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Ultralight bosons can affect the dynamics of spinning black holes (BHs) via superradiant instability,
which can lead to a time evolution of the supermassive BH shadow. We study prospects for wit-
nessing the superradiance-induced BH shadow evolution, considering ultralight vector and tensor
fields. We introduce two observables sensitive to the shadow time-evolution: the shadow drift, and
the variation in the azimuthal angle lapse associated to the photon ring autocorrelation. The two
observables are shown to be highly complementary, depending on the observer’s inclination angle.
Focusing on the supermassive object Sgr A? we show that both observables can vary appreciably
over human timescales of a few years in the presence of superradiant instability, leading to signatures
which are well within the reach of the Event Horizon Telescope for realistic observation times (but
benefiting significantly from extended observation periods), and paving the way towards probing
ultralight bosons in the ∼ 10−17 eV mass range.

I. INTRODUCTION

Signatures of the presence and dynamics of black holes
(BHs) are now regularly observed by a diverse range of
probes, turning these peculiar regions of spacetime into
extreme laboratories for testing fundamental physics [1].
Very long baseline interferometry (VLBI) has unlocked
the possibility of imaging the shadows of supermassive
BHs (SMBHs), i.e. their dark silhouette against the
imprint of the surrounding radiation [2–4]. In 2019
the Event Horizon Telescope (EHT) delivered the first
groundbreaking horizon-scale images of the shadow of
M87?, the SMBH situated at the center of the nearby
elliptical galaxy Messier 87? [5–12].

These results were recently followed by the EHT’s
first image of the shadow of Sagittarius A? (Sgr A?), a
bright and compact radio source residing in our Galac-
tic Center [13], possibly identified as a SMBH of mass
MSgrA? = (4.154 ± 0.014) × 106M� (calibrated by as-
trometric tracing of the orbiting S-stars) at a distance
d = (8178 ± 13 ± 22) pc from us [14–16]. Sgr A?’s short
dynamical timescale ∼ 20 s prompted the EHT to image
its dynamical evolution by reconstructing the source’s
emission region [17, 18]. Assuming general relativity, the
estimated dynamical mass and distance are consistent
with the size of the bright ring of emission (51.8±2.3)µas
reported by the EHT [19–28].
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VLBI horizon-scale images are paving the way for tests
of fundamental physics in the strong gravity regime (see
e.g. Refs. [29–103] for M87? and Refs. [104–116] for Sgr
A?), including the possibility that astrophysical BHs may
be “mimickers”, i.e. (possibly horizonless) compact ob-
jects other than BHs [117–131]. Here, we shall pursue
a similar direction, by characterizing detectable imprints
of new ultralight bosons on SMBH shadows, driven by
the radiation-enhancement phenomenon of BH superra-
diance (BHSR) [132–138].

New ultralight bosonic fields are well-motivated by a
wide range of scenarios, extending from string compact-
ifications to models of dark matter and (early) dark en-
ergy [139–158]. BHSR drives the growth of a cloud of
massive bosonic fields orbiting a spinning BH at the ex-
pense its energy and angular momentum [159], with a key
role played by the existence of an event horizon, acting as
an absorbing boundary condition (see Refs. [160–180] for
important earlier work). BHSR is most efficient when the
boson’s Compton wavelength is comparable to the BH
gravitational radius rg (crucially relying only on gravi-
tational interactions), and its signatures have been used
to constrain new light bosons from observations of spin-
ning BHs [181–187]. As the appearance of a BH shadow
is very sensitive to the BH’s mass and spin, the BHSR-
driven growth of the bosonic cloud growth at the expense
thereof leads to an evolution of the BH shadow [188–190],
which in the case of scalar (spin-0) BHSR was argued to
be potentially observable [188, 190].

In this paper, we study BHSR-driven signatures which
are well within the reach of the EHT and future VLBI
arrays, and can lead to a clear detection of the imprint
of new light bosons on the shadow of Sgr A? within a
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timescale of a few years or decades. More precisely, we
consider the imprint of the superradiant evolution as po-
tentially observable through the i) shadow drift (defined
later), and the ii) photon ring autocorrelation. We con-
sider vector and tensor fields, which lead to stronger
signatures compared to scalars. Alongside related ef-
forts [191–195], our results provide a novel pathway to-
wards probing new ultralight bosons through BH shad-
ows. We set ~ = c = 1.

II. SUPERRADIANT EVOLUTION

We consider the evolution over the background of a
rotating (Kerr) BH of a vector field Aµ with mass µV as
described by the Proca equation, or alternatively a ten-
sor field Hµν with mass µT as described by Fierz-Pauli
equation [196–202]. We refer to the boson mass as µ
when discussing general properties of the boson cloud.
On the Kerr background and in spherical coordinates,
the wave function for a boson of spin s separates into
radial and angular components. The angular part is de-
scribed by spin-weighted spherical harmonics, with the
orbital angular momentum ` and the azimuthal number
m describing the projection of the total angular momen-
tum j along the z−axis.

A massive boson field incident upon a spinning BH can
develop superradiant instability, leading to exponential
increase in the boson occupation numbers at the expense
of the BH mass and spin [159, 203], provided the angular
phase velocity of the incident wave ω satisfies mΩH >
ω, where ΩH is the angular velocity at the BH event
horizon. Given a BH of mass M and in the limit of small
gravitational coupling α ≡ GMµ, superradiance is most
effective for α ∼ O(0.1). The superradiant instability
rates are given by [203–205]

Γj` ' C`S
P`m(a)

P`m(0)
α4`+2S+5 (mΩBH−ω) , (1)

P`m(a) ≡ (1+∆)
∏̀
q=1

[
∆2+4r2g(1 + ∆)2(mΩBH−ω)

2
]
,(2)

where ∆ ≡
√

1− a2, with a being the dimensionless spin,
S = {−s,−s+1, ...s−1, s} is the spin projection along the
z-axis, and the coefficients C`S relevant for us are C1−1 =
16 and C2−2 = 128/45. For Sgr A?, the associated in-
stability timescale depends on the nature and quantum
numbers of the boson cloud, with vector fields extracting
energy on a significantly shorter timescale than scalar
fields. For example, a vector field with α = 0.2 re-
duces the superradiant timescale for an extremal SMBH
to t ∼ O(10) yrs, compared to t ∼ O(104) yrs for a scalar
field with the same α. For tensor fields, the existence
of two unstable modes with m = 1 (dipole) and m = 2
(quadrupole) leads to the quadrupole mode still being in
the superradiant phase for ω/2 < ΩH < ω, even after the
dipole mode has stopped growing [205], similarly to the
case of two scalar fields [190] or multiple modes [206].

A. Large inclination angle: Shadow drift

A change in the BH mass and spin due to BHSR affects
the shape, position, and size of the BH shadow. Detect-
ing a change in the features of the BH shadow over a
relatively short period of a few years could therefore hint
at the existence of new ultralight bosons.

As the BH’s position on the celestial sphere is fixed,
we choose it as the origin of the sky plane coordinates.
For a given inclination angle and spin, we determine the
shadow contour, along which the points with the largest
and smallest radial distances from the BH’s center lie on
the axis perpendicular to the BH spin projection. We
refer to the distance between these points and the BH’s
center as rmax and rmin, respectively. Because of this
asymmetry, the shadow contour’s center does not corre-
spond to the BH position, and the radial distance be-
tween the shadow’s and BH center is parametrized as

rC ≡ |rmax − rmin|/2 . (3)

A change in the BH spin leads to a shift in rC along
the axis perpendicular to the BH spin projection. Al-
ternative definitions, including the radial distance to the
shadow’s geometrical mean or the ring center defined by
the EHT [8, 21, 22], lead to quantitatively similar re-
sults. On the other hand, the BH spin evolution has a
less significant impact on the overall shape of the shadow
contour calculated with respect to the shadow center in-
stead of the BH center, as well as other quantities such
as the average shadow radius, the ring diameter, and the
circularity. Therefore, in the following, we focus on the
drift of the shadow center rC defined in Eq. (3). Such a
definition benefits from encompassing both shape distor-
tion and position shift in the BH shadow.

We consider the superradiant evolution of a boson
cloud around Sgr A? with initial spin parameter a0 ≡
|J0|/M2

0 , where J0 and M0 are the initial spin and mass
of the SMBH. We solve for the evolution of the BH spin
and mass, as well as for the occupancy number of bosons
in the cloud, assuming these quantities evolve over the
timescale in Eq. (1) and setting M0 = MSgrA? . We ne-
glect the effects of GW emission and gas accretion, which
operate on much longer timescales [207–209], as well as
the additional assumption that the nonlinear backreac-
tion effects of the bosonic field on the metric are not
relevant. We have not included possible effects that
would lead to a saturation of the cloud growth, including
plasma effects [210], interactions of the boson field with
SM gauge bosons or particles in a dark sector [211], or
self-interactions [175, 212, 213]. The initial mass of the
boson cloud has little impact on the timescale for most
of the parameter space, and we set it to MB = M�,
although lower values yield similar results. For a given
choice of the initial value of α0 ≡ GM0µ, the BH spins
down to a final value aF at which BHSR shuts down,
obtained by setting ω = mΩBH.

Consensus is lacking regarding the spin and inclination
angle of Sgr A?. The EHT observations of Sgr A? are con-
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FIG. 1: Change in the drift parameter rC ≡ |rmax −
rmin|/2 of Sgr A?’s shadow for different choices of α0 ≡
GM0µ (horizontal axis) and the initial spin parameter
a0 ≡ J0/M

2
0 (vertical axis), for the case of a vector field

(top panel) or the quadrupole mode of a tensor field (bot-
tom panel), for inclination angle i = 60◦. The black
curves mark an angular change ∆rC = 4µas (dashed
curve) or ∆rC = 8µas (dotted curve), and the minimum
value of a for a given α0, corresponding to ∆rC = 0
(solid curve). Also shown are contours above which the
superradiant timescale is below 20 yrs (red solid curve)
or 5 yrs (red dashed curve), and above which the relative
variation in the BH mass is > 5% (purple dashed curve).

sistent with a large spin and low inclination angle [19, 23],
but have not ruled out the antipodal region of parame-
ter space. Earlier work based on quasi-periodic oscilla-
tions of emissions in radio, infrared, and x rays [214] or
millimeter VLBI [215, 216], exclude an extremal spin.
Studies using semianalytical models have reported mea-
surements ranging from a . 0.9 to a . 0.5, while mag-
netohydrodynamics simulations obtained a ∼ 0.5 [217]
or a ∼ 0.9 [218]. Finally, Ref. [219] used S-stars mo-
tion to set the limit |a| . 0.1, significantly tighter than
the limit obtained considering the surrounding flare emis-
sions [220]. In the future, measurements of the twisted

light of Sgr A? could allow for a direct measurement of
its spin [221, 222]. Since there is overall no agreement
regarding Sgr A?’s spin and inclination angle, we do not
fix the initial spin and perform a scan over all possible
spins, within the Kerr limit a ≤ 1, when presenting the
results below in Fig. 1. The only requirement is that for
a given α0 and m, thus a given aF , a0 > aF is satisfied.

For a given choice of the parameters {a0, α0} and for
an inclination angle i, the BH drift parameter ∆rC is
defined as:

∆rC ≡ rC [aF (α0),MF (α0), i]− rC(a0,M0, i) , (4)

where the final BH mass MF is fixed by the properties of
the boson and the initial conditions for the BH spin and
mass. Values of ∆rC in units of µas are shown in Fig. 1
for a vector field (top panel) and a tensor field (bottom
panel). For illustrative purposes, the inclination angle
is i = 60◦. Along the black solid curve ω = mΩBH is
satisfied, while dotted and dot-dashed curves mark con-
tours for ∆rC = 4µas and ∆rC = 8µas respectively.
For parameters above the red curves, the superradiance
timescale is shorter than 5 years (dashed) or 20 years
(solid). The purple dashed line marks the region above
which the relative change in the BH mass is larger than
5%, therefore backreaction on the Kerr metric can start
to be relevant, making a numerical approach account-
ing for this desirable [223]. The results for the vector
case show a region for α0 ∼ 0.15 and a & 0.9 where the
shadow drift could be within reach of the EHT along hu-
man timescales. The resolution to the shadow center in-
crease significantly for longer observation times, making
detection prospects with EHT and the next-generation
EHT (ngEHT) [224, 225] very optimistic.

Figure 2 shows several examples of the shadow evolu-
tion for a vector boson with α0 = 0.1, at different in-
clination angles i. The background normalized intensity
(I/Imax) maps are generated using the radiative transfer
code IPOLE [226, 227] with an analytic radiative inef-
ficient accretion flow model [228]. Gray lines represent
the evolution of shadow contours at different stages of the
superradiant evolution. Since the shadow drift increases
with i, this signature is particularly promising for high
inclination angles.

B. Low inclination angle: Photon ring
autocorrelation

So far, we have discussed the change in the angular
size of the shadow drift for the cases of a relatively large
inclination angle, fixing i = 60◦ for illustrative purposes.
However, Fig. 2 shows that the shadow drift decreases
at lower inclination angles and vanishes for the face-on
case. In this regime, the spin evolution is best probed
using the photon ring autocorrelation [229].

Due to the strong gravitational field outside the BH,
photons can orbit around the BH multiple times before
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FIG. 2: Background images of normalized intensity maps
for a fast-rotating SMBH with a0 = 0.99 at different
inclination angles i. The gray lines represent the shadow
contour at different stages of the evolution for a vector
boson with α0 = 0.1. Coordinate axes are in units of rg
at the initial time, with the origin being the BH center
and the spin projecting in the horizontal direction.

reaching the celestial plane, locally enhancing the inten-
sity with a narrow ringlike structure [230–233]. For each
emission, light rays with different numbers of half-orbits
around the BH finally arrive at different points on the ce-
lestial plane at different times. Intensity fluctuations ∆I
along the ring are thus correlated for points separated by
a certain azimuthal angle lapse δ0 and a time delay τ0.
More explicitly, starting from the two-point correlation
function of intensity fluctuations and integrating out the
direction perpendicular to the azimuthal direction of the
ring leads to the function:

C(T,Φ) ≡
∫∫

drdr′r r′ 〈∆I(t, r, φ)∆I (t+T, r′, φ+Φ)〉 ,

(5)
where (r, φ) represents the polar coordinate of the celes-
tial plane and t is the observation time. The function
C(T,Φ) in Eq. (5) only depends on the time delay T and
the azimuthal lapse Φ. The function peaks at T = τ0 and
Φ = δ0 [229], where the critical parameters τ0 and δ0 de-
scribe the additional time and azimuthal lapse spent by
the photon traveling one more half-orbit from the same
source and depend only on the external space-time prop-
erties. A measurement of the critical parameters using
the photon ring autocorrelations in Eq. (5) can provide
precise information about the BH. Due to the frame-
dragging effect, the azimuthal angle lapse δ0 is strongly
sensitive to the BH spin, ranging from 271◦ for extremal

BHs to 180◦ for nonrotating ones [233, 234].

Within the current EHT setup, about one year of ob-
servation time can be sufficient to reach the sensitivity
required to resolve the photon ring surrounding Sgr A?’s
shadow [229], allowing to measure δ0 and access informa-
tion on the spin decrease throughout a O(10) yrs superra-
diant phase. These signatures can of course be observed
at much higher significance with ngEHT.

Figure 3 shows variations in the azimuthal angle lapse,
∆δ0, as a function of the initial spin a0 and α0 for both
vector and tensor fields and for the face-on case i = 0◦.
For most of the parameter space, ∆δ0 is much larger
than the azimuthal correlation length `φ ≈ 4.3◦ associ-
ated to the accretion flow [229], which sets a theoretical
uncertainty floor for δ0. Larger inclination angles lead
to φ-dependent critical parameters δ whose evolution in
terms of spin varies with φ, but remains quantitatively
of the same order as in the face-on case [233].

FIG. 3: Same as in Fig. 1 for the variation in the az-
imuthal angle lapse δ0 with an inclination angle i = 0◦.
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III. DISCUSSION AND CONCLUSIONS

We have explored the possibility of observing the time-
evolution of a SMBH shadow induced by superradiance
in the presence of ultralight vector and tensor fields. We
have shown that the evolution will be accessible through
observations of the shadow drift parameter ∆rC intro-
duced in Eq. (4), and the azimuthal angle lapse δ0 related
to the photon ring autocorrelation in Eq. (5).

Variations in the above observables are already acces-
sible by the EHT (and at higher significance by ngEHT),
and can take place on human timescales, depending on
the nature of the boson species (with vector and tensor
superradiance proceeding at a faster rate relative to the
scalar case). These two observables are highly comple-
mentary. At high inclination angles, the shadow drift
is the most promising observables. At low inclination
angles where the shadow drift decreases significantly, the
azimuthal angle lapse is very sensitive to the SMBH spin.
The sensitivity of both observables would significantly
benefit from an extended observation time. The angular
resolution of VLBI arrays will be further improved by
the extended array and higher observation frequencies
available with ngEHT [224, 225, 235], allowing to cover
a much wider range of parameter space.

For the SMBH Sgr A?, superradiance would be effec-
tive if a new boson of mass µ ∼ 10−17 eV exists. If a
time-variation in either of the two observables described
above is reported, the existence of such an elusive boson
would have to be independently confirmed through com-
plementary probes. Although such a range for the boson
mass is currently outside of the experimental reach for
terrestrial laboratories, possible signatures that can be
exploited in the future include astrometry [236, 237], as
well as GW emission from level transitions or boson an-
nihilation to gravitons [205, 238, 239]. The launch of
eLISA [240] will make the latter a particularly promising
target for the boson mass window considered here. If in-
dependent probes confirm that Sgr A?’s spin is low, as
suggested by Ref. [219], this could hint to the existence
of a light boson with µ ∼ 10−17 eV (conversely to how
the putative high spin of M87? is used to exclude a range
of ultralight boson masses in Ref. [191]).

While the possibility of observing a superradiant phase
at present time is small, it is not vanquished. Possibil-
ities include a recent bosenova event that depends on
nonlinear self-interacting terms, leading to the destruc-
tion of the cloud [241–243]. Quantitative simulations of
the bosenova process, affecting how much rotational en-
ergy falls back to the BH, vary from different types of
self-interactions. In fact, for the case of a scalar field in
the presence of quartic self-interactions, new processes
emerge, such as the emission of both relativistic and
nonrelativistic waves to infinity, and the excitation of
forced oscillations which are eventually reabsorbed by
the BH [175]. A model featuring a Higgsed vector field
coupled to a complex scalar field has also been recently
explored [213]. In both cases, the occupation number

of the cloud is limited by the presence of the new inter-
action and superradiance halts after extracting a maxi-
mum angular momentum Jmax, a fraction of which is lost
through the emission of GWs and boson fields at infinity.
Although this process has been simulated through lat-
tice computations [207, 243, 244], more efforts are under-
way to better understand the conditions under which the
bosenova events actually proceed in bursts, or whether
the emission proceeds through a saturation of the cloud
with a steady-state outflow. We leave a detailed study of
these and related aspects to future work.

Another possibility is a time-dependent boson mass,
related to a dark Higgs sector whose vacuum expecta-
tion value evolves over timescale longer than the super-
radiant one, triggering superradiance at specific times.
Such a scenario would require that the boson mass
µ = µ(t) satisfies the following conditions: i) superra-
diance occurs at present time t0, GM0µ(t0) ∼ O(0.1),
and ii) the rate of the change in the boson mass be
smaller than the superradiance timescale, µ̇/µ . Γj`.
One possibility in this sense entails considering a time-
varying vacuum expectation value [245]. Additional fu-
ture possibilities include incorporating the role of self-
interactions [175, 212, 213] and couplings to SM or even
dark sector particles [170, 171, 211, 246], the impact
of multiple boson species or higher excitation modes,
and the interplay between ultralight bosons and modi-
fied gravity effects [247–253]. We plan to return to these
points in future work.
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[176] C. Ünal, F. Pacucci, and A. Loeb, JCAP 05, 007 (2021),
arXiv:2012.12790 [hep-ph].

http://dx.doi.org/10.1103/PhysRevD.79.043002
http://arxiv.org/abs/0812.1328
http://dx.doi.org/10.1103/PhysRevD.91.124020
http://dx.doi.org/10.1103/PhysRevD.91.124020
http://arxiv.org/abs/1704.07065
http://dx.doi.org/10.1103/PhysRevD.98.024044
http://arxiv.org/abs/1803.11422
http://dx.doi.org/10.1007/s41114-019-0020-4
http://arxiv.org/abs/1904.05363
http://dx.doi.org/10.1103/PhysRevD.100.044057
http://arxiv.org/abs/1904.12983
http://arxiv.org/abs/1904.12983
http://dx.doi.org/ 10.1103/PhysRevD.102.024022
http://arxiv.org/abs/2004.06525
http://arxiv.org/abs/2004.06525
http://dx.doi.org/10.1088/1361-6382/abce44
http://dx.doi.org/10.1088/1361-6382/abce44
http://arxiv.org/abs/2011.06154
http://arxiv.org/abs/2011.06154
http://dx.doi.org/10.1088/1475-7516/2021/04/051
http://arxiv.org/abs/2102.01703
http://dx.doi.org/10.1142/S0218271821300068
http://arxiv.org/abs/2109.05481
http://dx.doi.org/ 10.1140/epjc/s10052-022-10045-1
http://arxiv.org/abs/2109.14937
http://arxiv.org/abs/2202.00588
http://dx.doi.org/10.1103/PhysRevD.105.104023
http://dx.doi.org/10.1103/PhysRevD.105.104023
http://arxiv.org/abs/2204.05315
http://dx.doi.org/10.1103/PhysRevD.106.044036
http://dx.doi.org/10.1103/PhysRevD.106.044036
http://arxiv.org/abs/2205.04055
http://arxiv.org/abs/2206.00428
http://arxiv.org/abs/2206.06750
http://dx.doi.org/10.1103/PhysRev.93.99
http://dx.doi.org/10.1038/physci229177a0
http://dx.doi.org/10.1007/BF02725534
http://dx.doi.org/10.1007/BF02725534
http://dx.doi.org/10.1007/BF00894575
http://dx.doi.org/10.1016/0003-4916(79)90237-9
http://dx.doi.org/10.1016/0003-4916(79)90237-9
http://dx.doi.org/10.1103/PhysRevD.22.2323
http://dx.doi.org/10.1103/PhysRevLett.38.1440
http://dx.doi.org/10.1103/PhysRevLett.38.1440
http://dx.doi.org/10.1103/PhysRevLett.40.223
http://dx.doi.org/10.1103/PhysRevLett.40.279
http://dx.doi.org/10.1016/0370-2693(84)90422-2
http://dx.doi.org/10.1016/0550-3213(88)90193-9
http://arxiv.org/abs/1711.03844
http://dx.doi.org/10.1103/PhysRevD.37.3406
http://dx.doi.org/10.1103/PhysRevD.37.3406
http://dx.doi.org/10.1103/PhysRevLett.85.1158
http://dx.doi.org/10.1103/PhysRevLett.85.1158
http://arxiv.org/abs/astro-ph/0003365
http://dx.doi.org/10.1103/PhysRevD.69.044026
http://dx.doi.org/10.1103/PhysRevD.69.044026
http://arxiv.org/abs/astro-ph/0309411
http://dx.doi.org/10.1088/1126-6708/2006/06/051
http://arxiv.org/abs/hep-th/0605206
http://dx.doi.org/10.1007/JHEP10(2012)146
http://dx.doi.org/10.1007/JHEP10(2012)146
http://arxiv.org/abs/1206.0819
http://dx.doi.org/10.1103/PhysRevD.91.023512
http://dx.doi.org/10.1103/PhysRevD.91.023512
http://arxiv.org/abs/1409.7174
http://dx.doi.org/10.1088/1475-7516/2016/11/045
http://arxiv.org/abs/1609.01192
http://dx.doi.org/10.1103/PhysRevD.95.043541
http://arxiv.org/abs/1610.08297
http://arxiv.org/abs/1610.08297
http://dx.doi.org/10.1103/PhysRevD.99.063517
http://dx.doi.org/10.1103/PhysRevD.99.063517
http://arxiv.org/abs/1809.06382
http://dx.doi.org/ 10.1103/PhysRevLett.122.221301
http://dx.doi.org/ 10.1103/PhysRevLett.122.221301
http://arxiv.org/abs/1811.04083
http://dx.doi.org/10.1103/PhysRevD.103.L041303
http://dx.doi.org/10.1103/PhysRevD.103.L041303
http://arxiv.org/abs/1910.10739
http://dx.doi.org/10.1103/PhysRevLett.124.161301
http://dx.doi.org/10.1103/PhysRevLett.124.161301
http://arxiv.org/abs/1911.11760
http://dx.doi.org/ 10.1016/j.physrep.2020.06.002
http://arxiv.org/abs/2003.01100
http://dx.doi.org/10.1103/PhysRevD.104.063524
http://arxiv.org/abs/2105.10425
http://dx.doi.org/ 10.1103/PhysRevD.104.L101302
http://arxiv.org/abs/2106.12602
http://arxiv.org/abs/2106.12602
http://dx.doi.org/10.1103/PhysRevD.81.123530
http://arxiv.org/abs/0905.4720
http://dx.doi.org/10.1103/PhysRevD.70.049903
http://arxiv.org/abs/hep-th/0404096
http://dx.doi.org/10.1088/0264-9381/30/4/045011
http://dx.doi.org/10.1088/0264-9381/30/4/045011
http://arxiv.org/abs/1205.3184
http://dx.doi.org/10.1103/PhysRevD.88.063003
http://arxiv.org/abs/1305.5513
http://dx.doi.org/10.1103/PhysRevD.89.061503
http://arxiv.org/abs/1312.4529
http://arxiv.org/abs/1312.4529
http://dx.doi.org/10.1103/PhysRevD.89.104045
http://dx.doi.org/10.1103/PhysRevD.89.104045
http://arxiv.org/abs/1405.2098
http://dx.doi.org/10.1016/j.physletb.2015.07.063
http://arxiv.org/abs/1501.07605
http://dx.doi.org/10.1103/PhysRevD.91.124026
http://dx.doi.org/10.1103/PhysRevD.91.124026
http://arxiv.org/abs/1505.05509
http://dx.doi.org/10.1103/PhysRevD.93.064066
http://dx.doi.org/10.1103/PhysRevD.93.064066
http://arxiv.org/abs/1512.02262
http://dx.doi.org/10.1103/PhysRevD.95.064017
http://arxiv.org/abs/1612.01826
http://dx.doi.org/10.1016/j.physletb.2018.04.052
http://dx.doi.org/10.1016/j.physletb.2018.04.052
http://arxiv.org/abs/1802.07266
http://dx.doi.org/10.1103/PhysRevLett.122.081101
http://dx.doi.org/10.1103/PhysRevLett.122.081101
http://arxiv.org/abs/1811.04950
http://dx.doi.org/ 10.1103/PhysRevD.99.035006
http://arxiv.org/abs/1811.04945
http://dx.doi.org/ 10.1088/1475-7516/2019/12/006
http://arxiv.org/abs/1908.10370
http://dx.doi.org/10.1103/PhysRevD.101.064054
http://dx.doi.org/10.1103/PhysRevD.101.064054
http://arxiv.org/abs/2001.01729
http://dx.doi.org/10.1103/PhysRevD.102.123018
http://dx.doi.org/10.1103/PhysRevD.102.123018
http://arxiv.org/abs/2009.10075
http://dx.doi.org/10.1103/PhysRevD.103.095019
http://arxiv.org/abs/2011.11646
http://arxiv.org/abs/2011.11646
http://dx.doi.org/10.1088/1475-7516/2021/05/007
http://arxiv.org/abs/2012.12790


9

[177] E. Franzin, S. Liberati, and M. Oi, Phys. Rev. D 103,
104034 (2021), arXiv:2102.03152 [gr-qc].

[178] E. Cannizzaro, A. Caputo, L. Sberna, and P. Pani,
Phys. Rev. D 104, 104048 (2021), arXiv:2107.01174 [gr-
qc].

[179] R. Jiang, R.-H. Lin, and X.-H. Zhai, Phys. Rev. D 104,
124004 (2021), arXiv:2108.04702 [gr-qc].

[180] M. Khodadi and R. Pourkhodabakhshi, Phys. Lett. B
823, 136775 (2021), arXiv:2111.03316 [gr-qc].

[181] A. Arvanitaki and S. Dubovsky, Phys. Rev. D 83,
044026 (2011), arXiv:1004.3558 [hep-th].

[182] P. Pani, V. Cardoso, L. Gualtieri, E. Berti, and
A. Ishibashi, Phys. Rev. Lett. 109, 131102 (2012),
arXiv:1209.0465 [gr-qc].

[183] R. Brito, V. Cardoso, and P. Pani, Phys. Rev. D 88,
023514 (2013), arXiv:1304.6725 [gr-qc].

[184] V. Cardoso, C. F. B. Macedo, P. Pani, and V. Ferrari,
JCAP 05, 054 (2016), [Erratum: JCAP 04, E01 (2020)],
arXiv:1604.07845 [hep-ph].

[185] V. