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Feng Yuan,28,43,92 Ye-Fei Yuan,93 and Shan-Shan Zhao17,60

(EHT Collaboration)

1Steward Observatory and Department of Astronomy, University of Arizona, 933 North Cherry Avenue, Tucson, Arizona 85721, USA
2School of Natural Sciences, Institute for Advanced Study, 1 Einstein Drive, Princeton, New Jersey 08540, USA

3National Radio Astronomy Observatory, 520 Edgemont Road, Charlottesville, Virginia 22903, USA
4Massachusetts Institute of Technology Haystack Observatory, 99 Millstone Road, Westford, Massachusetts 01886, USA

5National Astronomical Observatory of Japan, 2-21-1 Osawa, Mitaka, Tokyo 181-8588, Japan
6Black Hole Initiative at Harvard University, 20 Garden Street, Cambridge, Massachusetts 02138, USA
7Instituto de Astrofísica de Andalucía-CSIC, Glorieta de la Astronomía s/n, E-18008 Granada, Spain

8Max-Planck-Institut für Radioastronomie, Auf dem Hügel 69, D-53121 Bonn, Germany
9Institute of Astronomy and Astrophysics, Academia Sinica, 11F of Astronomy-Mathematics Building,

AS/NTU No. 1, Sec. IV, Roosevelt Road, Taipei 10617, Taiwan, Republic of China
10Departament d’Astronomia i Astrofísica, Universitat de València, C. Dr. Moliner 50, E-46100 Burjassot, València, Spain
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The 2017 Event Horizon Telescope (EHT) observations of the central source in M87 have led to the first
measurement of the size of a black-hole shadow. This observation offers a new and clean gravitational test
of the black-hole metric in the strong-field regime. We show analytically that spacetimes that deviate from
the Kerr metric but satisfy weak-field tests can lead to large deviations in the predicted black-hole shadows
that are inconsistent with even the current EHT measurements. We use numerical calculations of regular,
parametric, non-Kerr metrics to identify the common characteristic among these different parametrizations
that control the predicted shadow size. We show that the shadow-size measurements place significant
constraints on deviation parameters that control the second post-Newtonian and higher orders of each
metric and are, therefore, inaccessible to weak-field tests. The new constraints are complementary to those
imposed by observations of gravitational waves from stellar-mass sources.

DOI: 10.1103/PhysRevLett.125.141104

Tests of general relativity have traditionally involved
solar-system bodies [1] and neutron stars in binaries [2],
for which precise measurements can be interpreted with
minimal astrophysical complications. In recent years,
observations at cosmological scales [3] and the detection

of gravitational waves [4] have also resulted in an array of
new gravitational tests.
The horizon-scale images of the black hole in the center

of the M87 galaxy obtained by the Event Horizon
Telescope (EHT) [5] in 2017 offer the most recent addition
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to the set of observations that probe the strong-field regime
of gravity. As an interferometer, the EHT measures the
Fourier components of the brightness distribution of the
source on the sky at a small number of distinct Fourier
frequencies. The features of the underlying image are then
reconstructed either using agnostic imaging algorithms or
by directly fitting model images to the interferometric data.
The central brightness depression seen in the M87 image
has been interpreted as the shadow cast by this super-
massive black hole on the emission from the surrounding
plasma. The observability of the shadow of the black hole
in M87 and the one in the center of the Milky Way, Sgr A�,
had been predicted earlier based on the properties of the
radiatively inefficient accretion flows around these objects
and their large mass-to-distance ratios [6].
The outline of a black-hole shadow is the locus of the

photon trajectories on the screen of a distant observer that,
when traced backwards, become tangent to the surfaces of
spherical photon orbits hovering just above the black-hole
horizons [7]. The Boyer-Lindquist radii of these spherical
photon orbits lie in the range ð1 − 4ÞM, depending on the
black-hole spin and the orientation of the angular momen-
tum of the orbit [8] (here M is the mass of the black hole
and we have set G ¼ c ¼ 1, where G is the gravitational
constant, and c is the speed of light). It is the fact that the
outlines of black-hole shadows encode in them the strong-
field properties of the spacetimes that led to the early
suggestion that they can be used in performing strong-field
gravitational tests [9–11].
Even though the radii of the photon orbits have a strong

