum grows and its peak structure becomes
increasingly inconsistent with the shape expected from a
constant . Notably, the corresponding EE spectra remain
largely unchanged, indicating that the EB features cannot
be adequately captured by a constant rotation angle alone.
A 2023 analysis by Eskilt er al. [31] searched for this
effect using Planck polarization data. By comparing the
model-predicted EB spectrum to the observed stacked
power spectrum, they found g = 0.04 + 0.16 (68% confi-
dence). While their data did not favor the specific shape
predicted by the model, their work demonstrated that
the distinct shape of EB can break the a-f degeneracy
without requiring absolute calibration or assumptions about
Galactic dust [4,31].

To quantify the difference in shape, we can define an
effective rotation angle:

p(&) = %arcsin (%) , (2)

¢

which approximates the apparent rotation angle at each ¢
under the assumption that EB arises entirely from rotated
EE. This function, shown in Fig. 1 (right) for a represen-
tative EDE model, displays the multipole dependence of
the rotation angle that we seek to constrain.

In this work, we extend the EDE analysis using data from
the BICEP/Keck Array [18,45]. While BICEP/Keck probes
a smaller multipole range (7 < 520) than Planck, its high
sensitivity, choice of a clean sky patch, and multifrequency
coverage enable robust measurements of the EB spectrum
with low noise and foreground contamination [14,46].

We present complementary analyses:

(1) Model-independent search for multipole-dependent
birefringence (Sec. VA): A novel approach model-
ing f(£) as a step function, measuring Af =
Prow-¢ — Phigh-¢ as a signature of multipole-dependent
physics independent of any specific EDE model.

(2) EDE model fit (Sec. VB): A direct search of
EDE-predicted polarization spectra incorporating
multicomponent foreground analysis for representa-
tive EDE parameters.

Our multipole-dependent approach generalizes previous
work by decoupling the analysis from specific EDE
models, offering direct sensitivity to a broader range of
multipole-dependent physics.

II. DATA MODEL AND LIKELIHOOD

In our analysis, we model the effects of gravitational
lensing, isotropic cosmic birefringence, EDE, polarized
foregrounds, and effective per-band polarization rotation
angles on CMB polarization spectra.

The lensed CMB EE and BB power spectra are com-
puted using cAaMB [47] with Planck 2013 cosmological
parameters and no primordial tensor modes [48]. The BB
spectrum is scaled by an amplitude parameter A, to
account for uncertainties in the lensing signal:

BBCMB _ BB,CAMB
D, = Aens - D . (3)

123536-3
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Typically, setting A, = 1 is sufficient because the BB
spectrum has 2 to 3 orders of magnitude less impact
than EFE in constraining rotation from the EB spectrum.
However, we allow it to vary when simultaneously
fitting the full EE, BB, and EB spectra alongside fore-
ground components. The CMB EB spectrum is modeled
as a parity-violating contribution from EDE, calculated
with a modified version of cLASS [49] developed by
Murai et al. [32]:

where ¢ [from Eq. (1)] parametrizes the amplitude of the
EDE contribution to the EB spectrum, and DEB EDE {5 the
template power spectrum derived from specific EDE
parameters. The parameter g has units of M[jll and is
fixed to zero unless explicitly fitting for an EDE signal.

Throughout this work, we denote D, as rotated CMB
spectra, D, as spectra with foregrounds included, and D, as
spectra after applying per-band rotation angles.

A uniform rotation angle fcyp, representing isotropic
cosmic birefringence, is applied to the lensed CMB spectra

EBCMB __ EB,EDE
Dy =g-D;7, (4) (o obtain the following [16,50,51]:
|
DEE™ — DEE’CMBcosz(ZBCMB) + D% MBgin?(2Bcmp) — DE® VB Gin(4Bcmp ) (5)
D?B'“’t = DfE’CMB sin?(2fcms) + DgB CMB cos?(2Bems) + D?B CMB sin(4fcmp)s (6)
- 1 .
D];BVrot — E (D?E’CMB _ DgB’CMB) Sln(4ﬂCMB) + DEB'CMB COS(4ﬂCMB>- (7)

Despite the degeneracy between the effective per-band
rotation angle «, and the isotropic cosmic birefringence
angle fcump, previous measurements have constrained
Povs S 1° [18,52]. Thus, the rotation impacts the EB
spectrum much more significantly than EE or BB, since
EB is approximately linear in both fcyp and g. Sample
rotated spectra are illustrated in Fig. 2.

When performing the multipole-dependent birefringence
analysis, we replace the constant fcyp in Egs. (5)—(7) with
a piecewise-constant model defined by a Heaviside step
function at a multipole breakpoint £:

Be,(€) = AP H(E = &), (8)

where Af, characterizes the difference in rotation
between low- and high-# modes. The birefringence at
low 7 is not zero, but determined by the per-band rotation
angles @, such that Af, isolates only the multipole-
dependent deviation. We restrict our analysis to this
step-function formulation because it allows us to test
for multipole dependence with the minimal increase in
model complexity. While more elaborate functional
forms for (¢) could be employed, they introduce addi-
tional free parameters that increase the risk of overfitting;
a comprehensive study of such models is reserved for
future work.

A. Galactic dust and synchrotron treatment

Polarized galactic foregrounds are modeled for each auto
or cross spectrum XY between frequency bands v and v, as
a sum of dust and synchrotron components:

DAV (1) x 1)

£\
= fd (B BP") - £ (Ba. BP*) - A <70>

where £, = 80 is the pivot multipole, and BP” denotes the
bandpass response function for frequency v.

The coefficients f; and f capture the scaling of dust and
synchrotron power from the pivot frequencies to the actual
bandpasses of the maps labeled v; and v, [53].

