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Abstract

The inconsistency between experiments in the measurements of the local Universe expansion rate, the Hubble
constant, suggests unknown systematics in the existing experiments or new physics. Gravitational-wave standard
sirens, a method to independently provide direct measurements of the Hubble constant, have the potential to
address this tension. Before that, it is critical to ensure there are no substantial systematics in the standard siren
method. A significant systematic has been identified when the viewing angle of the gravitational-wave sources, the
compact binary coalescences, was inferred inaccurately from electromagnetic observations of the sources. Such a
systematic has led to a more than 10% discrepancy in the standard siren Hubble constant measurements with the
observations of binary neutron star merger, GW170817. In this Letter, we develop a new formalism to infer and
mitigate this systematic. We demonstrate that the systematic uncertainty of the Hubble constant measurements can
be reduced to a level smaller than their statistical uncertainty with 5, 10, and 20 binary neutron star merger
observations. We show that our formalism successfully reduces the systematics even if the shape of the biased
viewing angle distribution does not follow precisely the model we choose. Our formalism ensures unbiased
standard siren Hubble constant measurements when the binary viewing angles are inferred from electromagnetic
observations.

Unified Astronomy Thesaurus concepts: Cosmological parameters (339); Gravitational waves (678); Neutron
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1. Introduction

The expansion rate of the local Universe, the Hubble constant
(Hp), is one of the most important constants in modern
cosmology. Despite numerous observational efforts, a statistically
significant discrepancy persists between direct measurements and
indirect inferences of Hy (A. J. Ross et al. 2015; A. G. Riess et al.
2016; S. Alam et al. 2017; L. Verde et al. 2019; N. Aghanim et al.
2020; E. Di Valentino et al. 2021; M. Kamionkowski &
A. G. Riess 2023). For example, the tension between the Hubble
constant measured by the SHOES team using Type Ia supernovae
(Hy=733+1.04kms 'Mpc™'; A. G. Riess et al. 2022) and
inferred by Planck collaboration using the cosmic microwave
background (Hy=67.4+0.5kms ' Mpc™'; N. Aghanim et al.
2020) is as large as ~8%.

Gravitational-wave (GW) observations of compact binary
coalescences (CBCs) offer an independent and direct measure-
ment of Hy. The luminosity distance to CBCs can be inferred
from the amplitude of the GW signals. When combining with
the redshift estimates, we can measure the cosmological
parameters (B. F. Schutz 1986). This is known as the “standard
siren” method. Nearby CBCs (z<0.1) are ideal for the
measurement of Hy. There are several possibilities to estimate
the redshift of CBCs. If an electromagnetic (EM) counterpart of
a CBC is observed, it is possible to precisely localize the
CBC’s host galaxy and determine the redshift from spectral
follow-up or existing galaxy catalogs (B. F. Schutz 1986;
D. E. Holz & S. A. Hughes 2005). With about 50 CBCs and
their EM counterparts, H, can be determined to ~2% precision,
shedding light on the Hubble tension (B. F. Schutz 1986;
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S. Nissanke et al. 2013; H.-Y. Chen et al. 2018; S. M. Feeney
et al. 2019).

Furthermore, it is known that the precision of standard siren
measurements can be improved by constraining the CBC’s
viewing angle (v) (P. A. Evans et al. 2017; R. Margutti et al.
2017; D. Finstad et al. 2018; K. P. Mooley et al. 2018; Y. Wu
& A. MacFadyen 2018; H.-Y. Chen et al. 2019). GW emissions
from a CBC are anisotropic. The emissions are stronger along
the rotational axis of binaries. Therefore, signals received from
a faraway face-on binary are similar to those from a nearby
edge-on binary (B. P. Abbott et al. 2019). By constraining the
viewing angle, the degeneracy between binary distance and
viewing angle can be broken, tightening the estimate of
luminosity distance and reducing the uncertainty of Hy
measurements (H.-Y. Chen et al. 2019). Nicely, the observa-
tions of EM counterparts not only provide the redshift estimate
but also allow for the measurement of a CBC’s viewing angle.
The observations of the jet and afterglow of gamma-ray burst
and kilonova following the binary neutron star (BNS) merger,
GW170817 (B. P. Abbott et al. 2017a, 2017b), have been used
to constrain the binary’s viewing angle (P. A. Evans et al.
2017; D. Finstad et al. 2018; K. P. Mooley et al. 2018; Y. Peng
et al. 2024) and improve the standard siren H, measurements
(C. Guidorzi et al. 2017; K. Hotokezaka et al. 2018; S. Dhawan
et al. 2020; A. Palmese et al. 2024). In Figure 1, we give an
example of the standard siren H, measurement by combining
three simulated BNS observations with (orange) and without
(blue) viewing angle constraints. The H, measurement
uncertainty with viewing angle constraints is substantially
smaller.

However, these constraints on viewing angle are EM model
dependent, and the methods and results of different existing
analyses remain to be cross-checked. Biased viewing angle
constraints can lead to significant bias in Hy (H.-Y. Chen et al.
2024). For example, the estimate of the viewing angle of
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Figure 1. An example of standard siren H, posterior by combining three
simulated 1.4-1.4M., BNS mergers detected by LIGO-Virgo. The blue curve
assumes no extra information about the binary viewing angle. The orange curve
assumes the viewing angles are constrained accurately with 1o uncertainty of
5°, and the gray curve assumes the viewing angles are overestimated by 20°
(with 1o statistical uncertainty of 5°). The vertical dashed line indicates the H,,
value chosen for the simulations.

GW170817 varied from 22° to 50° (C. Guidorzi et al. 2017;
D. Finstad et al. 2018; K. Hotokezaka et al. 2018; K. P. Mooley
et al. 2018; S. Dhawan et al. 2020; J. Heinzel et al. 2021;
H. Wang & D. Giannios 2021; A. Palmese et al. 2024), leading
to H, measurements differing by more than 10% (e.g.,
Hy = 683" %kms "Mpc ™' by K. P. Mooley et al. 2018
and Hy = 75.57L8 km s~ Mpc ™! by C. Guidorzi et al. 2017).
This is a discrepancy larger than the difference between other
H, measurements, making it impossible to resolve the tension.
In Figure 1, we give an example of the H, measurement
assuming a 20° overestimate of the viewing angle (gray),
showing the impact of the bias. The impact is expected to
become more significant as the number of observations
increases.

In this Letter, we develop a new method to mitigate this bias
by using the viewing angle estimated from GW signals.
Although the viewing angles are often poorly constrained in
GWs (H.-Y. Chen et al. 2019), the measurements are well
established and are expected to be unbiased (B. P. Abbott et al.
2019). Therefore, we can use the GW-inferred viewing angles
from multiple observations to reveal the bias in EM observa-
tions. In the following, we first lay out our formalism. We then
simulate BNSs detected by LIGO and Virgo and assume the
binary viewing angles are measured inaccurately from EM
observations with four different types of bias. We use these
simulations to show how the biases affect the standard siren H,,
measurements. Finally, we demonstrate that our formalism
successfully reduces the systematics to less than the statistical
uncertainty of the H, measurements.

2. Mitigating the Binary Viewing Angle Bias

Although GW detectors are able to measure the angle
between the total angular momentum of the binary (J) and the
line of sight (N), the so-called inclination angle 05y, most EM
observations only infer the binary viewing angle, ¢, which is
defined as ¢ = min(6yy, 180° — OyN).
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For a binary with viewing angle ¢,., we assume the EM data
suggests the viewing angle to be ¢, + b, where b is the amount
of bias. The bias is not necessarily the same for different BN'S
events. Suppose the biases among different events follow an
unknown underlying probability density distribution—we
parameterize this distribution with a vector of parameters, 3.
Following this parameterization, we jointly infer Hy, and (3
using Bayesian inference and write the posterior of (Hy, 3) as

p(Ho, BD) = m(Hy, 2225, ()
p(D)

where 7 (Hy, 3) stands for the prior on (Hy, 3), L(DIHy, 3) is
the likelihood function, and p(D) is the evidence. D =
(Dgw, Dgm) denotes the data from GW and EM observations.
When there are N BNS events, D represents the collection of
data D = (Diw, Dy Déws DDy, D). Assum-
ing each BNS observation is independent, we can rewrite
Equation (1) as

