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Constraining gravitational wave amplitude birefringence with GWTC-3
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The propagation of gravitational waves can reveal fundamental features of the structure of spacetime.
For instance, differences in the propagation of gravitational-wave polarizations would be a smoking gun for
parity violations in the gravitational sector, as expected from birefringent theories like Chern-Simons
gravity. Here we look for evidence of amplitude birefringence in the third catalog of detections by the Laser
Interferometer Gravitational Wave Observatory and Virgo through the use of birefringent templates
inspired by dynamical Chern-Simons gravity. From 71 binary-black-hole signals, we obtain the most
precise constraints on gravitational-wave amplitude birefringence yet, measuring a birefringent attenuation
of k = —0.019f8;8§§ Gpc~! at 100 Hz with 90% credibility, equivalent to a parity-violation energy scale of

Mpy = 6.8 x 10721 GeV.
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I. INTRODUCTION

Gravitational wave (GW) detections by the LIGO-Virgo-
KAGRA Collaboration (LVK) [1-3] are now routinely used
to test various aspects of FEinstein’s theory of general
relativity (GR) [4-6]. Among those, measurements of
the basic properties of GWs, like their speed and polari-
zation, can directly probe the fundamental symmetries of
the underlying theory of gravity [7]. For instance, unequal
propagation of GW polarization eigenstates would reveal
that spacetime is birefringent, a smoking gun for parity-odd
theories like Chern-Simons gravity [8—11]. Here we con-
strain the magnitude of possible amplitude birefringence
using binary black hole (BBH) signals from the latest LVK
catalog, GWTC-3 [12].

Previous studies have constrained amplitude birefrin-
gence by performing different statistical analyses. Yamada,
Tanaka [13] and Wang et al. [14] both performed parameter
estimation (PE) on the events in the first GW transient
catalog [15], GWTC-1, using birefringent templates.
Okounkova et al. [16] considered the distribution of
observed inclinations of the GW events in the second
GW transient catalog [17], GWTC-2, to look for signs of
birefringence; Vitale et al. [18] carried out a related
analysis. While this manuscript was finalized, Zhu et al.
[19] reported an analysis of GWTC-3.

In this study, we use a frequency-dependent birefrin-
gence model to constrain the strength of GW amplitude
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birefringence by performing PE on LVK binaries. This
model is a better approximation of the birefringence
effect expected from theory rather than the frequency-
independent model used in Okounkova et al. [16].
Including the frequency dependence allows us to break
the degeneracy between birefringence and source inclina-
tion, which we discuss below in Sec. II B. Compared to
Refs. [13,14,16], we perform PE on more events, including
events new to GWTC-3 [12], and use a phenomenology-
oriented parametrization. We consider 71 binary black hole
merger events with a false-alarm rate (FAR) < 1/yr, as
listed in Table I of Abbott et al. [20]. We discuss single-
event results in detail and identify degeneracies between
birefringence and spin effects, in addition to the already
known correlations with source orientation and distance.
We use the results from individual events to place a
collective population constraint on the strength of GW
amplitude birefringence from GWTC-3.

In Sec. II, we briefly review the background of GW
amplitude birefringence. In Sec. III, we describe the modi-
fication we apply to the baseline GR waveform, summarize
our PE configuration, and outline our statistical methods for
combining information from multiple events. In Sec. IV, we
present our constraint on GW amplitude birefringence,
discussing individual events and the catalog collectively.
In Sec. V, we discuss the implications of our result,
comparing to previous constraints in the literature and
outlining correlation structures that appear in our measure-
ments. Finally, we conclude in Sec. V with a summary. In the
Appendix, we provide extended results and discussion for
two notable events (GW170818 and GW190521).

© 2023 American Physical Society


https://orcid.org/0000-0002-9491-1598
https://orcid.org/0000-0001-8830-8672
https://orcid.org/0000-0003-1540-8562
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.108.084068&domain=pdf&date_stamp=2023-10-30
https://doi.org/10.1103/PhysRevD.108.084068
https://doi.org/10.1103/PhysRevD.108.084068
https://doi.org/10.1103/PhysRevD.108.084068
https://doi.org/10.1103/PhysRevD.108.084068

NG, ISI, WONG, and FARR

PHYS. REV. D 108, 084068 (2023)

II. BACKGROUND

A. Birefringence

In GR, GWs are comprised of two independent polari-
zation modes, usually represented in the linear basis of plus
(4) and cross (x) states. In the Fourier domain, these can be
combined into left-handed (L) and right-handed (R) cir-
cular states (see, e.g., [21]),

b =5 e £ ), )

where £ is the frequency domain strain, with the plus and
minus signs for L and R, respectively. These circular modes
represent eigenstates of the helicity operator (helicity +2)
and possess a definite parity. Einstein’s theory, which is
parity even, predicts no difference in the dynamics of these
two states.

Yet, parity odd extensions of GR may make distinctions
between the two circular polarizations, potentially appear-
ing in both the generation and propagation of GWs. The
latter can manifest in changes to the relative amplitude and
phase of the polarizations that accrue as the wave prop-
agates, giving us hope of detecting initially small effects
that compound over long propagation distances.

In particular, amplitude birefringence would enhance
one polarization mode over the other. Following [10], the
effect of birefringence can be modeled as a frequency-
dependent amplification or dampening; similar derivations
can be found in [19,22-24]. To first order in the equations
of motion, in theories like Chern-Simons gravity, the
Fourier-domain waveform observed at a comoving distance
dc away from the source can be written as

HE0) = W53 xexp (xde ). @)

where the emitted waveform hgf, is modified by an
exponential birefringent factor to yield the observed wave-
form h'zr/ z- The overall magnitude of this effect for a given
frequency f is set by an attenuation coefficient x, which
encodes the intrinsic strength of the birefringence: x~!
represents an ‘“‘attenuation length” encoding the typical
distance that yields an e-folding in the amplification or
dampening of the polarizations at a fiducial signal fre-
quency of 100 Hz at the detector. The emitted waveform for
a given source (i.e., the waveform observed in the near
zone, very close to the source) will generally differ from the
analogous waveform predicted by GR [10,25]; however,
since we expect most viable modifications to GR to be
intrinsically small (e.g., [26]), it is standard to approximate
the emitted waveform by the prediction from GR (hence the
notation “hSR” above).

Although the intrinsic modification is small, the effect
targeted by Eq. (2) accumulates as the GW propagates.