dependence on spin, a fortuitous cancellation of the effects
of frame dragging and of the quadrupole structure in the
Kerr metric causes the outline of the shadow, as observed at
infinity, to have a size and a shape that depends very weakly
on the spin of the black hole or the orientation of the
observer [10]. This cancellation occurs because, due to the
no-hair theorem, the magnitude of the quadrupole moment
of the Kerr metric is not an independent quantity but is
instead always equal to the square of the black-hole spin.
For all possible values of spin and inclination, the size of
the shadow is ≃5M � 4% and its shape is nearly circular to
within ∼7%. For a black hole of known mass-to-distance
ratio, the constancy of the shadow size allows for a null-
hypothesis test of the Kerr metric [12]. At the same time,
the nearly circular shape of the shadow offers the possibil-
ity of testing the gravitational no-hair theorem [10].
The first inference of the size of the black-hole shadow in

M87 used as a proxy the measurement of the size of the
bright ring of emission that surrounds the shadow and
calibrated the difference in size via large suites of GRMHD

simulations [5]. When this ring of emission is narrow, as is
the case for the 2017 EHT image of M87, potential biases in
the measurement are small. The inferred size of the M87
black-hole shadow was found to be consistent (to within
∼17% at the 68-percentile level) with the predicted size

based on the Kerr metric and the mass-to-distance ratio of
the black hole derived using stellar dynamics [5,13] (see,
however, [14–16]). The agreement between the measured
and predicted shadow size does constitute a null-hypothesis
test of the general relativity predictions: the data give us no
reason to question the validity of the assumptions that went
into this measurement, the Kerr metric being one of them.
However, using this measurement to place quantitative
constraints on any potential deviations from the Kerr metric
is less straightforward for two reasons.
First, the Kerr metric is the unique black-hole solution to

a large number of modified gravity theories that are Lorentz
symmetric and have field equations with constant coupling
coefficients between the various gravitating fields [17,18].
Only a limited number of black-hole solutions are known
for theories with dynamical couplings [19] (e.g., dynamical
Chern-Simons gravity and Einstein-dilaton-Gauss-Bonnet
gravity [20]) or for Lorentz-violating theories [21]. Despite
substantial progress in recent years, this line of work leads
to limited theoretical guidance on the form and magnitude
of potential deviations from the Kerr metric.
Second, if we instead use an empirical parametric

framework to extend the Kerr metric, we would find that
most naive parametric extensions lead to pathologies,
such as non-Lorentzian signatures, singularities, and
closed timelike loops, which render it impossible to
calculate photon trajectories in the strong-field regime
(see, e.g., [22]). In recent years, this problem has been
addressed with the development of a number of parametric
extensions of the Kerr metric that are free of pathologies
[23–29]. Resolving the pathologies, however, comes at the
cost of very large complexity. In principle, we can use the
EHT measurement with any of these parametric extensions
to place constraints on the specific parameters of the metric
we used [30]. However, understanding the physical mean-
ing of such constraints and comparing them with the
constraints imposed when other parametric extensions
are used are not readily feasible. In addition, the complexity
of the various parametric extensions to the Kerr metric
hinders the comparison of these gravitational tests with the
results of other, e.g., weak-field and cosmological ones and,
therefore, the effort to place complementary tests on the
underlying gravity theory.
In this Letter, we use analytic arguments as well as

numerical calculations of shadows to set new constraints on
gravity using the 2017 EHT measurements, elucidate their
physical meaning, and compare them with earlier weak-
field tests. We find that the EHT measurements place
constraints primarily on the tt component of the black-hole
spacetime (when the latter is expressed in areal coordinates
and in covariant form). This is analogous to the fact that
solar-system tests that involve gravitational lensing or
Shapiro delay measurements constrain primarily one of
the metric components of the parametric post-Newtonian
(PPN) framework [1]. However, we show that the
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constraints imposed by the EHT measurements are of (at
least) the second post-Newtonian (PN) order and are,
therefore, beyond the reach of weak-field experiments.
The size of the black-hole shadow both in the Kerr metric

and in other parametric extensions depends very weakly on
the black-hole spin [10,31,32]. For this reason, we start by
exploring analytically the shadow size for a general static,
spherically symmetric metric of the form