N
p(Hy, BD) o< (Ho, B) [| L(Dhw, DiniHo, B).  (2)

i=1

If we use ® to denote the collection of binary physical
parameters, such as luminosity distance D;, redshift g,
inclination angle Oy, mass, and spin, we can write the
likelihood of the ith event as

'C(DZGW’ DEMlHO’ /6)
[L(Diw. Diy. ©lHo, 3)d©

7f'DGW>DGW,th L(Dgw. Dem, OlHy, 3)d©dDowd Dy’
DEM>DEM, th

3

where Dgw m and Dgy o denote the detection threshold of GW
detectors and EM telescopes. The denominator of Equation (3)
accounts for the selection effect, since not all sources are
equally detectable (T. J. Loredo & D. Q. Lamb 2002; I. Mandel
et al. 2019; E. Thrane & C. Talbot 2019; S. Vitale et al. 2020).

We can further separate ® into relevant physical para-
meters (D;,z,0;y) and other physical parameters ® (© D
{Dyr, z, Oy, ©)) and write the likelihood for an individual
event as

L(DGw. DivlHo. B) x [dfndDy dzd€'db
xp(Dows D O, D, z, ©, blHo, B). “
Note that in Equation (4) we explicitly write the bias b as one
of the parameters that affects the data.

Since the GW and EM observations are independent, we can
write the integrand of Equation (4) as (see the Appendix for
step-by-step derivations)

p(DlGW’ DEMa HJN’ DL’ Z, 6’7 blHO’ /8)
=L(DGwloin. DL, ©) x L(Diplbin. 2. ©, b)
xp (O, DL, z, ©', blH,, 3). (%)
Note that the GW and EM data provide the measurements of

luminosity distance D; and redshift z, respectively, and only
the EM data are affected by the viewing angle bias b.
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Finally, the last term in Equation (5) can be written as

p(Oin, Dy, z, ©, blHy, B) = §[Dy. — Dy.(z, Hy)]
x p(Om)p (21Ho)p (@) p (b1 B). (6)

p(bIB) represents the probability distribution of the viewing
angle bias under a given model. In this Letter, we start with a
Normal distribution as our baseline model for p(b13). We will
show later that this baseline model works well to mitigate the
bias even if the bias does not follow a Normal distribution.
Under this model, the probability distribution is described by
two parameters, 3 = (3, 52), where (3; and (3, represent the
mean and standard deviation of the Normal distribution,
respectively.

8[D. — Dy.(z, Hy)] is a Dirac 6-function originating from
the dependency between luminosity distance, redshift, and H,
when other cosmological parameters are fixed, an assumption
that is valid for nearby events but can be relaxed when events at
higher redshifts are included. p(f5x) and p(z|Hy) are chosen so
that the binaries are assumed to be uniformly distributed in
comoving volume and have random inclination angles.