During propagation, the effect of birefringence will be built
up with the number of cycles, which is itself a function of
the distance traveled and the frequency of the GWs.
According to Eq. (2), a positive k means the left-handed
polarization is enhanced over the right-handed polarization,
while a negative k means the opposite; when x = 0, the
observed waveform is the same as GR predicts, meaning
there is no birefringence.

Equation (2) can be derived as the first-order effect in an
expansion away from GR under multiple frameworks. In
general, k will be a function of the theory parameters and
the cosmological history, e.g., the value of the pseudoscalar
field and its derivative in Chern-Simons gravity [10]. Since
it originates from a truncated series expansion,1 Eq. (2)isa
good approximation only for small exponents, namely,

(GPKC"1> (C;lpc> (10({ Hz> <h (3)

recalling that « has dimensions of inverse length.
Otherwise, more frequency-dependent terms could enter
the exponent of Eq. (2) in a theory-dependent way.

B. Inclination and other degeneracies

Under certain conditions, the effect of birefringence can
be degenerate with a change in the orientation of the source
with respect to the line of sight [10]. Concretely, for a
nonprecessing compact binary inspiral in GR, the observed
amplitude ratio of the left-handed and right-handed polar-
izations is only a function of the inclination i, the angle
between the orbital angular momentum of the source, and
the line of sight [27]. For the dominant £ = |m| =2
angular mode of the radiation, the relation between the
amplitude ratio and the inclination is

AR (1 —cos 1?2 4
hSR <1—|—cos z) “)
for all frequencies (see, e.g., Sec. III C in [21]).

Since birefringence impacts the observed amplitude
ratio of left- and right-handed modes, it could also affect
inferences about the source inclination [10]. However, the
two effects are degenerate only if the frequency dependence
of Eq. (2) is neglected. This is easy to see from Eq. (2) since

the implied polarization ratio for the # = |m| = 2 mode of
a nonprecessing source is

'Often the birefringent effect is written as an expansion in
redshift z [e.g., [22]], rather than distance. Here we use d. to
emphasize that the effect accumulates per cycle, or with propa-
gation distance. Thus, current ground-based experiments, which
can detect gravitational waves to z~ 1, dc ~ dy (Hubble dis-
tance), are already observing propagation over a large fraction of
the Universe and constrain this effect meaningfully.
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hbr 1 —cos 1)2 f
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For an isolated Fourier mode of definite frequency f, the
effect of birefringence will be degenerate with a change in
inclination; however, if multiple modes come into play,
then no change in inclination alone can mask the effect of
birefringence, which will affect the time domain waveform
nontrivially (Fig. 1).

Okounkova et al. [16] took the effect of birefringence to
be independent of the frequency, which is a simplified
approximation of the birefringence model in Chern-Simons
gravity. This assumption results in a full degeneracy
between k and i to reconstruct the amplitude ratio from
the interferometer data, a value of : representing a more
face-off inspiral can pair with a positive value of «, or a
value of : representing a more face-on inspiral with a
negative value of k. That fact can be used to constrain
frequency-independent birefringence by searching for fea-
tures in the distribution of inferred inclinations [16].

By implementing Eq. (2), we generally break the
degeneracy between birefringence and source orientation;
this was also the case in the frequency-dependent relations
studied in [13,14]. Nevertheless, there exist systems for

1072 L (GR)
- R (CR)
__ 1o e
= L (BR) ........................
o —— R (BR)
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FIG. 1. Tllustration of amplitude birefringence. The GR wave-
form for the # = |m| = 2 mode of a nonprecessing BBH seen
edge-on (cos: = 0) is linearly polarized and thus contains equal
amounts of left- and right-handed modes for all frequencies
(dotted, top). However, if spacetime were birefringent (BR)
following Eq. (2), then the waveform observed on Earth would
contain different fractions of the two circular modes, with higher
frequencies affected more strongly (solid, top). In the time
domain, this manifests as a time-dependent amplification of
the waveform, with a stronger effect at later times when the chirp
reaches a higher instantaneous frequency (bottom). For this
example, the black holes do not spin and have equal masses
my; = m, = 10My, and we have chosen a luminosity distance
d; =400 Mpc and « = 0.6.

which the degeneracy cannot be broken, in practice,
because not enough frequencies are available in the data.
This may also be the case for quasimonochromatic sources,
like nonaxisymmetric pulsars or very light binaries, which
are well approximated by a single Fourier mode.

As we will find in Sec. 1V, the effect of birefringence can
be (partially) degenerate with other parameters besides
source inclination. Indeed, the frequency-dependent ampli-
fication or dampening of polarizations caused by x can
sometimes be absorbed by changes in intrinsic parameters,
like the spins, with concurrent adjustments to the source
inclination and distance. As a measure of the black hole
(BH) spin magnitudes along the orbital angular momen-
tum, we will use the effective spin parameter [28—30]

1
=— , 6
Heff 1+q()(1u+¢1)(2u) (6)

where y; are the norms of the projections of the dimen-
sionless spin vectors along the orbital angular momentum,
and the mass ratio is ¢ = m,/m; < 1. We will study the
interplay between birefringence and precession by focusing
on the posterior of the precessing spin parameter y,,
defined as [31]

Xp =max {1, kx> }, (7)

where y;, are the norms of the projections of the dimen-
sionless spin vectors onto the orbital plane at a reference
time, and k = q¢(4q + 3)/(4 + 3q). We chart this and other
approximate degeneracies as part of the results presented
in Sec. IV.

1. METHOD

A. Single-event parameter estimation

To constrain birefringence, we reanalyze events from
GWTC-3 [12,32] implementing Eq. (2) to directly obtain a
posterior on k from the strain of each event. We analyze the
71 BBHs that were detected with FAR < 1/yr, less
stringent than the typical LVK threshold of 1/1000 yr
[6,33]. The FAR values are typically determined by GR
pipelines, which could down-rank signals beyond GR
[33-35]; however, since detectability through matched-
filtering is most sensitive to the phase, not the amplitude,
we expect only a minor decrease in sensitivity to the kind of
birefringent signals explored here. To avoid extended
computations on longer signals and considering these are
generally at closer distances, we do not analyze systems
involving neutron stars in this work. We procure strain data
from Gravitational Wave Open Science Center [36].