The foreground contribution is then added to the rotated
CMB spectra:

D);Y(IJI X I/2> = D?Y’mt + D;Yfg (Ul X 1/2). (10)

As detailed in Sec. III, this analysis utilizes BICEP/Keck
maps at 95, 150, and 220 GHz. At these frequencies,
the synchrotron signal is negligible relative to thermal dust.
We therefore fix the dust-synchrotron correlation parameter
to zero, as the data lack the sensitivity required to mean-
ingfully constrain this term [45].

B. Per-band angle rotation

We apply a per-band polarization angle rotation «, as an
additional rotation on the spectra after including foreground
contributions. This per-band rotation models the contribu-
tions from instrumental sources.

123536-4
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FIG. 2. Comparison of simulated CMB spectra under isotropic vs multipole-dependent rotation. Left: standard ACDM spectra rotated
by different constant angles, fcyp (isotropic birefringence only, g = 0). Right: spectra including an early dark energy contribution
(g = 1) rotated by different fcyg. The EDE signal introduces distinct features in the EB spectrum that differ significantly from the
isotropic case.

DEE(vy x vy) = DEE(v) x 1) cos(2a,,) cos(2a,,) + DEB(v) x v,) sin(2a,, ) sin(2a,,)
— DEB (1) x 1) cos(2a,, ) sin(2a,,) — DEE(v, x 1) sin(2a,, ) cos(2a,,), (11)

DE8(v) x vy) = DEE(v) x 1y) sin(2a,, ) sin(2a,,) + DEB (1) x 13) cos(2a,, ) cos(2a,,)
+ DEB(v; x 1y) sin(2a,, ) cos(2a,,) + DEE(v) x vy) cos(2a,, ) sin(2a,,), (12)

DEB(u) x 1) = DEE (1) x 1)) cos(2a,, ) sin(2a,,) — DEB(v) x 1,) sin(2a,, ) cos(2a,,)

+ DEB(v; x 1y) cos(2a,, ) cos(2a,,) — DEE(1) x 1) sin(2a,, ) sin(2a,,). (13)

DEE(v) x 1) = DE (1) x 1) sin(2a,, ) cos(2a,,) — DEB(v) x 1y) cos(2a,, ) sin(2a,,)

— DEB(v) x 1) sin(2a,, ) sin(2a,,) + DEE(v) x vy) cos(2a,, ) cos(2a,, ). (14)

where b indexes the band power and W, is the weight
assigned to multipole #. This convolution effectively bins
the theory spectra into the same format as the data,
incorporating deprojection, filtering, weighting, and instru-
mental filtering effects applied during data processing [14].
For the EB cross spectrum, we approximate the window
functions as the geometric mean of the EE and BB
functions. While this approximation is known to introduce
a multiplicative bias of a few percent [18], this effect is

C. Band power window functions

To directly compare theoretical model spectra with
observational data, each theoretical auto or cross spectrum
D¥Y(v; x 1) is convolved with the corresponding band
power window functions (BPWFs), computed as

Dy (v x1y) = ZWMD);Y(UI X 1), (15)
z

123536-5
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negligible for our analysis given that the target birefrin-
gence signals are small and the uncertainty budget is
dominated by statistical noise.

Each BPWF characterizes how power at multipole ¢
contributes to a given multipole band, typically peaking
near the band center and tapering toward adjacent bands
[Fig. 7(a)]. While each band power receives contributions
from a range of multipoles, the band edges, defined as the
midpoint between adjacent band centers, encompass the
range of dominant contributions. These band edges guide
the choice of ¢, breakpoints used to capture multipole-
dependent birefringence.

Figures 7(c) and 7(d) illustrate the effect of applying the
BPWF convolution on EB spectra, highlighting changes for
varying parameters g and dust foregrounds, respectively.
Our analysis uses band powers corresponding to the
multipole range 20 < ¢ < 520.

D. Likelihood calculation

For all auto and cross spectra XY and frequency pairs
(v1, 1), the binned band powers are concatenated to form
the model prediction vector:

pmodel (@) — @

(D101 xw2), DG %),
XY.v vy

(16)

where N is the total number of E and B power spectra
that are chosen to be included into the likelihood calcu-
lation. This stacking matches the structure of the observed
data vector D9 enabling direct likelihood evaluation. The
Gaussian log-likelihood is then evaluated as

2InLl = (Dmodel(®) _ Ddata)Tz—l (Dmodel(g) _ Ddata)’
(17)

where X is the band power covariance matrix. We use the
same band power covariance matrix as previous analyses
[14], where it is estimated using the baseline 499 simu-
lations. To improve stability, terms with zero expected
covariance are explicitly set to zero to reduce the noise from
the finite number of simulated realizations.

We use a Gaussian likelihood for computational efficiency
and consistency with previous birefringence analyses. Given
that the constraining power in our analysis focuses primarily
on intermediate multipoles Z ~ 300 — 500, the differences
from the Hamimeche-Lewis likelihood are negligible for the
parameter constraints presented here.

In summary, the sampled model parameter set is

Bemss  Alenss 95 {%},
®=q{A} o'} {AT o) ), (18)
ﬁw ﬂd

where

(1) a, are the per-frequency effective rotation angle
parameters, used in Egs. (11)-(14).

(2) Pcums 1s the isotropic cosmic birefringence angle.
(a) In model-independent birefringence runs, fcvp

is modeled as a step function by substituting
Eq. (8) into Egs. (5)—(7).

(b) In EDE analyses, fcvg 1S set to zero, so the a,’s
become the overall per-band polarization rota-
tion angle, whether from instrumentation or
cosmological origin.

(3) g is the photon-axion coupling constant that para-
metrizes parity-violating interactions in early dark
energy models [Eq. (4)]. Itis set to zero when EDE is
not included.