3. Application to Simulated Observations

We simulate 1000 1.4-1.4M. BNS detections detected by
LIGO-Hanford, LIGO-Livingston, and Virgo with their fourth
observing run sensitivities (aligo_O4high.txt and avir-
go_04high_NEW. txt in B. P. Abbott et al. 2020; F. Acer-
nese et al. 2014; J. Aasi et al. 2015) in a Universe following
Planck 2015 cosmology (DES & SPT Collaborations 2023;
Q,, =0.306, Q) =0.694, Q, =0.0, Hy=67.8kms ' Mpc ™).
The detections were drawn from a BNS population with
isotropic orientations and are distributed uniformly in comov-
ing volume. The GW detection threshold is set at a network
signal-to-noise ratio of 12 (B. P. Abbott et al. 2020; H.-Y. Chen
et al. 2021). We follow the method developed in H.-Y. Chen
et al. (2019) to construct the GW likelihood function,
L(D5wl0in, Dy, ©) in Equation (5). For the EM likelihood,
L(DiplOi, z, ©, b), we assume that the redshift measure-
ments from EM observations have negligible uncertainty, an
appropriate assumption when compared to the uncertainty in
GW distance measurements (B. P. Abbott et al. 2017a). For the
viewing angle measured in EM observations, we add e, to each
binary viewing angle ¢, where €, is randomly drawn from a
zero-mean Normal distribution with a standard deviation of 5°,
to account for the statistical uncertainty of the measurements
(P. A. Evans et al. 2017; R. Margutti et al. 2017; D. Finstad
et al. 2018; K. P. Mooley et al. 2018; Y. Wu & A. MacFad-
yen 2018). In addition, we randomly draw a bias b, for each
binary from one of the probability distributions described
below. Therefore, the likelihood of the viewing angle measured
from EM observations is simulated as a one-dimensional
Gaussian function with a lo width of 5° centering at
T = Ly + € + by To simulate the bias in viewing angle, we
explore four potential probability distributions (see examples in
Figure 2): (i) Normal distribution with mean ~; and standard
deviation ~,. This is the same type of distribution as our
baseline model for p(bI3) in Equation (6). We pick v, = [ £5°,
+10°, £20°], and -, =15° (i) Uniform distribution, with
supports [—40°, 0°], [-20°, 0°], [—10°, 0°], [0°, 10°], [0°, 20°],
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Figure 2. Probability density distribution of the bias in viewing angle we study
in this Letter. The bias for each simulated BNS event is randomly drawn from
these distributions.

and [0°, 40°]. (iii) Poisson distribution:

byp— A
Abe| if by >0
pb) =43 5 : @)
X Pxe .
( b )' if b* <0
oo

with expected rate parameter A = 10°, 20°, 30°. (iv) Exponen-
tial distribution:

Ze it if by >0

p(bx) = 8)

Loy i by < 0
A

with scale parameter A\ = 10°, 20°, 30°. We use uniform priors
[20, 2001 kms™' Mpc ™', [—90°, 90°], and [2°, 92° — |3|] for
H,, (1, and (3, in Equation (1) respectively. The minimum for
(> is chosen to avoid numerical effects in the Markov Chain
Monte Carlo inference, and the maximum is set by the range of
the viewing angle [0°, 90°].

We randomly select 5, 10, and 20 events out of the
1000 BNS detections and use emcee D. Foreman-Mackey
et al. (2013) to sample the posteriors in Equation (1). We repeat
this process 30 times for all types of bias and report the average
of posteriors in the next section.

4. Results

We start with the bias distribution that follows a Normal
distribution. In the left panel of Figure 3, we present the median
and symmetric 68% credible interval of the H posteriors when
combining 10 BNS detections for simulated bias centering at
different ;. As shown in the figure, the H, measurements
significantly deviate from the simulated value even with a small
~1 when the bias is not mitigated (green). We then show the H,,
posteriors following our mitigation formalism in blue
(Equation (1) marginalized over 3). We find that our formalism
successfully reduces the bias in Hy to less than their statistical
uncertainties for all ;. In the right panel of Figure 3, we show
the (3; posteriors marginalized over H, and (3, for simulated
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Figure 3. Measurements from 10 simulated BNS detections, averaged over 30 realizations. The horizontal axes label the mean (v,) of the viewing angle bias
distribution. Here we assume the bias follows a Normal distribution centering at -y, with a standard deviation of 5°. Left: the median and symmetric 68% credible
interval of the H, posteriors with (blue) and without (green) applying our mitigation formalism. The red dashed line marks the simulated value of Hy. Right: the
median and symmetric 68% credible interval of the inferred bias (/3)) posteriors. The red dashed line represents the line of accurate measurement.

bias centering at different ;. We find that our formalism can
reveal the simulated bias accurately.