We estimate source parameters using a custom version of
the BILBY software [37], modified from the baseline version
to apply Eq. (2) for any GR baseline waveform. We take the
PE configuration in [12,32,38,39] as a starting point, with
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IMRPHENOMXPHM [40] as the reference waveform. We
apply a distance prior corresponding to a uniform distri-
bution over comoving volume and source-frame time (see,
e.g., Eq. 10 in [41]), and set the prior on x to be uniform
between —1 Gpc™! and 1 Gpc~!.

For GW190521, we increase the maximum distance
allowed by the prior to 1.5x the original value in [38], as
the birefringence effect results in posterior support at larger
distances. For GW190720, we decrease the analysis seg-
ment from 16 s to 8 s, in order to accommodate missing
data near the edges of the 16 s segment in Virgo. Otherwise,
the configuration is as in [12,32,38,39].

In order to validate our PE implementation, we repro-
duce the LVK PE results obtained assuming GR by
enforcing x = 0; this also has the advantage of producing
GR runs that are directly comparable to our birefringent
runs. All our PE results, including the GR validation runs,
are published in Ng et al. [42].

B. Collective analysis

1. Shared birefringence parameter

In the most simplified scenarios, birefringence is a
property of spacetime that is not intrinsic to any source
or region in space. Consequently, we should expect k to
take the same value for all signals, whether it vanishes or
not. Under this assumption, the posterior on « inferred
collectively from all events is simply obtained from
the product of the individual likelihoods, p(d;|x) e
p(k|d;)/p(k), such that

) o [T P, ®

where d; is the strain data for the ith event, and p(k) is
the prior on «; since the prior is uniform, in our case
Eq. (8) reduces to the product of the posteriors, namely
p(kl{d;}) « ]]; p(x|d;). We use Eq. (8) to obtain the
primary constraint presented in this work.

2. Nonshared birefringence parameters

Under many frameworks, birefringence is brokered by
an extra parity-odd field that couples to gravity. In that case,
the effective strength of birefringence may vary along the
different lines of sight to each event, depending on cosmic
history and the local evolution of the field. The simplest
assumption is that the field manifests equally for all events,
as assumed in the previous subsection, but this is not
strictly required. These considerations motivate a collective
analysis that does not assume x is shared across events
[43,44]. Such an analysis has the additional advantage of
helping us further characterize our set of measurements and
identify potential outliers.

To do this, we apply hierarchical Bayesian inference
[45,46] to model the distribution of x’s consistent with the
observed data: we posit that, rather than a unique global
value of «k, there is a specific value of the parameter «;,
associated with each event, and that this is drawn from
some unknown distribution of true underlying values; from
the imperfect measurements of x; for each event, we may
reconstruct the underlying distribution. If we are interested
in constraining the first two moments of the distribution,
then it is convenient to parametrize the x;’s as drawn from a
Gaussian with unknown mean y and variance o2, ie., K; ~
N (u,6%) [47], and measure those hyperparameters from
the collection of observed data.

If GR is correct and there is no birefringence, then we
should find the observed « distribution to be consistent with
a delta function at the origin (x; = O for all i, or y = o = 0);
on the other hand, if spacetime is globally birefringent, then
we expect to find a delta function at some nonzero value
(x; =k # 0, or y = k and 6 = 0). But this analysis also has
the power to reveal unexpected physics or systematics in
our measurements: if ¢ is confidently found to be nonzero,
then this would imply that our set of measurements is
statistically unlikely to originate from a unique x value.
This could signal richer physics than is implied by Eq. (2)
or, more prosaically, that there are outliers in our mea-
surements due to mismodeling, e.g., in the waveform
approximant or the noise of the detector.

Starting from the posterior on « from each ith event,
p(k;|d;), the posterior on the hyperparameters x and ¢ can
be calculated by

plalta)) s ptua)[] [P pis o, (9

where p(k) is the prior initially applied to x during PE,
which in our case is a uniform distribution, U[—1,1].
Further choosing the hyperpriors on y and ¢ to be uniform,
Eq. (9) simplifies to

plnal{d)) « I [ plclddptsleolds. (10

where  p(k;|pu, ) x exp(—|k; — u|*/26%) is the usual
Gaussian likelihood.

Beyond measuring the population mean and variance,
we also calculate the expected population distribution of
marginalized over y and o. This is defined by

pll{d)) = / plkilu.0)p(u. ol{d})duds (1)

and represents our overall expectation for the true values of
K, given the observed set of individual measurements and,
crucially, assuming the underlying distribution is Gaussian.
Although the measurement of the population mean and
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variance applies irrespective of whether the underlying «;
distribution is truly Gaussian, the specific shape of the
population-marginalized distribution of Eq. (11) is not;

0.5

lu/ol D e—

GW150914

GWI151012 ____————— |

GWI151226 ———— |

: P GW170104 __—7 i ——
thereforg, Eq. (11) should n(.)t bp 1r}terpreted as giving a BT s — - ————
generic inference on the x distribution—more expressive GW170729 f

. . / ¢ e
models than a Gaussian would be better suited to that g&ggg?z —
purpose. To sample the posterior distribution of y and o, we GW170818 R

. GW170823 !
use the sampling package FLowMC [48]. GW190408 181802 e
GW190412
GW190413 052954 i
IV. RESULTS GW190413 134308 - —

In this section, we present the results of our study. We
first show the k measurements from all events in our set, as
well as the resulting global measurement of « that repre-
sents our primary constraint on birefringence (Sec. IV A).
We then assess the collection of measurements in more
detail through a hierarchical analysis (Sec. IV B). Finally,
we discuss some special events, individually, and outline
the degeneracies that arise between birefringence and

GW190421 213856 ——— |

GWI190503 185404 e

GW190512.180714

GW190513 205428

GW190517 055101 = o

GW190519.153544 _—— 1}

GW190521

GW190521 074359 _____—————

GW190527 092055 —— |

GW190602 175927 —

GW190620 030421 ——— |

GW190630.1852056 ———— |

GW190701 203306

. . GW190706 222641 —— |+ ——
orbital precession (Sec. IV C). CW190707 093326 e
GW190708 232457 ———F+——— ———
GW190719 215514 — — &+ — —————
A. GWTC-3 result GW190720_000836 T
) ) ) GW190725 174728 [ ——
Figure 2 shows the main result of our GWTC-3 analysis GW190727 060333 ]
. . . . . 7 /] _I\
as re.prese.nte.d .by the posterior dlstnbutlop on K (abs<:1§sa) 8%38%? ?gégég T ———
obtained individually for each event (ordinate). Posteriors GW190803 022701 N
GW190805 211137 .

are colored by the respective posterior mean distance to the
origin in units of standard deviation, i.e., |y;/0;| for each
event i.> The collective measurement obtained by assuming
a shared « across events, Eq. (8), is represented by its 90%-
credible symmetric interval (blue band) around the median
(blue line); this joint measurement is fully consistent with
xk = 0 (dashed line) with the credible level of 0.209,
meaning we find no evidence for birefringence.

Figure 2 makes it clear that not all BBHs in GWTC-3 are

GW190814
GW190828 063405 _______———"""|

GW190828 065509

GW190910-112807

GW190915 235702

GW190917 114630

GW190924 021846

B — ]

GW190925 232845

GW190929 012149 ——— |

GW190930.133541 _____—————

GW191103 012549

GW191105 143521

GW191109 010717 T —
equally informative about birefringence. When considered GWI91127.050227 ___——— | T ———u
S . . . GWIO1120 134020 ____—— —Ff +V———
individually, the events that best constrain x are listed in GW191204 171526 :

Table I, in order of increasing standard deviation &;. That GW191215 223052 H
. . CGWI91216 213338 ——— [
table also shows the credible level (CL) at which the QWi191222 033537 ———A 77— —
i = = - CWI91230 180458 _____———— f F+——— —
posterior supports k =0, whereby CL=0 (CL=1) CW200L12 155838
means the posterior supports that value with high (low) GW200128 022011 ————— f t+———

probability. This quantity represents the relative height of
the probability density function at x = 0 and is not tied to a
symmetric interval, making it particularly useful in assess-
ing bimodal posteriors.

Judging by u;/o;, the two events that show the largest ten-
sion with k = 0 are GW170818, for which y,;/o6; = 2.0, and
GW200129_065458 (henceforth GW200129), for which
u;/o; = —1.5. However, as we discuss in Sec. IV C 3, we

*We use the i notation for individual events here to disambig-

GW200129 065458

GW200202 154313

GW200208130117

GW200209 085452

GW200216 220804
GW200219_094415 1

GW200224 222234 Ali—\
GW200225 060421 I

GW200302 015811

GW200311.115853

=

GW200316 215756 oy

—-0.20 —-0.15 —0.10 —0.05

0.00 005 010 015 0.20

x (Gpe™)

FIG. 2. Individual-event x posteriors (distributions) and joint

uate from the population mean g and standard deviation o
measurement (blue band, 90% CI; blue line, median).

of Eq. (9).
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TABLE 1. Events that best constrain x, sorted by posterior
standard deviation ¢;. CL is the credible level of x = 0.

Event k (Gpe™h) o; (Gpc™h) CL

GW200129_065458  —0.072+0.085 0.048 0.876
GW200224 222234 —0.0697995° 0.058 0.860
GW200311_115853  —0.036:0.13 0.061 0.584
GW190412 —0.091+942 0.068 0.857
GW191204_171526  40.00470]% 0.069 0.205
GW190512_180714  +0.002+013 0.070 0.005
GW170818 +0.1467 5538 0.076 0.977
GW200219_094415  —0.001+0123 0.079 0.109
GW190701_203306  —0.041+0/38 0.084 0.587
GW190413_052954  +0.00870/3] 0.087 0.081

have reason to think that the preference for x < 0 in
GW200129 might be driven by noise anomalies in the
Virgo detector; with that in mind, in the next section we
consider the effect of excluding this event from the joint
result (we find its impact to be minimal).

Finally, a set of events stands out in Fig. 2 due to evident
bimodality in the k posterior. To a varying degree, that is the
case for those events listed in Table II, which tend to have
quite high total masses in the detector frame (Table II shows
total mass as measured in the standard GR analysis). For
these bimodal posteriors, y;/c; is not a good proxy for
agreement with GR; instead, we can rely on CL(x = 0). By
this measure, the bimodal events are some of the least
consistent with x = 0, GW190521, in particular.

As we anticipated in Sec. II B, we understand the
bimodality in x to be linked to spin effects and often to
precessing morphologies, in particular. Other parameter
degeneracies also come into play, especially for the lighter
events GW191105_143521 (henceforth GW191105) and
GW170104. We discuss this further in a dedicated section
below (Sec. IV C).

B. Hierarchical modeling

Figure 2 shows a certain degree of variance in the
distribution of x posteriors for different events, including

TABLE II. Events with bimodality in the x posterior, the GR
measurement of their detector-frame total mass (M), precessing
spin y,, and effective spin y.g, as well as the CL of x = 0 from
the birefringence analysis.

Event M (Mg) Ip Keft CL
GW170104 60.6159 042103 —0.04701> 0.786
GW190413_134308 133.3730¢ 0.567077 —0.047035 0.837
GW190521 250.11393 0461038 40.04103) 0.996
GW190805_211137 146.6")07 0.5303; +0.33103 0.895
GWI91105_143521 224726 031704 —0.03704 0.802

some apparent outliers like GW170818 or GW190521.
This is not unexpected: assuming independent Gaussian
noise instantiations for each event, we might expect up to
~3 out of the 71 posteriors (i.e., ~5%) to deviate away from
the true « value by over ~2¢ due to noise alone.

To further assess the statistical properties of the set of
posteriors in Fig. 2, we apply the hierarchical analysis
described in Sec. III B 2. By characterizing the population
mean and standard deviation over events, this also allows us
to obtain a collective measurement that does not assume all
events share the same value of k.

We summarize the result of this exercise in Fig. 3,
which shows the posterior on the population mean y and
standard deviation ¢ inferred from the collection of
observations in Fig. 2. The figure shows two distributions,
which result from analyses with (blue) and without
(orange) the potentially-contaminated event GW200129;
the difference between the two is mainly restricted to a
slight shift in y, indicating that GW200129 has a small
effect on our overall population inference.

Both versions of the posterior support the lack of
birefringence (4 = ¢ = 0) within 90% credibility; from
the marginals of the result including all events, we constrain
p = —0.008093! Gpc~! for 90%-credible symmetric inter-
vals around the median, and 6 < 0.048 Gpc~! for the 90%-
credible one-sided upper limit. However, even though
o = 0 is well supported, the ¢ posterior peaks visibly away
from the origin, indicating some preference for a nonzero
variance. This could be a sign of the presence of outliers in
our sample.

— with GW200129
——  without GW200129

ag
o
o
2
[
.