ds2 ¼ gttdt2 þ grrdr2 þ r2dΩ: ð1Þ

Note that the choice of coordinates we use here is different
from the isotropic coordinates of the PPN framework. We
made this choice because, as wewill show below, the radius
of the photon orbit and the size of the shadow depend on
only one component of the metric in these coordinates
(unlike, e.g., Eq. [101] of Ref. [33], which is written in
isotropic coordinates).
Without loss of generality, we consider photon trajecto-

ries in the equatorial plane, i.e., set θ ¼ π=2. Following
Ref. [34], we use two of the Killing vectors of the
spacetime to write the components of the momentum of
a photon traveling in this spacetime as

ðkt; kr; kθ; kϕÞ ¼
�
E
gtt

;
�
−

E2

gttgrr
−

l2

grrr2

�
1=2

; 0;
l
r2

�
; ð2Þ

where E and l are the conserved energy and angular
momentum of the photon and we have used the null
condition k

˜
· k
˜
¼ 0 to calculate the radial component

of the momentum.
The location of the circular photon orbit is the solution

of the two conditions kr ¼ 0 and dkr=dr ¼ 0. Combining
them, we write the radius rph of the photon orbit as the
solution to the implicit equation

rph ¼ ffiffiffiffiffiffiffiffi
−gtt

p �
d

ffiffiffiffiffiffiffiffi−gtt
p
dr

����
rph

�
−1
: ð3Þ

The radius rsh of the black-hole shadow as observed at
infinity is the gravitationally lensed image of the circular
photon orbit. This effect was calculated in Ref. [34]
(Eq. [20]) and, when applied to the size of the photon
orbit, leads to

rsh ¼
rphffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

−gttðrphÞ
p : ð4Þ

As advertised earlier, both the radius of the photon orbit and
the size of the black-hole shadow depend only on the tt
component of the metric (1) written in areal coordinates and
in covariant form.
In order to connect the strong-field constraints from

black-hole shadows to the weak-field tests, we expand the
tt component in powers of r−1 as

−gtt ¼ 1 −
2

r
þ 2

�
β̄ − γ̄

r2

�
− 2

�
ζ

r3

�
þOðr−4Þ: ð5Þ

Hereafter, we set G ¼ c ¼ M ¼ 1, where G is the gravi-
tational constant, c is the speed of light, andM is the black-
hole mass. In this equation, we have employed the usual
PPN parameters β̄ and γ̄ and added a 2 PN term para-
metrized by the quantity ζ. Weak-field tests have placed
strong constraints on the 1 PN parameters to be equal to
unity to within a few parts in 105 [1]. Even though modified
gravity theories may not satisfy Birkhoff’s theorem and,
therefore, the values of the 1 PN parameters may be
different outside the Sun and outside a black hole, we
make here the very conservative assumption that the Solar
System limits are applicable to the external spacetimes of
astrophysical black holes and set β̄ − γ̄ ≃ 0. If the tt
component of the black-hole metric has indeed a vanishing
1 PN term, as required by the weak-field tests, and
terminates at the 2 PN term, the radius of the circular
photon orbit would be

rph ¼ 3þ 5

9
ζ ð6Þ

and the size of the black-hole shadow would be

rsh ¼ 3
ffiffiffi
3

p �
1þ 1

9
ζ

�
: ð7Þ

This is a quantitative demonstration of the fact that the size
of the black-hole shadow probes the behavior of the
spacetime at least at the 2 PN order. Moreover, the size
of the black-hole shadow depends linearly on the magni-
tude of the 2 PN term.
To explore in detail the constraints imposed by the EHT

results, we will consider, as concrete examples of regular,
parametric extensions to the Kerr metric, the metrics
developed in Refs. [22,23] (hereafter the Johannsen-
Psaltis (JP) metric) and in Refs. [24,35] [hereafter the
modified gravity bumpy Kerr (MGBK) metric]. Table I
shows the 1 PN and 2 PN parameters [see Eq. (1)] for
these metrics, when the spin parameter is set to zero and
only leading orders of the parameters are considered.
From the analytic argument above, we expect the shadow
sizes to be determined primarily by the parameters that
control the 2 PN and higher-order terms for these metrics.
Hereafter, we define the spin of a given metric as the
dimensionless ratio J=M2 of the lowest-order current
moment, i.e., the angular momentum, to the square of
the lowest-order mass moment, i.e., the Keplerian mass, of
the spacetime.
The JP metric has four lowest-order parameters to

describe possible deviations from Kerr [22]. The outlines
of black-hole shadows for this metric have been calculated
in Refs. [31,32] and were shown to depend very weakly on
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the black-hole spin. Setting the spin to zero, we use Eq. (4)
for the full metric to derive the shadow size as a function of
the deviation parameters. We find that, in this limit, the
shadow size depends entirely on one of the deviation
parameters, α13, which is also the one that controls the
2 PN terms of the metric. The complete expression is very
complicated to display here but a power-law expansion is

rsh;JP ¼ 3
ffiffiffi
3

p �
1þ 1

27
α13 −

1

486
α213 þOðα313Þ

�
: ð8Þ

Note that the coefficient of the deviation parameter α13 is
different from what we would have expected from Eq. (7)
because the JP metric does not terminate at the 2 PN order.
Requiring that the shadow size is consistent to within 17%
with the 2017 EHT measurement for M87 places a bound
on the deviation parameter −3.6 < α13 < 5.9. The left
panel of Fig. 1 shows the corresponding limits on α13
obtained numerically from the full JP metric, when the
black-hole spin is taken into account and the second metric
parameter that affects the shadow size for a spinning black
hole, i.e., α22, is varied. As evident here, the constraints on
α13 change only mildly when effects that introduce devia-
tions from spherical symmetry are included. Therefore, for
the JP metric, the EHT measurement constrains

predominantly the deviation parameter α13, which controls
the 2 PN terms.
The MGBK metric has four lowest-order parameters to

describe possible deviations from Kerr [35] without
requiring the 1 PN deviation to vanish (see Table I).
The outlines of black-hole shadows have been calculated
in Ref. [32] and their overall sizes were shown to depend
primarily on the parameters γ3;3, γ1;2, and γ4;2 (see Fig. 8 of
[32]). In its original formulation, the parameter γ3;3
describes frame dragging in a manner that remains finite
even for nonspinning black holes (see Eq. [17] of [35]).
Here, we scale this parameter with spin, i.e., write γ03;3 ¼
γ3;3a to remove the divergent behavior of the shadow size
with a → 0 found in Ref. [32]. We also set γ4;2 ¼ −γ1;2=2
for this metric to be consistent with Solar System tests at the
1 PN order. In this case, the magnitude of potential 2 PN
deviations becomes equal to ζMGBK ¼ γ1;2.
With these redefinitions, the size of the shadow for the

MGBK metric depends primarily on parameter γ1;2 and
only weakly on spin. As before, we calculate analytically
the shadow size for this metric using Eq. (4) having set the
spin equal to zero. We again display only an expansion of
the size in the deviation parameter γ1;2:

rsh;MGBK ¼ 3
ffiffiffi
3

p �
1þ 1

27
γ1;2 þOðγ31;2Þ

�
: ð9Þ

Requiring that the shadow size is consistent to within 17%
with the 2017 EHT measurement for M87 places a bound
on the deviation parameter −5.0 < γ1;2 < 4.9. The right
panel of Fig. 1 shows the corresponding constraints
obtained numerically from the full solution, when the
black-hole spin is taken into account and the other
deviation parameters are varied. Again, the constraints

FIG. 1. Bound on the deviation parameters (left) α13 of the JP metric and (right) γ1;2 for the MGBK metric, as a function of spin
(J=M2) and for different values of the other metric parameters, placed by the 2017 EHTobservations of M87. The shaded areas show the
excluded regions of the parameter space. The dashed line shows the analytic result obtained for zero spin. The EHT measurements place
constraints predominantly on α13 (for JP) and γ1;2 (for MGBK), which control the 2 PN expansion of the corresponding metrics (see
Table I).

TABLE I. PPN expansions of various parametric extensions to
the Kerr metric.

Metric β̄ − γ̄ (1 PN) ζ (2 PN)

Kerr 0 0
JP 0 α13
MGBK −γ1;2=2 − γ4;2 → 0 −γ1;2 − 4γ4;2 → γ1;2
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on γ1;2 change only mildly when effects that introduce
deviations from spherical symmetry are included.
Even though the complex functional forms of the various

elements in the two metrics we considered here are very
different from each other, in both cases the predicted size of
the black-hole shadow depends almost exclusively (and in a
very similar manner) on the deviation parameter that
controls the 2 PN and higher-order terms for each metric.
This conclusion remains the same when we use, e.g., the
Rezzolla-Zhidenko (RZ) metric [29], for which the devia-
tions from Kerr are introduced by a sequence of parameters,
with ai controlling primarily the iþ 1 PN order. For this
metric, ζ ¼ −4α1 and requiring that the predicted shadow
size is consistent with the EHT measurements leads to the
constraint −1.2 < α1 < 1.3. This supports our conclusion
that an EHT measurement of the size of a black hole leads
to metric tests that are inaccessible to weak-field tests.
In this Letter we have allowed for only one of the high-

order PN parameters of the gtt component of each metric to
deviate from its Kerr value in order to show that significant
constraints can be obtained even with the current EHT
results. However, if more than one PN parameters of the
same metric component are included, then the size meas-
urement of the black-hole shadow will instead lead to a
constraint on a linear combination of these parameters.
Similar constraints will be possible in the very near future
with EHTobservations of the black hole in the center of the
Milky Way, for which there is no ambiguity in the inferred
mass. In that case, monitoring of individual stellar orbits
has provided very precise measurements of its mass-to-
distance ratio [36] leading to a prediction of 47–53 μas for
its shadow diameter, depending on the black-hole spin.
Observations of double neutron stars [2] and of coa-

lescing black holes with LIGO/VIRGO [4] also probe the
strong-field properties of their gravitational fields and lead
to post-Newtonian constraints of similar magnitude as the
ones we obtain here. The mass and curvature scale of the
stellar-mass sources are eight orders of magnitude different
from those of the M87 black hole, thereby probing a very
different regime of gravitational parameters [5,11]. It is this
combination of gravitational tests across different scales
that will provide complementary and comprehensive con-
straints on possible modifications of the fundamental
gravitational theory.
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Haute-Savoie, France) (Gordon and Breach, New York,
1972), pp. 215–239; S. Chandrasekhar, The Mathematical
Theory of Black Holes (Oxford University Press, New York,
1988); E. Teo, Gen. Relativ. Gravit. 35, 1909 (2003); R.
Takahashi, Astrophys. J. 611, 996 (2004).

[8] J. M. Bardeen, W. H. Press, and S. A. Teukolsky, Astrophys.
J. 178, 347 (1972).

[9] C. Bambi and K. Freese, Phys. Rev. D 79, 043002 (2009).
[10] T. Johannsen and D. Psaltis,Astrophys. J. 718, 446

(2010).
[11] D. Psaltis, Gen. Relativ. Gravit. 51, 137 (2019); P. V. P.

Cunha and C. A. R. Herdeiro, Gen. Relativ. Gravit. 50, 42
(2018); T. Baker, D. Psaltis, and C. Skordis, Astrophys. J.
802, 63 (2015).

[12] D. Psaltis, F. Özel, C.-K. Chan, and D. P. Marrone, As-
trophys. J. 814, 115 (2015).

[13] K. Gebhardt, J. Adams, D. Richstone, T. R. Lauer, S. M.
Faber, K. Gültekin, J. Murphy, and S. Tremaine, Astrophys.
J. 729, 119 (2011).

[14] J. L. Walsh, A. J. Barth, L. C. Ho, and M. Sarzi, Astrophys.
J. 770, 86 (2013).

[15] J. Kormendy and L. C. Ho, Annu. Rev. Astron. Astrophys.
51, 511 (2013).

[16] A second technique of measuring the mass of M87 based
on gas dynamics results in a mass that is smaller by a
factor of 2. However, the accuracy of this technique
has been questioned as it often leads to underestimated
black-hole masses [15]. Moreover, choosing this mass
instead would lead us to the conclusion that the metric
of the M87 black hole deviates substantially from Kerr.
We consider this to be a rather unlikely possibility and,
therefore, give a negligible prior to the mass measurement
from gas dynamics.

[17] D. Psaltis, D. Perrodin, K. R. Dienes, and I. Mocioiu,Phys.
Rev. Lett. 100, 091101 (2008).

[18] T. P. Sotiriou and V. Faraoni,Phys. Rev. Lett. 108, 081103
(2012).

[19] E. Berti et al., Classical Quantum Gravity 32, 243001
(2015).

[20] N. Yunes and L. C. Stein, Phys. Rev. D 83, 104002 (2011);
K. Yagi, N. Yunes, and T. Tanaka, Phys. Rev. D 86, 044037
(2012); D. Ayzenberg and N. Yunes, Phys. Rev. D 90,
044066 (2014); R. McNees, L. C. Stein, and N. Yunes,
Classical Quantum Gravity 33, 235013 (2016); H. O. Silva,
J. Sakstein, L. Gualtieri, T. P. Sotiriou, and E. Berti, Phys.
Rev. Lett. 120, 131104 (2018); D. D. Doneva and S. S.
YArizonaadjiev,Phys. Rev. Lett. 120, 131103 (2018).

[21] E. Barausse, T. Jacobson, and T. P. Sotiriou,Phys. Rev. D 83,
124043 (2011); E. Barausse and T. P. Sotiriou, Classical
Quantum Gravity 30, 244010 (2013); E. Barausse, T. P.
Sotiriou, and I. Vega, Phys. Rev. D 93, 044044 (2016); O.
Ramos and E. Barausse,Phys. Rev. D 99, 024034 (2019).

[22] T. Johannsen,Phys. Rev. D 87, 124017 (2013).
[23] T. Johannsen and D. Psaltis, Phys. Rev. D 83, 124015 (2011).
[24] S. Vigeland, N. Yunes, and L. C. Stein, Phys. Rev. D 83,

104027 (2011).
[25] T. Johannsen, Phys. Rev. D 88, 044002 (2013).
[26] V. Cardoso, P. Pani, and J. Rico, Phys. Rev. D 89, 064007

(2014).
[27] L. Rezzolla and A. Zhidenko,Phys. Rev. D 90, 084009

(2014).
[28] V. Cardoso and L. Queimada, Gen. Relativ. Gravit. 47, 150

(2015).
[29] R. Konoplya, L. Rezzolla, and A. Zhidenko,Phys. Rev. D

93, 064015 (2016).
[30] T. Johannsen, A. E. Broderick, P. M. Plewa, S. Chatzopoulos,

S. S. Doeleman, F. Eisenhauer, V. L. Fish, R. Genzel, O.
Gerhard, and M. D. Johnson, Phys. Rev. Lett. 116, 031101
(2016).

[31] T. Johannsen, Astrophys. J. 777, 170 (2013).
[32] L. Medeiros, D. Psaltis, and F. Özel, Astrophys. J. 896, 7

(2020).
[33] A. Sullivan, N. Yunes, and T. P. Sotiriou, Phys. Rev. D 101,

044024 (2020).
[34] D. Psaltis, Phys. Rev. D 77, 064006 (2008).
[35] J. Gair and N. Yunes, Phys. Rev. D 84, 064016

(2011).
[36] Gravity Collaboration, Phys. Rev. Lett. 122, 101102

(2019); Astron. Astrophys. 636, L5 (2020); T. Do et al.,
Science 365, 664 (2019).

PHYSICAL REVIEW LETTERS 125, 141104 (2020)

141104-9

https://doi.org/10.12942/lrr-2014-4
https://arXiv.org/abs/1402.5594
https://doi.org/10.1146/annurev-astro-091918-104423
https://doi.org/10.1103/PhysRevLett.116.221101
https://doi.org/10.1103/PhysRevD.100.104036
https://doi.org/10.1103/PhysRevD.100.104036
https://doi.org/10.1103/PhysRevLett.123.111102
https://doi.org/10.1103/PhysRevLett.123.111102
https://doi.org/10.3847/2041-8213/ab0ec7
https://doi.org/10.3847/2041-8213/ab0ec7
https://doi.org/10.3847/2041-8213/ab0c96
https://doi.org/10.3847/2041-8213/ab0c57
https://doi.org/10.3847/2041-8213/ab0e85
https://doi.org/10.3847/2041-8213/ab0e85
https://doi.org/10.3847/2041-8213/ab0f43
https://doi.org/10.3847/2041-8213/ab1141
https://doi.org/10.1086/312423
https://doi.org/10.1086/312423
https://doi.org/10.1086/309396
https://doi.org/10.1086/309396
https://doi.org/10.1086/318658
https://doi.org/10.1086/318658
https://doi.org/10.1023/A:1026286607562
https://doi.org/10.1086/422403
https://doi.org/10.1086/151796
https://doi.org/10.1086/151796
https://doi.org/10.1103/PhysRevD.79.043002
https://doi.org/10.1088/0004-637X/718/1/446
https://doi.org/10.1088/0004-637X/718/1/446
https://doi.org/10.1007/s10714-019-2611-5
https://doi.org/10.1007/s10714-018-2361-9
https://doi.org/10.1007/s10714-018-2361-9
https://doi.org/10.1088/0004-637X/802/1/63
https://doi.org/10.1088/0004-637X/802/1/63
https://doi.org/10.1088/0004-637X/814/2/115
https://doi.org/10.1088/0004-637X/814/2/115
https://doi.org/10.1088/0004-637X/729/2/119
https://doi.org/10.1088/0004-637X/729/2/119
https://doi.org/10.1088/0004-637X/770/2/86
https://doi.org/10.1088/0004-637X/770/2/86
https://doi.org/10.1146/annurev-astro-082708-101811
https://doi.org/10.1146/annurev-astro-082708-101811
https://doi.org/10.1103/PhysRevLett.100.091101
https://doi.org/10.1103/PhysRevLett.100.091101
https://doi.org/10.1103/PhysRevLett.108.081103
https://doi.org/10.1103/PhysRevLett.108.081103
https://doi.org/10.1088/0264-9381/32/24/243001
https://doi.org/10.1088/0264-9381/32/24/243001
https://doi.org/10.1103/PhysRevD.83.104002
https://doi.org/10.1103/PhysRevD.86.044037
https://doi.org/10.1103/PhysRevD.86.044037
https://doi.org/10.1103/PhysRevD.90.044066
https://doi.org/10.1103/PhysRevD.90.044066
https://doi.org/10.1088/0264-9381/33/23/235013
https://doi.org/10.1103/PhysRevLett.120.131104
https://doi.org/10.1103/PhysRevLett.120.131104
https://doi.org/10.1103/PhysRevLett.120.131103
https://doi.org/10.1103/PhysRevD.83.124043
https://doi.org/10.1103/PhysRevD.83.124043
https://doi.org/10.1088/0264-9381/30/24/244010
https://doi.org/10.1088/0264-9381/30/24/244010
https://doi.org/10.1103/PhysRevD.93.044044
https://doi.org/10.1103/PhysRevD.99.024034
https://doi.org/10.1103/PhysRevD.87.124017
https://doi.org/10.1103/PhysRevD.83.124015
https://doi.org/10.1103/PhysRevD.83.104027
https://doi.org/10.1103/PhysRevD.83.104027
https://doi.org/10.1103/PhysRevD.88.044002
https://doi.org/10.1103/PhysRevD.89.064007
https://doi.org/10.1103/PhysRevD.89.064007
https://doi.org/10.1103/PhysRevD.90.084009
https://doi.org/10.1103/PhysRevD.90.084009
https://doi.org/10.1007/s10714-015-1990-5
https://doi.org/10.1007/s10714-015-1990-5
https://doi.org/10.1103/PhysRevD.93.064015
https://doi.org/10.1103/PhysRevD.93.064015
https://doi.org/10.1103/PhysRevLett.116.031101
https://doi.org/10.1103/PhysRevLett.116.031101
https://doi.org/10.1088/0004-637X/777/2/170
https://doi.org/10.3847/1538-4357/ab8bd1
https://doi.org/10.3847/1538-4357/ab8bd1
https://doi.org/10.1103/PhysRevD.101.044024
https://doi.org/10.1103/PhysRevD.101.044024
https://doi.org/10.1103/PhysRevD.77.064006
https://doi.org/10.1103/PhysRevD.84.064016
https://doi.org/10.1103/PhysRevD.84.064016
https://doi.org/10.1103/PhysRevLett.122.101102
https://doi.org/10.1103/PhysRevLett.122.101102
https://doi.org/10.1051/0004-6361/202037813
https://doi.org/10.1126/science.aav8137