(4) Ajps controls the amplitude of lensing in the BB
spectrum. This parameter allows for variations in the
lensing amplitude to account for uncertainties in the
lensing measurement [Eq. (3)].

(5) AXY and ayy denote the amplitude and spectral tilt
parameters for foreground components (dust and
synchrotron) for each polarization spectrum type
XY €{EE, BB, EB}. The spectral indices f3; and 3,
describe the frequency dependence of synchrotron
and dust emission, respectively. Used in Egs. (9)
and (10).

In this analysis, we do not treat the EDE fraction fgpg as
a free parameter; attempting to simultaneously constrain
fepe can introduce volume effects [37]. Furthermore,
because the EE power exceeds the BB and EB power
by orders of magnitude, the EE spectrum is effectively
insensitive to the small rotations induced by birefringence.
Consequently, we fix the background EDE parameters,
which are primarily sensitive to 77, EE, and TE [54], and
instead adopt representative scenarios with fgpg values
motivated by prior literature: 0.012 (ACT), 0.07 (Planck),
0.087 (Planck + BOSS), and 0.127 (Planck + BOSS +
SHOES) [31,32,37,55] when fitting for the photon-axion
coupling constant g.

We perform the Markov chain Monte Carlo (MCMC)
analysis using the Cobaya framework [56], imposing flat
priors on all parameters with ranges chosen to be signifi-
cantly wider than the expected posterior constraints. We
verified that the posterior distributions for all sampled
parameters are well contained within the prior ranges, with
negligible probability density at the unphysical boundaries.
Flexible configurations allow fixing subsets of parameters
or data cuts (e.g., setting EB foregrounds to zero or
excluding EE and BB spectra) to isolate specific effects.
Convergence is assessed via the Gelman-Rubin statistic
[57] R—1 < 0.01 (or < 0.005 when foreground ampli-
tudes are fixed). These criteria follow the standards
established by Dunkley et al. [58], ensuring that sampling
errors in the posterior distribution are negligible compared
to statistical uncertainties.
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Parameter constraints are derived from marginalized
posterior distributions. We marginalize over all a, in our
real results. Since this work primarily searches for a
multipole-dependent effect, this marginalization will not
affect the constraining power. We reserve the full discus-
sion of the EB spectra and their best fit a,, for future work.

III. DATA AND SIMULATIONS

The data used in this analysis come from the Planck
Satellite [59] and the BICEP/Keck data through the 2018
observing season (BK18) [45]. BK18 is a compilation
of observations by the BICEP2, Keck Array, and BICEP3
telescopes at the South Pole. The high-altitude, dry, and
stable environment enables deep integration on small
patches of the sky with minimal atmospheric interference,
making it ideal for precise measurements of CMB polari-
zation. Previous analysis of BK18 yielded a constraint on
inflationary B modes of r < 0.036 at 95% confidence [45].

A. BK18 dataset

The BKI18 dataset includes observations from three
generations of instruments:

(1) BICEP2: A 150 GHz receiver operated from 2010 to

2012, utilizing approximately 500 bolometers [14].
(ii) Keck Array: Operated from 2012 to 2019, initially
with five 150 GHz receivers, later expanded to
include 95 and 220 GHz receivers [45].
(iii) BICEP3: A receiver observing at 95 GHz, operational
since 2016 with roughly 2500 bolometers [45].

The combined data cover an effective sky area
of approximately 400 square degrees for BICEP2 and
Keck Array, and up to 600 square degrees for BICEP3.
Maps employ an equirectangular pixelization with
0.25° x 0.25°pixels. Observations target a region centered
at RA = 0 h, Dec = —57.5° [18].

Maps are constructed per observation phase after filter-
ing time-ordered data. This process includes the removal
of third-order polynomial trends, filtering of scan-
synchronous signals, and removal of beam systematics
by deprojection [45]. Weighting is applied using inverse
noise variance derived from the time streams, yielding
estimates of the Stokes parameters 7, Q, U and their
variances. The Q and U maps are converted to £ and B
using a map-based purification method described in
BK-VII [60].

A suite of jackknife null tests is performed to validate
data quality and identify systematic contamination [14].
In this work, we use additional multipole band powers
compared to the standard BKI18 analysis to achieve
stronger constraining power. We verify that these higher
multipole bandpowers pass the standard suite of jackknife
tests. Following the procedure described in Appendix B of
BK-XIII [45], we repeat all y> and y null tests using the
same data-split definitions but extend the number of band

.-Bandpowers 1-9 x>

. 2
OBandpoweIs 1-5 x 10

5 ,Jandpowers 1-14 2

20 20 20
10 10 10

%.0 0.5 1.0 %40 0.5 1.0 (8)40 0.5 1.0

Bandpowers 1-5 Bandpowers 1-9 3UBemde\vers 1-14

30

30
20 20 20
10 10 10

%.0 0.5 1.0 %.0 0.5 1.0 ((])‘O 0.5 1.0

FIG. 3. Distributions of the jackknife y?> and y PTE values for
the Keck Array 2016, 2017, and 2018 220 GHz data. This figure
is analogous to Fig. 12 of BKXIII [45], but with an additional
rightmost column showing the extended multipole range (band-
powers 1-14), explicitly checking that the higher multipole band
powers also satisfy the jackknife consistency criteria.

powers from the baseline nine to fourteen, so that we use
multipoles up to £ = 520.

We find that the distribution of probability to exceed
(PTE) values remains consistent with expectations from
simulations (Fig. 3), with no increase in the number of
extreme PTEs (< 0.01 or > 0.99) relative to the baseline
analysis for any of the map frequencies.

We analyze the four mapsets of BK18: the large-field
95 GHz maps and three small-field maps at 95, 150, and
220 GHz. We also use external Planck data, namely the
PR4 maps at 30, 44, 143, 217, and 353 GHz [59], to
constrain foreground parameters, particularly thermal dust,
which dominates at higher frequencies. By marginalizing
over foregrounds, we effectively separate their contribution
from the cosmological signal.