0.00
—0.05  0.00 0.05 0.00 0.05
p (Gpe™) o (Gpe™)
FIG. 3. The posterior of the x population hyperparameters y and

o, including (blue) and excluding (orange) GW200129 from the
collection of events. The two-dimensional (2D) contours corre-
spond to the 39.35% and 90% credible levels. The plot shows that
the population constraint on « is consistent with no birefringence
(u = 0 = 0) at the 90% credible level.
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FIG. 4. Individual-event k; distributions of Fig. 2 reweighted in

light of the population-level inference of Fig. 3, marginalizing
over u and o. Curves are colored by the magnitude of the
supported deviation, as represented by the respective posterior

|ui/oil-

As a visual check for outliers, we reconsider the set of
measurements in Fig. 2 in light of the hierarchical result for
u and ¢ in Fig. 3, including GW200129 (blue curve). This
amounts to reweighting the x posterior for each event under
a population prior marginalized over u and o, conditional
on the measurements from all other events [49,50]. The
result in Fig. 4 does not show evidence for any of the events
being in obvious tension with the population, even though
the GW170818 curve stands out from the rest due to its
higher support for x > 0. This feature appears to offset a
few other events which tend to favor k < 0. The interaction
between these distributions leads to a hyperposterior that is
fully consistent with 4 = 0 while offering some support for
o > 0 (Fig. 3). Future observations will determine whether
there is truly evidence for a nonvanishing variance in this
population.

Finally, the hierarchical result in Fig. 3 can be translated
into an overall expectation for x; under the assumption
of a Gaussian distribution via Eq. (11). We show the result
of doing this in Fig. 5, where we also compare to the
posterior on x obtained by assuming a shared value across
events (same result shown as a blue band in Fig. 2).
The hierarchical measurement leads to an expectation that

k; = —0.01075:9¢) Gpc™', whereas the shared-x measure-
ment implies x = —0.0197005% Gpc~', both symmetric

90%-credible intervals around the median.

C. Notable events

Having established that the collection of detections is
globally consistent with k = 0, here we focus on three
events whose k posteriors stand out in Fig. 2: GW170818,
GW190521, and GW200129. When considered in isola-
tion, the first of these is the unimodal event with the most

20 1
I —— generic
\\: restricted
15 i
iR
-3
= A\
= 10
=Y
5
0 1
—0.15 —=0.10 —-0.05 0.00 0.05 0.10 0.15
K (Gpe )
FIG. 5. Restricted and generic posteriors on k, which, respec-

tively, do and do not assume that « is shared by all events (color).
Solid (dashed) traces indicate the analysis included (excluded)
GW200129. The black dashed line marks the absence of
birefringence (k = 0). The shaded distribution is the primary
result in this work (blue band in Fig. 2).

significant support for nonzero «, the second is the most
extreme representative of a class of events with bimodal «
posteriors, and the third shows signs of potential noise
anomalies. Through these examples, we elucidate some of
the interactions between k and the source luminosity
distance, inclination, and spin parameters.

1. GW170818

GW170818 produced the posterior most displaced from
k = 0, when judged by y,/0o; in Fig. 2. Figure 6 shows that
this happens because birefringence opens up a region of
parameter space with x > 0 for larger distances and smaller
inclination angles than would be allowed in the GR case.
We can make sense of this by noting that an edge-on
nonprecessing source produces linearly-polarized waves,
meaning that a smaller inclination leads the two circular
polarizations to have similar amplitudes. On the other
hand, having « > 0 enhances the left-handed modes dur-
ing propagation, per Eq. (2). The two effects can be
balanced to match the polarization ratio observed at the
detector (predominantly left handed, per the preference for
cos 1~ —1 in the GR analysis), as long as the distance is
also enhanced to yield the right amount of birefringence
and overall signal power. This is similar to the degeneracy
mentioned in Sec. II B.

It is difficult to unequivocally identify a specific feature
of the GW170818 data that leads to this posterior structure.
However, it appears to be related to this event’s support for
precession, in conjunction with its uncommonly definite
measurement of the polarization, phase, and spin angles
[51] (see Appendix A 1). The relevance of precession is
evident from the posterior on y, (Fig. 6, top right): allowing
for k # 0 leads to reduced support for precession. We can
understand this in reference to Fig. 1: if only a short portion
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FIG. 6. GW170818 posterior on k, luminosity distance d;, and
inclination cos ¢ from our birefringence analysis (blue), com-
pared to the GR result (orange). The top right panel shows the
marginalized posterior on y,: allowing for birefringence reduces
the preference for precession. (See Fig. 11 for a full corner plot).

of the signal is observed, then the frequency-dependent
signal enhancement or dampening due to birefringence can
mimic the time-dependent amplitude modulation produced
by a precession cycle. Therefore, under these circum-
stances, similar morphologies can be obtained by setting
Xp > 0ork > 0, as long as the distance and inclination can
also be adjusted accordingly.

The fact that the birefringent analysis favors a high «
rather than a high y,, can be explained by a consequence of
prior volume: many more configurations are available with
long distances and high x than with short distances
and small |x|. The preference for k > 0 over x < 0 (and,
therefore, the lack of bimodality in the cos: and k
posteriors) is likely related to both the definite measure-
ment of left-handed polarizations and the specific phasing
of the precession cycle. The latter manifests as a precise
constraint on the spin orientation and phase angles in the
GR analysis [51] (see also Appendix A 1). The observed
amplitude modulation (say, increasing vs decreasing
towards the merger) likely determines the allowed sign
of «k for this event. We provide the full corner plot for all
relevant parameters in Fig. 11 in Appendix A 1.

2. GW190521

GW190521 is the most extreme representative of a class
of events with bimodal x posteriors (Table II). Figure 7
shows that the two peaks of the x distribution arise from
respective modes in the inclination (lower left corner): one

A

—0.5 0.0 0.5
Xeff
él()()()()
= — BR
~ —
= 5000 GR
0.5
2 00
)
—0.5
—0.25  0.00 0.25 5000 10000 —-0.5 0.0 0.5
K (Gpe ™) dr, (Mpc) cost

FIG. 7. GW190521 posterior on k, luminosity distance d;, and
inclination cos i from our birefringence analysis (blue), compared
to the GR result (orange). The marginalized posterior on y, is
shown in the top right panel. (See Fig. 12 for a full corner plot.)
Note that, although we show d; in this plot, our definition of « is
associated with d.-, meaning that the condition in Eq. (3) is
satisfied even for the largest values of d; supported in this
posterior.

solution corresponds to an intrinsically face-on source
(cos 1~ 1) with negative x, and the other to a face-off
source (cos 1= —1) with positive k. In the former, an
initially right-handed signal is birefringently enhanced
by x <0 as it propagates towards the detector; in the
latter, an initially left-handed signal is enhanced by x > 0.
The two outcomes (a right-handed or left-handed signal at
the detector) match the two possibilities allowed also in the
reference GR run, which itself yields a bimodal cos :
posterior. In both cases, the overall amplification of the
signal introduced by a nonzero k is balanced by a large
luminosity distance (d; = 5 Gpc), so as to match the
observed signal-to-noise ratio.

Introducing birefringence affects our inference of the
spins in the GW190521 system. We illustrate this in Fig. 7
through the posterior on the effective spin y.g, which is
favored to take values closer to zero in the birefringent
analysis; this can also be seen, perhaps more clearly, in the
joint posterior for the individual spin magnitudes, provided
in Appendix A 2. This suggests that at least part of the data
features that lead the GR analysis to infer near extremal
spins can be alternatively explained as a consequence of
birefringence. The fact that this is possible is not fully
surprising given that the signal from this heavy system is
only observed for a very small number of cycles [52,53]
(cf. Fig. 1).
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All in all, the situation for GW190521 is not unlike that
for GW170818 discussed above (Sec. IV C 1): structures in
the data that would normally be interpreted as traces of high
component spins are instead (at least partially) attributed to
birefringent propagation, driven by a prior preference for
high distances. The degeneracies in the case of GW 190521
are likely exacerbated by the heavier mass of the system,
which reduces the observed number of cycles. Crucially,
GW190521 also lacks a definite measurement of the
polarization state at the detector: without certainty about
the ratio of right- versus left-handed components in the
observed signal, it is not possible to disambiguate between
k>0 versus k < 0; hence the x distribution remains
bimodal for GW190521, unlike for GW170818. The poor
determination of the polarization state of the detected signal
is evidenced by the bimodal cos i posterior inferred
assuming GR in Fig. 7 and is attributable to several factors
including sky location.

3. GW200129

GW200129 is the event with the second largest |u;/0;| in
Fig. 2. However, data for this event were affected by a non-
Gaussian noise disturbance (glitch) in the Virgo instrument,
which was subtracted from the publicly-available data used
for parameter estimation [54]. Since previous work sug-
gests the degree of glitch subtraction affects the inference
for this event [55], we consider whether the apparent
preference for k < 0 could also be tied to the instrumental
artifact.

To this end, we perform three additional PE runs for
GW200129, considering only two detectors at a time:
LIGO Hanford and Virgo (HV), LIGO Livingston and
Virgo (LV), and LIGO Hanford and LIGO Livingston
(HL). If the preference for x < 0 is tied to the glitch in
Virgo, we expect it to disappear in the HL run, which
excludes Virgo data.

This is indeed the case, as we show in Fig. 8: all runs
including Virgo lean towards x < 0 (solid curves in color),
whereas the LIGO-only run is fully consistent with k = 0
(dashed black). While this is not conclusive proof that the
glitch itself is driving the result, it does indicate that the
Virgo data play a key role in the inference of k. Since more
work would be needed to understand the effect of the glitch,
this motivated us to consider the effect of excluding this
event from the collective analyses above (Sec. IV B). In any
case, the outcome of that test showed the role of
GW200129 to not be significant (e.g., Fig. 3).

V. DISCUSSION

A. Comparison with previous studies

Our primary constraint on birefringence is given by the
combined constraint on the birefringent attenuation from
GWTC-3, k = —0.01973%58 Gpc~' with 90% credibility,
obtained in Sec. IV A (blue band in Fig. 2). We can compare

4000
— 3000
o
=
< 2000
~
3
1000
0.5
L 0.0
[}
7\ ’~
_ a4 n L —-
0.5 |I ‘l |‘ \ ‘\\\
L,Q ‘-Q} k\\
—-0.5 0.0 0.5 2000 4000 —0.5 0.0 0.5
& (Gpe™) dr, (Mpc) cos ¢
FIG. 8. GW200129 posterior on k, luminosity distance d; , and

inclination cos 7, including different sets of detectors in the
analysis per the legend. The marginalized posterior on y, is
shown in the top right panel. The main run with all three detectors
(HLYV, filled blue), shows a preference for x < 0, as in Fig. 2; this
preference is more pronounced for two-detector runs that include
Virgo (HV and LV, orange and green); however, it disappears if
we remove Virgo (HL, dashed black). The 2D contours corre-
spond to the 90% credible level.

this to previous measurements of amplitude birefringence
in the literature. We summarize these constraints in
Table III.

1. Okounkova et al.

Okounkova et al. [16] produced a constraint on
frequency-independent GW amplitude birefringence from
the distribution of measured inclinations of BBHs in
GWTC-2. As opposed to our Eq. (2), this reference
parametrized the effect of birefringence as

htL)r/R(f) = h(L}}QRU) x exp (£kdc), (12)

where & is a frequency-independent attenuation (simply
denoted “x” in Ref. [16]). Assuming a fiducial redshift of
z = 0.3 for all events in GWTC-2, Okounkova et al. [16]

TABLE III. Comparison of our constraints with previous
studies. CL is the credible level.

Mpy (1072! GeV) |x| (Gpc™') CL (%)

Wang et al. [14] >0.10 <2.94 90
Okounkova et al. [16] >0.40 <0.74 68
Zhu et al. [19] >0.41 <0.72 90
Ng et al. (this work) >6.75 <0.04 90
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obtained a constraint of |&| < 0.74 Gpc™! at 68% credi-
bility. On the other hand, our constraint from Sec. IVA is
x| < 0.03 Gpc~! at 100 Hz at 68% credibility. This is a
factor of ~25x more stringent than Ref. [16], besides
arising from a less simplified model.

The result of Okounkova et al. [16] is also phrased in
terms of a canonical Chern-Simons length scale,’

cdyk K 100 Hz
lp = = 1400 k ; 13
© 3af m<1 Gpc_l)( f ) )

our 68% credible bound on k implies /, < 40 km at 100 Hz.
This compares favorably to the constraint in Okounkova
et al. [16], which had /; < 1000 km.

2. Wang et al.

Wang et al. [14] performed PE on GWTC-1 events with
a frequency-dependent model of birefringence resembling
ours. Following [22], that reference parametrized the
birefringent waveform in terms of some amplitude and
phase modifications to the linear polarizations (6h and oV,
respectively), such that

85, (f) = WSS, (f) F hGR, (F)(i6h — 6%),  (14)

with the plus (minus) sign for the cross (plus) polarization.
In terms of circular polarizations, this is equivalent to

HESe(f) = KR (f) (1 F 6k F i)
~ hS%(f) exp(F oh F i6%),  (15)

assuming a small 64 and 6V in the last line. To consider
only amplitude birefringence, as in this work, we must
compare to the result in Ref. [14] that set §¥ = 0 and
parametrized 6h = wfzhp/Mpy, where hp is Planck’s
constant, and Mpy is the energy scale of the birefringent
(parity-violating) correction.” Comparing to our Eq. (2) and
approximating z ~ d-H,/c via the Hubble constant H,
this means that

_mHyhp(100 Hz) 3.0 x 107> GeV

GpeL. 16
Mpy Mpy P (16)

K]

Wang et al. [14] quote a constraint of Mpy > 1072 GeV
at 90% credibility, which translates into || < 2.94 Gpc~!.

This results from setting the so-called “canonical” Chern-
Simons embedding into a Friedmann-Robertson-Walker cosmol-
ogy, where the Chern-Simons field evolves as 6 « ¢ [9,10,56].

*Concretely, Wang et al. [14] write 6h = —A,zf with
A, = Mpila,(z=0) —a,(z)(1 + z)], for a, some function of
redshift encoding the evolution of a birefringence-mediating field;
to produce their constraint, however, they further set a,(z) = 1,
yielding A, = —z/Mpy and hence 6h = nfzhp/Mpy, multiplying
by hp to obtain the right dimensions.

We obtained a tighter 90% upper limit of x| < 0.04 Gpc~!,
or Mpy = 6.8 x 107! GeV.

3. Zhu et al.

A more recent work by Zhu et al. [19], which appeared
while this manuscript was finalized, performed PE on
GWTC-3 events with a frequency-dependent model of
amplitude birefringence. Their model is the same as the one
used in Wang et al. [14], which allows us to compare
to our results as we did in Sec. VA 2. Zhu et al. [19]
reported a constraint of Mpy > 4.1 x 10722 GeV at 90%
credibility, which translates into |k| <0.72 Gpc™! per
Eq. (16) above.

This constraint is weaker than ours in spite of the similar
number of events considered, a discrepancy that we trace
back to inference at the individual-event level. Figure 9
shows the posteriors on M5y, derived from our analysis via
Eq. (16) for each event highlighted in Fig. 1 of Zhu et al.
[19]. Our posteriors differ from those in Zhu et al. [19] in
both overall scale and specific shape. For example, the
posterior for GW190727_060333 peaks at zero in our
analysis, but peaks at a nonzero value in Zhu et al. [19]. All
distributions are narrower in our analysis by a factor of
~10x. This might be explained by a number of analysis
differences. The fact that posteriors disagree at the
individual-event level suggests that the discrepancy orig-
inates in the different choice of parametrization and
corresponding priors, in addition to potentially unstated
differences in implementation.

B. Parameter degeneracies

In examining our results in Sec. IV C, we identified
interactions between birefringence and the inference of
source properties like the component spin parameters—in

10 — GW190727_.060333
— GW200112_155838
— GW190513_205428

8 —— GWI190915 235702
—— GW190803.022701
=6 GW200311 115853
L?‘
=
Sy
9
0

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
- _ 21
Mg} (Gev) x10

FIG. 9. Individual-event Mlj\l, posteriors from our analysis,
converted from the x posteriors in Fig. 2 via Eq. (16). Chosen
events are those highlighted in Fig. 1 of Zhu et al. [19].
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addition to expected partial degeneracies with inclina-
tion and distance (Sec. II B). In particular, we found that
the frequency-dependent modification to the waveform
induced by birefringence can effectively mimic spin effects,
including precession, especially for heavier systems which
are observed over short durations.

As a consequence, a system that would be inferred to be
highly spinning in GR may instead be inferred to be low-
spinning but highly birefringent if nonzero values of « are
allowed. These morphological degeneracies can interact
with the distribution of prior probability mass to yield a
preference for nonzero x in some events: in absence of a
strong constraint from the data, it can be more favorable to
place a source at far distances with large |k| than at
close distances with a fine tuned spin configuration and
low |«|. The resulting posterior can be unimodal or
bimodal depending on the specific phase and polarization
states observed at the detector. The events GW170818
(Sec. IVC 1) and GW190521 (Sec. IV C2) appear to fall
into these two categories, respectively.

Conversely, we expect that support for birefringence can
also appear for signals that do not necessarily show
significant spin effects in the GR analysis, as long as the
spins or other source parameters can be tuned to counteract
the frequency-dependent dephasing that would be other-
wise induced by a nonzero x. In those situations, x may
become at least partially degenerate with inclination, also
leading to a bimodal posterior. This is because the intrinsic
source parameters may, to an extent, “absorb” the fre-
quency dependence of the birefringent effect, approxi-
mately reinstating the degeneracy expected for a single
Fourier mode (Sec. II B).

Besides spins, other parameters can interact with k either
directly or through their own couplings with the spins.
Since the mass ratio can affect the phasing of a GW inspiral
at similar order as the spins [27], we might expect some
degree of interaction between g and k. This seems to
indeed be the case for some events, like GW170104 or
GW191105, as we demonstrate in Fig. 10. In the former,
introducing birefringence increases the preference for
asymmetric masses (¢ < 1) while decreasing the inferred
level of precession; in the latter, birefringence increases the
preference for symmetric masses (¢ = 1) but does not
affect the inference on precession. The x posteriors are
bimodal for both events, but do not rule out x = 0 (Fig. 2).
In neither case is y.y significantly impacted by birefrin-
gence. The coupling between ¢ and « is likely limited by
the fact that changes in the mass ratio alone cannot produce
significant amplitude modulations.

Since our inference on « can be tied to precession and the
spin orientations, we might be susceptible to systematics in
the modeling of spin angles in IMRPHENOMXPHM and might
thus benefit from further analysis with other waveforms
like NRSUR7DQ4 [57].
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FIG. 10. Posterior on mass ratio ¢ = m,/m, (left) and precess-
ing spin y, (right) for GW170104 (top) and GW 191105 (bottom),
as obtained from both the birefringent analysis (orange) and the
regular GR analysis (blue).

VI. CONCLUSION

We have reanalyzed all BBHs in GWTC-3 with FAR
< 1/yr to constrain amplitude birefringence in the propa-
gation of GWs. To this end, we implemented a model in
which right or left handed polarizations are amplified or
suppressed over distance as a function of frequency, with an
overall strength parametrized by a birefringent “attenua-
tion” parameter «, following Eq. (2). This parametrization
is consistent with parity-odd theories like Chern-Simons
gravity and can be used to constrain them where applicable.

We found no evidence of amplitude birefringence in the
GWTC-3 data and constrained x = —0.0197005% Gpc~!
with 90% credibility when treating x as a global quantity
shared by all GWTC-3 events (Sec. IVA). This measure-
ment is significantly more stringent than past constraints
(Table III). As an additional check, we implemented a
hierarchical analysis that allowed for each event to probe
different effective values of x, as might be the case if
birefringence is mediated by a field that is nonuniform
over the angular separations between detected sources
(Sec. IV B). The result of that analysis was consistent with
a vanishing « for all events in our catalog within 90%
credibility, but hinted at some possible variance in the
population. Future catalogs with more events will shed
light on this feature and enable richer models with explicit
correlations between birefringent attenuation and source
parameters like sky location [23,58].

From the set of results from individual events, we
highlighted two, GW170818 and GW190521, whose
posterior manifests interactions between birefringence
and our inference of source parameters (Sec. IV C).
In particular, we identified the relevance of spins and their
(partial) degeneracy with «, in addition to expected corre-
lations with source inclination and distance. The mass ratio
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can also play a role, by coupling with the spins or « directly
(Sec. VB).

Motivated by Chern-Simons gravity, this study only
focused on amplitude birefringence. Other parity-violating
gravity theories also predict velocity birefringence, which
can dominate over amplitude birefringence when both
are present [22]. Velocity birefringence was tested with
GWTC-3 in Wang et al. [59] and Haegel et al. [60].

This study was restricted to BBHs because of the
expectation that they should dominate the birefringence
constraint thanks to their larger redshifts. However, lower
mass systems involving neutron stars may also be inform-
ative thanks to the wide band of frequencies spanned by
their signals, in spite of their closer distances. Analysis of
future catalogs will benefit from the inclusion of those
events, as well as a much larger number of BBH sources at
increasingly greater distances. Future measurements will
also be enriched by the addition of KAGRA [3] and LIGO
India to the GW detector network, which will allow us to
better disambiguate between polarization states and hence
between models of birefringent propagation. All our data
are available in Ng et al. [42].
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APPENDIX: EXTENDED RESULTS
FOR NOTABLE EVENTS

1. GW170818

Here we provide further details on the GW170818
measurement. Figure 11 displays the posterior on all
parameters we consider relevant for this event, of which
Fig. 6 in the main text represents a subset. As in that figure,
Fig. 11 shows the regular IMRPHENOMXPHM GR analysis
(GR; orange) and the birefringent analysis (BR; blue), both
of which show notable features.

The GR analysis stands out for its relatively confident
identification of the spin angles, 0, ,, A, and ¢;; , as well
as the phase and polarization angles, ¢,; and y. Of the
former, the two 6, angles encode the tilts of the
component BHs with respect to the orbital angular momen-

tum Z, and A¢ is the angle between the spin projections
onto the orbital plane, while ¢;; is a similar angle

separating the projections of L and the total angular

momentum J; of the latter, ¢r 1s an overall reference
phase, and y encodes the orientation of the binary within
the plane of the sky [21]. All these parameters are anchored
to a reference point in the inspiral, which in this case
corresponds to the time at which the dominant multipole of
the observed GW signal reaches 20 Hz at the detector (spin
angles may be better identified by using a more physical
reference point [51]). It is unusual for all these angles to be
well constrained, which suggests that data for this event
display a particular phase and polarization signature.

The joint posterior on the spin magnitudes, y; and y»,
disfavors the origin y; =y, =0 with high credibility,
indicating that at least one of the component BHs must
have been highly spinning (this is not apparent from the
marginals because the BHs were equal in mass [63]).
Furthermore, the fact that the tilts are favored to be close
to 0 ), =~ x/2 implies that the spins must lie along the orbital
plane; this is a restatement of the support for high y, in Fig. 6.

On the other hand, the birefringent analysis does not
strongly favor high spins; this is evidenced by the joint
posterior on y; and y,, which now favors y; = y, = 0 and
assigns relatively low probability densities to higher values.
Although the spin tilts are similarly constrained to
01/, = /2, the low spin magnitudes would imply weak
if any precession, which is reflected in the support for lower
values of y, in Fig. 6 of the main text. As discussed in
Sec. IV C 1, this can be explained by the introduction of «,
which can result in morphologies that are approximately
degenerate with precession over a small number of wave-
form cycles (cf. Fig. 1). See the main text for further
discussion.

2. GW190521

As in the previous section, here we display additional
parameters from the GW190521 measurement in Fig. 12,
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uniform in comoving volume.

expanding upon Fig. 7 in the main text. The reference GR
analysis, obtained with the IMRPHENOMXPHM waveform,
favors near extremal spins, in particular, for the heavier
component, and rules out nonspinning objects (i.e.,
x1 =yx>»=0) with > 90% credibility. This can be seen
most clearly in the joint posterior for y; and y,, rather than
in the respective 1D marginals because the BHs in this
system were inferred to have equal masses [63].

Similar to GW170818, the GR analysis for GW190521
also provides an informative measurement of the polarization
angle y and reference phase ¢,.;. However, the fact that y is
constrained does not alone imply that the degeneracy between
right- and left-handed states is broken (for a nonprecessing
source, y is related to the difference in phase between the
circular polarization modes [21]). Additionally, the posterior
for tilt angle of the primary BH 6; shows support for an
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antialigned spin (cos 6; ~ —1). For these events, spin and
phase angles are referred to 10 Hz at the detector.

Unlike the GR analysis, the birefringent analysis does
not favor extremal spins and is, in fact, consistent with
nonspinning objects within 90% credibility (lighter blue
region encloses y; =y, = 0 in the respective panel of
Fig. 12). In Fig. 7, this same fact manifested as a y.y

posterior with higher support for the origin. As we
discussed in Sec. IV C 2, this suggests that some of the
spin effects in these data are being absorbed by a nonzero .
Other than the spins, the birefringent analysis differs
most notably from the GR one in the inference of the
luminosity distance, which is favored to be much greater.
See Sec. IV C2 in the main text for related exposition.
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