In addition to o =5° and 7, = 5°, we also explore larger o
and ,. Furthermore, we repeated the simulations for 5 and
20 BNS detections. We find similar results with Hy and v,
measured accurately. In reality, the viewing angle bias
distribution does not necessarily follow the parameterized
model we pick. Therefore, we consider three additional types of
bias distributions (Figure 2) and explore if a Normal
distribution is sufficient to mitigate the bias. In Figure 4, we
present the median and symmetric 68% credible interval of the
H, posteriors with (blue) and without (green) applying our
mitigation formalism for these three types of bias. Even if the
bias distribution does not follow a Normal distribution, we can
effectively reduce the bias in Hj to below the measurement
statistical uncertainties when modeling the bias as a Normal
distribution. This is because the central limit theorem ensures
the mean of the drawn biases b, follows a Normal distribution,
which can be successfully captured by our baseline model.

We also find that the inferred mean ((3;) and standard
deviation (f3,) correctly estimate the mean and standard
deviation of the simulated biased distribution, even if the
distribution is not Normal (please see the Appendix where we
present the differences).

5. Discussion

In this Letter, we present a new bright siren inference
formalism that successfully mitigates the systematic uncer-
tainty introduced by inaccurate binary viewing angle estimates.
Our formalism ensures that the systematic uncertainty lies
below the statistical uncertainty of the H, measurements when
the binary viewing angle inferred from non-GW channels, such
as EM observations, is biased. We show that the bias can be
mitigated even if the distribution of the systematics does not
precisely follow the model we assume.

The complexity of EM emission mode-lings, the differences
among analyses, and the variations of observing conditions

could all lead to bias in the estimate of the binary viewing
angle. The sources of the bias can be difficult to disentangle,
and the characteristics of the bias vary with the choice of data.
It is therefore pivotal to demonstrate that our formalism
effectively mitigates different types of bias distribution with the
chosen baseline model, so that the formalism can be applied in
wide-ranging circumstances.

In Figures 3 and 4, we present the results for 10 simulated
BNS detections. We also explore the 5-detection scenario and
find that 5 events are already informative enough to reveal and
alleviate the bias with our formalism. In addition, we perform
the 20-detection simulations to investigate if there is any
remaining systematic after applying our formalism. The
increased number of events reduces the statistical uncertainty
of the measurements, and the systematic uncertainty stands out.
We do not find any remaining bias.

Comparing the precision of the H, measurements with
(applied our mitigation formalism) and without (no need for
mitigation) using the viewing angle information, we find that
the precision is comparable when the number of events is
low. As the number of events increases, the bias is better
inferred with our formalism, and the precision of Hy
measurements becomes better than those without using the
angular information. The transition happens around 10 and
20 events when the viewing angle bias follows a Normal and
Poisson distribution, respectively. We notice that the H,
precision remains to be comparable with and without using
the angular information even with 40 events for Uniform and
Exponential bias distributions. This is likely due to the
substantial difference between the bias distributions and our
baseline model (a Normal distribution). However, if the
shape of the bias distribution is better understood, more
accurate models can be used to replace the Normal
distribution we adopt. Even if the shape of the bias
distribution is unknown, knowledge of the possible range
of the bias can be used as the prior 7 (Hy, 3) in Equation (1)
and improve the measurements. In addition, A nonparametric
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Figure 4. The median and symmetric 68% credible interval of the H,, posteriors
with (blue) and without (green) applying our mitigation formalism. We assume
the viewing angle bias follows a Uniform (top), Poisson (middle), and
Exponential (bottom) distribution (see texts for the choices of distribution
parameters). These distributions are different from the parameterized model we
pick for the bias. The results are measurements from 10 simulated BNS
detections, averaged over 30 realizations.
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model is another possibility to make our formalism
completely model agnostic.
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Appendix A
Likelihood

Starting from the likelihood of individual event in the main
article, we apply the product rule for joint probability [p(A, B]
D) =p(A|B, Dp(B|D)] and rewrite the integrand as

p(DlGW’ D%M’ O, Dv, 2, (")/, blH,, /6)
=p(, D1, z, ©, blH,, B)
xp(Dgw» Dimbin, Di. 2, ©, b, Hy, B). (A1)

In the following, we repetitively apply the product rule and
consider the dependencies between parameters to simplify the
first line of Equation (Al):

p(ON, Di, z, ©, blH,, B)
=p(DLlOx, 7, ©, b, Hy, B)p(Oix, z, ©, blHy, B)
=p(DLlz, Hy)p(Olz, b, Ho, B)p(z, ©, biH,, )
=p(D1lz, Ho)p (6i)p(©)p(ZlHo)p (b13)
=6[DL — Di(z, Hy)lp(O)p(©®)p(zdHo)p(bIB).  (A2)

The second equality originates from the fact that the intrinsic
distribution of source luminosity distance is independent of the
binary inclination angle 0y, the viewing angle bias b, and the
bias parameters (3. Similarly, the third equality indicates that
the intrinsic distribution of binary inclination angle fyy is
independent of other parameters. The redshift z distribution
only depends on Hy when other cosmological parameters are
fixed. The viewing angle bias b only depends on the bias
distribution parameters 3. Finally, the dependency between D;,
z and H, leads to the last line.

Since GW and EM observations are independent, we
separate the second line of Equation (A1) into

p(DlGW? D%Mlv eJN’ DL’ Zy 6/9 ba HO’ /8)
=L(Dgwloi, DL, 2, ©, b, Hy, B)
X L(Diggl0iN, D, 2, ©', b, Ho, 3). (A3)
We can further simplify this expression by accounting for the
dependencies of parameters. The GW data are independent of

the viewing angle biases b and their distribution parameters 3.
Furthermore, GW data do not directly depend on z or H,.
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Therefore,

L(Dgwlbin, DL, ©, b, B)
= L(DgwlOn, Di, ©). (A%)
On the other hand, EM observations provide the measurements

of redshift z, and the inclination angle estimate is biased by the
bias b under our following assumption:

ﬁ(D%Mlng, DL, 2, 9/’ b)
=L(DiylOn, z, O, b). (A5)

We note that the EM likelihood Equation (AS5) is symmetric
around yy = 90°, since the EM observations only measure the
viewing angle.
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Appendix B
Inference of the Viewing Angle Bias

We compute the difference between the median of the
inferred mean (i.e., median of the 3; posterior) and the mean of
the simulated bias. We repeat the computation for 30
realizations and present the median and symmetric 68%
credible interval of the difference (Figures 5 and 6). Similarly,
we compute the difference between the median of the inferred
standard deviation (i.e., median of the (3, posterior) and the
standard deviation of the simulated bias. We then present the
median and symmetric 68% credible interval of the difference
over 30 realizations (Figures 7 and 8). The results are shown
for all three types of non-Normally distributed bias in the
manuscript. We show the results when combining 10 and 20
events. We find that the means of the bias distribution can be



THE ASTROPHYSICAL JOURNAL LETTERS, 974:L16 (9pp), 2024 October 10

ﬁl.median — b+ [7]

[-20,0]-10,0] [0,10][0,20] [0,40]

Distribution support [°]

[—46,0]

17.5
15 1

o 12.5 1

Bl, median — b«
N o
o [45] o

o
W

o
N
T
1
I
I
I
1
I
1
I
I
I
1

——
I
I
I
I
I
I
I
I
1
I
1
1
1
1
I
1
I
I
1
1
I
I

Expected rate, A [°]

B1, median — b+ [°]

-30 20 -10 10 20 30

Scale, A [°]

Figure 5. The difference between the median of the inferred mean (i.e., median
of the (3, posterior) and the mean of the simulated bias when combining 10
simulated BNS events. The data point and error bar show the median and
symmetric 68% credible interval of the difference for 30 realizations. The
results are for the viewing angle bias following a Uniform (top), Poisson
(middle), and Exponential (bottom) distribution.

Bl. median — b «

Bl.median -

Bl,median - E’* [o]

Salvarese & Chen

-3 4

(-20,0-10,0] [0,10] [0,20] [0,40]

Distribution support [°]

(-40,0)

T

30 20 10 10 20 30
Expected rate, A [°]

[}
&

o
i
L)

(¥
1

-30 20 -10 10 20 30

Scale, A [°]

Figure 6. Same as Figure 5 but combining 20 simulated BNS events.
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realizations. The results are for the viewing angle bias following a Uniform
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inferred fairly well with 210 events, and the standard

deviations can be inferred with =20 events.
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