B. Simulations

To characterize systematics, validate estimators, and
compute uncertainties, we create realistic simulations of
the observed data. We follow the standard procedure in the
BICEP/Keck power-spectrum analysis, with steps summa-
rized below. See Refs. [14,60,61] for further methodologi-
cal details.

We construct two simulation sets, both using the
standard BICEP/Keck CMB and Gaussian dust model-
ing for simulating maps. The sets consist of 499
realizations processed through the full BICEP/Keck
power-spectrum-estimation pipeline. The only differ-
ence is the inclusion of an EDE-induced EB signal
in one of the two datasets:

(i) baseline: These are the simulations used in the
main BK18 analysis. They contain a lensed ACDM
signal, sign-flip noise, and foreground dust, with no
injected birefringence signal (g = 0).
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TABLE L.

Best-fit cosmological parameters for EDE models based on ACT and Planck datasets, compiled from

[40,44]. The ACT-motivated EDE0.012 benchmark corresponds to a minimal EDE fraction, while Planck-based fits
span a wider range of frpg values up to 0.127. These parameters are used to generate the EB spectra shown in Fig. 1.

ACT Planck Planck+BOSS Planck+BOSS+SHOES

Parameter (EDE0.012) (EDE0.07) (EDEO0.087) (EDEO0.127)
100 w, 2.233 2259 2.266 2276
Dedm 0.1198 0.1268 0.1285 0.1328
100 x 6, 1.041 1.041 1.041 1.041
In(10'°4;) 3.043 3.058 3.063 3.068

ng 0.965 0.9789 0.9833 0.9916
Treio 0.054 0.0549 0.0563 0.0555
JEDE 0.012 0.070 0.087 0.127
logyo 2. 3.500 3.563 3.559 3.562

0; ot 2.749 2.742 2747 2.761

(ii) EDE: These are identical to the baseline simu-
lations but with a EB signal injected into the input
spectra. This signal is generated by an early dark
energy model with fgpg = 0.07 and g = 1 (Table I).
The parameter fgpg represents the peak fraction of
early dark energy during recombination, with the
chosen value taken from the best-fit Planck model in
Murai et al. [32].

The simulation pipeline involves several steps. We first
generate full-sky signal-only realizations of the CMB sky
sampling from theoretical power spectra derived from
Planck best-fit parameters. We then beam convolve and
reobserve the full-sky maps [60], encoding the real instru-
ment’s scan strategy and time-domain filtering, to produce
maps that reflect the actual sky coverage and resolution of
the experiment.

Instrumental noise is added next. Noise realizations are
derived from sign-flip simulations, created by randomly
flipping the sign of real data subsets. This method
preserves the statistical properties of the noise while
suppressing the sky signal. We also include simulated
foreground dust emission, which is modeled as Gaussian
realizations drawn from an analytic power spectrum with
parameters informed by Planck observations. These
realizations are scaled across frequencies using a modi-
fied blackbody spectrum.

After combining signal, noise, and dust, the maps
undergo purification to reduce E-to-B leakage [60]. A
purification matrix projects out ambiguous modes. Power
spectra are then estimated using a ring-annulus Fourier
estimator, which computes two-point correlations in annu-
lar bins in multipole space. This yields band power
estimates for the EE, BB, and EB spectra.

The power spectra are computed in 14 multipole band
powers spanning £ = 20 to 520, extending beyond the
multipole range of 20 < # < 355 used in the BB analysis to
increase sensitivity to multipole-dependent birefringence
signatures.

IV. PIPELINE VALIDATION

We validate our two pipelines for constraining phenom-
enological multipole dependence and specific early dark
energy models using realistic simulations introduced in
Sec. I B.

A. Estimator for recovering multipole-dependent
step function

We validate our estimator for multipole-dependent
polarization rotation, modeled as a step function in 3(¢),
using our two simulation datasets: baseline and EDE.
This approach introduces a single new parameter Afy,,,
minimizing the total number of free parameters in our
MCMC run.

We fix the axion-photon coupling ¢ =0 and set all
foreground amplitudes to zero so that all the multipole
dependence is captured by the step function. We use only
the EB cross spectra in the data vector and fit for the
four BK per-band polarization rotation angle parameters a,,
and the step amplitude Ap,,. The selected multipole
breakpoints (£, = 265, 300, 335, 370, 405) correspond
approximately to the band edges near the second peak of
the EE spectrum.

We restrict our analysis to the £, €[265,405] range
because it represents the specific regime rigorously
validated by our current simulations. Breakpoints in the
off-peak regime below £, = 265 lead to smaller signal
amplitudes for the low-multipole bins, so the estimator
becomes susceptible to uncharacterized systematics such
as unconstrained dust foregrounds. Conversely, break-
points above £;, = 405 reduce constraining power due to
fewer high-£ band powers. The selected values strike a
balance between statistical sensitivity and methodological
robustness.

For each ¢, we run MCMC chains on all 499 realiza-
tions in both simulation sets, using a convergence criterion
of R — 1 < 0.03. From each realization’s marginalized 1D

123536-8



BICEP/KECK XXI: CONSTRAINTS ON EARLY- ...

PHYS. REV. D 113, 123536 (2026)

posterior, we extract the mean value of Af,, to serve as a
single estimate. We then treat these 499 individual esti-
mates as a new distribution to validate the estimator’s
performance. As shown in Table IV, the ensemble average
and 68% credible interval of these 499 estimates are
consistent with the null result in the baseline simu-
lations; the recovered Af,, values are consistent with zero
across all breakpoints, as expected. In contrast, for the EDE
simulations, the distribution of recovered Af,, exhibits a
1 — 20 level shift, consistent with the #-dependent signal
predicted by the EDE model (Fig. 6).

The mean values and 68% credible intervals across
all tested £, are summarized in Table IV and plotted in
Fig. 8(b) for comparison. We find that the 68% credible
interval on A, is between 0.1°-0.2° over the angular scale
to which we are sensitive. These validation results are
within our expectations and demonstrate our sensitivity to
multipole dependence.

B. Estimator for recovering EDE
photon-axion coupling

To assess the robustness of our inference pipeline in
recovering the photon-axion coupling constant g, we carry
out an extensive suite of validation tests using the two
simulation datasets: baseline and EDE. We explore a
range of EDE scenarios, foreground configurations, and
injected per-band rotation signals. Our goal is to determine
whether the pipeline can reliably recover the injected
coupling parameter g and the polarization rotation angles
a, for each frequency band.

As explained in Sec. II D, we do not fit for the EDE
fraction fgpg; instead, we choose a representative set of
fiducial EDE parameters described in Table 1.

1. Impact of different polarization cross spectra

Our MCMC likelihood supports fitting to different
combinations of polarization spectra:

(1) Marginalizing over foregrounds, free A, and A,;:

(a) EE + EB.
(b) EE + EB + BB (Ajeps fixed to 1).
(c) EE + EB + BB (free Ajepg).
(2) Without marginalizing over foregrounds, A, and A,
set to zero:
(a) EB only.

For each test configuration, we run the pipeline on all
499 simulations, using the mean of each posterior as the
best-fit value. We then compile the best-fit values from all
realizations and compare them to the contours from a single
realization; a comparable shape validates the predicted
uncertainty (Fig. 9). We find unbiased recovery of the
sampled parameters.

For the baseline simulation set (null birefringence),
the recovered values of g and «, are consistent with zero
across all tested configurations (Table V), demonstrating

the accuracy and precision of the estimator in the absence
of a birefringent signal. The 68% credible interval on g
ranges from 0.31 to 0.40.

For the EDE set, using only EB and EE spectra yields
unbiased recovery of both g and «, (Table VI). However,
when BB spectra are included with A, fixed to 1, we
observe a suppression in the recovered g values and an
increase of a,. The likelihood compensates for a BB
mismatch by shifting the effective per-band rotation
angles a,. Due to parameter correlations, this inflation
of a, leads to a corresponding suppression in g. This
suppression suggests an inconsistency between the model
and the simulation BB lensing amplitude, which is also
reflective of the existing uncertainties in the Planck
lensing models [62]. Allowing A, to float significantly
mitigates this bias and restores parameter recovery to
expected values.

2. Impact of EDE parameters used
in generating the EB curve

We also examine how the recovered polarization rotation
angles @, and coupling g vary as a function of the EB
template DEB EPE \1sed in the likelihood, under both g = 0
and g = 1 simulation scenarios. We use a modified version
of cLAsS [49] developed by Murai et al. [32] to generate
four different D?B EPE curves using the EDE parameters
described in Table I. We then run the MCMC pipeline for
each EB template across all 499 simulations for both
baseline and EDE. The EDE sims, including the injected
Jfepe value, stay the same. Only the EB cross spectra are
included in this likelihood calculation. Since EE and BB
are dominated by standard cosmology and foregrounds,
this restriction allows us to isolate the dependence of our
recovered parameters on the specific EDE template shape
without introducing unnecessary covariance.

For the baseline simulation set (Table VII, left),
the recovered g and «, parameters are consistent with zero
in all cases, demonstrating that the estimator remains
unbiased regardless of the assumed EDE model used to
construct DEB EDE_ However, for the case where

Sfepe = 0.012, the bias and uncertainty of g increases.

This occurs because the induced signal in DEFPF is small

for these parameters, making it more difficult to break
the degeneracy between EDE-induced birefringence and
effective per-band rotation.

In the EDE simulation set (Table VII, right), where the
signal is injected at g = 1, the recovered parameters show
mild bias depending on the choice of EB template. This is
expected: the injected D5*™**! in EDE corresponds to a
specific set of EDE parameters where frpg = 0.07, while
the D?B EPE ysed in the validation do not match for the
remaining 3 of the 4 parameter sets. When the template
does not match the injected signal, the likelihood fit can
yield biased estimates.
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This highlights the limitations of assuming a fixed
functional form for the early dark energy signal. Since
the true EDE parameters are not precisely known and are
subject to change with future observations, this introduces
systematic uncertainty into the inference of g. These results
motivate the multipole-dependent approach described in
Sec. VA, which allows for more flexible recovery of
birefringence without assuming a specific EDE model.
Nevertheless, we find that the EB-only analysis remains
sensitive to birefringence effects at the tested coupling scale.

3. Impact of different dust models

We run the MCMC pipeline on multiple datasets using a
variety of dust models to assess the impact of foreground
modeling on the estimator’s recovery of g. The baseline
dataset uses a Gaussian dust model for foregrounds in
the BICEP/Keck patch. To test robustness, we repeat the
analysis using several alternative dust realizations. See
Ref. [45] for detailed descriptions of each model.

Across all cases, fitting jointly to EE, BB, and EB spectra,
the estimator consistently recovers values of g consistent
with zero (Table VIII). The recovered values show minimal
variation between models, indicating that foreground mod-
eling does not significantly bias our constraints on g.

4. Impact of injected per-band rotation

To validate the robustness of our estimator against
isotropic per-band rotation from instrumental sources, we
inject known polarization rotation angles directly into the
EB spectra. This test evaluates whether the estimator
can recover rotation angles correctly without biasing the
inference of the photon-axion coupling parameter g.

We test three configurations of injected rotation angles
across the four frequency bands (Table IX). For each

configuration, we compute the corresponding theoretical

EB spectra, DEP™d(y, % 1,), convolve them with

the band power window functions (BPWFs), and add the
resulting band powers to each realization in both the
baseline and EDE datasets. Foregrounds and isotropic
birefringence (fcyp) are set to zero in the likelihood model
for this test. This simplification allows us to isolate the
estimator’s response to the injected rotation angles without
introducing unnecessary covariance from foreground mar-
ginalization or cosmological parameter degeneracies.

The MCMC pipeline is then executed for each injected
rotation scenario. The injected rotation angles are accu-
rately recovered without introducing bias in the recovered g
(Table IX). Specifically, for both baseline and EDE
simulation sets, the estimated g remains consistent with the
input value regardless of the rotation angle pattern. This test
confirms that the estimator can distinguish between detec-
tor rotation-induced EB and EDE-induced EB and indi-
cates that per-band rotation does not lead to artificial
suppression or increase of the EDE signal.

TABLE II.  Step function constraints. Posterior mean and 68%
credible intervals for the multipole-dependent rotation angle step
Apfg, at each multipole breakpoint. The step-function model
enables sensitivity to multipole-dependent rotation by splitting
low- and high-# band powers.

Breakpoint (7)) Size of angle difference (Af,,) (°)

265 -0.15+0.15

300 -0.01 £0.14

335 0.05+0.13

370 0.11+0.13

405 0.09 £0.15
V. RESULTS

A. Constraints on multipole-dependent birefringence

At each 7, we perform a MCMC analysis jointly
fitting the four BK18 per-band rotation angles a, and a
single Ap,,. All chains satisfy the convergence criterion
R -1 < 0.005.

Fitting to the real BK18 data with the estimator validated
in Sec. IVA, Table II, and Fig. 4 show best-fit values for the
B(¢) function at each ¢, breakpoint. In all cases, the data
prefer values of A, consistent with zero at < 1o, and no
statistically significant deviations are observed.

These results provide the first model-independent
constraints on multipole-dependent birefringence from
BICEP/Keck data. They demonstrate the viability of
CMB polarization spectra to probe time-varying parity-
violating physics without strong assumptions about the
underlying dynamics.

B. Constraints on early dark energy

We perform an extension to the analysis by Eskilt ef al.
[31] using BICEP/Keck data, as well as the Planck spectra.
In addition to EB-only fits, our analysis includes the EE
and BB spectra and marginalizes over synchrotron and

<
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o
—

Step Size Ay, [°]
|
—
H
—_

|
=
[

265 300 335 370 405
Multipole Breakpoint £,
FIG. 4. Step function constraints. Best-fit #(¢) step function for

five values of the ¢, breakpoints with 1o uncertainty. All values
are consistent with Ag,, = 0.
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TABLE III. EDE constraints. Posterior mean and 68% credible intervals on the photon-axion coupling g (units of M;ll) at fixed EDE
parameter values across multiple analysis configurations and data subsets.

Data in likelihood Jfepe = 0.012 0.070 0.087 0.127

Eskilt-only 0.05 +£0.44 0.05+0.18 0.03 £0.16 0.03+£0.13
BK18 EB-only 0.48 £ 0.99 0.20 £ 0.46 0.21 £0.39 0.23 +£0.30
BK18 EE + EB 0.41+1.01 0.12+0.41 0.14 +0.38 0.17 £ 0.31
BK18 EE + EB + BB 0.28 £1.01 0.07 £0.40 0.11 +0.37 0.11 £0.31
BK18 EE + EB + BB free A, 0.21 +£1.02 0.06 +0.43 0.08 +0.37 0.10+£0.31

dust templates as described in Sec. II, allowing for more
robust constraints that account for potential foreground
contamination.

We apply the same estimator validated in Sec. IV B to
real BK18 data, sampling over g for each fixed value
of fEpE-

Posterior distributions for g are consistent with zero
across all fgpg values, as summarized in Table III. The
result using Eskilt’s baseline EDE parameters is shown in
Fig. 5. Marginalizing over foreground parameters does not
significantly change the central values or widths of the
posteriors, confirming the robustness of our constraints.

For the baseline EDE parameters (fgpg = 0.087), Eskilt
et al. [31] reported a constraint of g = 0.04 4 0.16 using
Planck and BOSS data. For the same EDE parameters,
our most robust configuration (EE + EB + BB) yields
g =0.11 £ 0.37. While consistent with the Planck result,
our uncertainty is approximately a factor of 2 larger. This
difference in our sensitivity reflects the trade-off between
the full-sky coverage of Planck, which accesses a wider

BK18 EE+EB with foregrounds
= BK18 EE4+EB+BB with foregrounds
—— BKI18 EE4+EB+BB with foregrounds and free Ay
— BKI18 EB no foregrounds
—— Eskilt et al. [31]

-1 0 1

g/M;!

FIG. 5. EDE constraints. Posterior distribution on the axion-

photon coupling g from BKI18 (this work), overlaid with the

constraint from Planck EB analysis by Eskilt et al. [31] with the
EDE parameters from their baseline result.

range of multipoles, and the deep, focused integration of
BICEP/Keck on a smaller patch of sky.

Notably, the tightest constraints occur at higher fgpg,
where the EDE-induced EB templates deviate more sig-
nificantly from a simple rotated EE spectrum. The tighter
constraints indicate stronger evidence against large signals
of EDE, especially in multipole ranges sensitive to the time
evolution of birefringence. Because of the limited sky
coverage and angular resolution, the spectra from BICEP/
Keck data have a limited multipole range, limiting their
statistical power compared to full-sky missions.

VI. CONCLUSION

We have presented the first constraints on multipole-
dependent cosmic birefringence using EB power spectra
from BICEP/Keck. Parity-violating early dark energy
models serve as a compelling theoretical test case, offering
a physically motivated example of Z-dependent effects in
the early Universe.

To probe multipole-dependent effects, we introduced
the phenomenological parameter Af,,, describing a step-
like change in rotation angle at multipole £;,. Across the
tested range of breakpoints, Af,, was consistent with
zero within uncertainties of ~0.15° placing phenomeno-
logical limits on a time-evolving parity-violating field
during recombination.

We further constrained an axion-like EDE model with
Chern-Simons coupling to photons, placing bounds on the
axion-photon coupling g for benchmark EDE parameters
with varying energy fractions fgpg. Using BKI18 data
with multicomponent frequency coverage and robust
foreground marginalization, we found the results to be
consistent with the null hypothesis and to agree with
existing limits from Planck.

Importantly, this work establishes a versatile framework
for testing multipole-dependent cosmic birefringence with
CMB polarization, where more flexible parameterizations
of f(¢) could be explored in future work. Extended
multipole-dependent simulations, specifically improving
dust modeling and including full EE and BB spectra, will
allow us to validate the estimator across a broader range of
multipole breakpoints. While we avoided models requiring
more than one free parameter for this work, modeling the
rotation angle as a linear or periodic function of # would
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allow for a wider class of multipole-dependent effects
with only modest increases in model complexity.
However, such extensions must be approached with care
to avoid overfitting in the absence of strong theoretical
priors. Incorporating foregrounds and other polarization
spectra directly into the B(£) analysis framework is
another natural extension.

Future calibration campaigns for BICEP3 are expected
to yield precise measurements of absolute polarization
angles, which are currently unconstrained in this analysis.
As detailed in BICEP/Keck XVIII [18], establishing these
absolute reference angles will break the degeneracy
between isotropic cosmic birefringence and instrumental
rotation. This advancement will enable direct constraints on
Pomp and significantly improve the separation of cosmo-
logical signals from instrumental systematics.
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APPENDIX: FIGURES AND TABLES
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FIG. 6. Visualizing step-function modeling of #-dependent rotation. (a) Example B(#) modeled as step functions at various
breakpoints ¢;,. Each curve represents a different step size Af,,, demonstrating the effect of multipole-dependent changes in the
polarization rotation angle. (b) Comparison between a step-function () model (blue) and a constant-angle model (orange), fit to
simulated EDE EB data, sim 79 (black). To produce a marginally better fit (y> = 17.1 vs 18.3), the #-dependent estimator accommodates
the features in the data by recovering a significant step size over the constant rotation model. In both cases, g is set to zero so the EB
spectrum is solely produced by this effective rotation.
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FIG. 7. Visualizations of the band power window function and its effect on polarization spectra. (a) Bandpower window functions
(BPWFs) for selected cross spectra, showing contribution to each bandpower across £. Dashed lines correspond to nominal bandpower
centers. (b) Nominal band centers # associated with each bandpower. The theoretical expectation values are calculated via the full
convolution with the window functions according to Eq. (15). (c) Effect of BPWF on EB spectra for varying g and ficyp. No dust or per-
band rotation applied. (d) Effect of BPWF on EB spectra with varying dust foreground parameters. Unspecified parameters are set to
fiducial values (Table V). Due to suppression factors from instrumental and analysis filtering, the binned spectra in the lower panels

appear at a reduced amplitude relative to the theory spectra.
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TABLEIV. Validation of step-function estimator. The mean and 68% credible interval of all recovered Af,, values (degrees) for each
tested breakpoint Z;, over the 499 simulation realizations. These recovered values validate that the estimator can accurately constrain
multipole dependence when none is present (null ACDM case) and detect multipole dependence when it is present in data (EDE case).
The distribution of recovered Af,, means for £;, = 370 is shown in contour plot Fig. 8(a).

Step function breakpoint (7)) baseline (g =0) EDE (g=1)
265 0.01 £0.16 0.13£0.17
300 0.01 £0.14 0.20 £0.15
335 0.02 £0.12 0.23 +£0.14
370 0.01 £0.14 0.26 +£0.14
405 0.01 £0.17 0.30 £0.18

O  Ensemble of 499 Sims
-6 Sim 079

()
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FIG. 8. Validation of the model-independent step-function estimator. (a) Posterior distribution (where shaded regions represent 2D
MCMC sample densities, and the contours represent the 68%, 95%, and 99% credible intervals) of the step amplitude A, for a single
EDE realization overlaid on the ensemble distribution of posterior means from 499 simulations (red). The blue dashed lines indicate the
specific posterior mean for the representative realization (Sim 79), marking its position on the ensemble distribution with a red dot.
(b) Recovered step amplitudes Af,, across all tested multipole breakpoints. Points represent the average of the 499 posterior means,
while error bars represent the 68% credible interval. The baseline set (blue) consistently recovers zero, while the EDE set (orange)
exhibits a nonzero, £-dependent signal characteristic of the injected birefringence.
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FIG. 9. Validation of parameter constraints for the EDE estimator. Contours show the posterior from a single representative realization
(blue) compared to the distribution of best-fit peaks from 499 simulations (red) in the EDE set (“All with scaled BB”). The agreement
between the single-realization width and the ensemble scatter indicates that the likelihood accurately estimates parameter uncertainties.
Blue dashed lines mark the mean of Sim 79 realization’s posterior, and the red dot marks its position on the ensemble contour. For
visualization, the posterior is projected onto select parameters of interest; all other foreground and instrument parameters (see Tables V
and VI) are marginalized over.

TABLE V. Validation of parameter recovery on null (baseline) simulations. Values represent the mean and 68% credible interval of
the ensemble of 499 individual posterior means recovered from the baseline simulation sets. All recovered means are consistent with
the fiducial input. The rotation angles are in units of degrees, g is in units of M;ll , and dust amplitudes are in units of uK>. The spectral
indices are unitless.

Parameter All with free Ay All No BB EB only Fiducial
g 0.03 £ 0.31 0.03 +£0.35 0.05 +£0.40 0.03 +£0.40 0
Qg -0.01 £0.22 —0.00 £0.21 —-0.01 £0.23 -0.01 £0.23 0
a150 -0.02 £0.17 -0.01 £0.17 —0.02 £0.18 -0.02 £0.18 0
k95 0.02 +£0.27 0.00 £ 0.24 —0.01 £0.25 —0.00 £0.25 0
aposif -0.02 £0.15 -0.02 £0.16 0.03 +0.18 —0.00 £0.52 0
Alens 1.05 £0.08 - e . 1
ALE 77£13 7.49 +1.58 8.05 £2.07 e 7.5
akE —-0.33 £0.18 -0.28 +0.26 —0.30 £ 0.25 e -0.4
ABB 3.86 £0.8 422+1.12 e e 3.75
aBB —-0.31 £0.18 -0.24 +0.26 e e -0.4
ALB 0.00 £+ 0.40 0.00 £ 0.41 —0.01 £0.46 -0.01 £0.49 0
Pust 1.68 £ 0.15 1.68 £ 0.16 1.72 £ 0.28 e 1.6
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TABLE VI. Validation of parameter recovery on birefringent (EDE) simulations. Values represent the mean and 68% credible interval
of the ensemble of 499 individual posterior means recovered from the EDE simulation sets. The estimator recovers the injected signal
across most configurations without bias. Selected parameters are shown in Fig. 9. The rotation angles are in units of degrees, ¢ is in units

of M;ll, and dust amplitudes are in units of pK?. The spectral indices are unitless.

Parameter All with free Ajeng All No BB EB only Fiducial
g 0.89 £ 0.36 0.71 £0.32 0.98 £ 0.40 1.00 £ 0.40 1
Qg 0.02 +£0.22 0.10 £0.20 —0.02 +£0.23 -0.02 £0.24 0
ais0 0.03+0.17 0.12 £ 0.15 0.00 +0.18 —-0.00 £0.19 0
k95 0.03 £0.24 0.11 £0.23 —0.01 £0.25 —-0.01 £0.26 0
Aposif 0.03 £0.16 0.124+0.14 —0.02 £0.18 0.00 £0.18 0
Alens 1.11 £0.09 e 1
ALE 7.88 £1.45 7.32 £1.46 7.93 £1.98 7.5
akE -0.38 £0.21 -0.31£0.25 —0.34 £0.24 -0.4
ABB 3.84 +0.84 3.60 £ 0.84 3.75
abB -0.37£0.24 -0.28 £0.25 -0.4
ALB 0.03 £0.51 0.01 £0.38 0.02 £0.44 0.02 +0.48 0
Paust 1.66 £ 0.16 1.61 £0.16 1.68 +0.28 1.6
TABLE VII. Sensitivity of parameter recovery to the assumed EDE template shape. Comparison of recovered angles «, and coupling

g when using different initial theory templates (fgpg) for analysis across the 499 simulation realizations. In the null case (baseline,
left), recovery is robust against template choice. In the signal case (g = 1, right), slight biases appear if the analysis template differs from
the true underlying signal, demonstrating the need for a model-independent estimator.

baseline g=0 EDE g=1

Template fgpg Template fgpg

Parameter 0.012 0.070 0.087 0.127 0.012 0.070 0.087 0.127

Qg -0.00 £0.21 -0.02+£0.27 -0.01+£0.22 0+0.17 0.20 £0.21 0+030 0.134+0.23 0.34+0.19

ais0 -0.01 £0.14 -0.02+£0.21 -0.01£0.16 0£0.10 020+0.15 04+£023 0.12+£0.16 0.35+0.10

k95 -0.02£025 -0.03+£032 -0.04+£026 -0.01+023 0.19+024 0+029 0.12+£025 0.35+0.23

Aposif -0.01 £0.13 -0.03+£022 -0.01+£0.15 -0.01+£0.07 0204+0.13 0+£023 0.13£0.15 0.36+0.07

g 0.11£1.1 0.02 £0.46 0.04 £0.41 0.03£035 229+12 097+£045 0.89+£042 0.75£0.37
TABLE VIII. Systematics and robustness checks for dust. Recovered g values across 499 simulation realizations

when analyzing null simulations generated with different non-Gaussian dust models; no significant bias is observed.
Same labels as in Ref. [45] are used for the alternate dust models.

Dust simulation dataset Recovered ¢

No dust 0.04 £ 0.31
Gaussian dust 0.03 £0.31
pysml —0.02 £0.35
pysm2 0+£0.46
pysm3 —0.03 £0.38
mhd —0.07 £0.33
mkd 0.13+0.35
gdecorr 0.04 £0.32
gampmod 0.03 +0.32
vansyngel 0.05 +0.31
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TABLE IX. Robustness against injected detector rotation. (a) For each configuration, the specific rotation angles
(in degrees) injected into each frequency of all simulation realizations. (b) The mean and 68% credible interval of
the recovered coupling constant g (in Mrjll) for each configuration across 499 realizations. The consistency of the
recovered values demonstrates that the estimator separates instrumental rotation from the EDE signal without bias.

(a) Injected detector rotation

Configuration 220 150 K95 BOsIf
Positive 0 0.25 0.5 0.75
Negative 0 —0.25 —0.5 -0.75
Balanced -1 -0.5 0 0.5
Null injection 0 0 0 0
(b) Recovered coupling g
Configuration baseline EDE
Positive 0.04 +0.37 0.97 £0.42
Negative 0.03 +0.38 0.98 +0.42
Balanced 0.03 +0.37 0.97 £0.42
Null injection 0.03 +0.37 0.97 £0.41
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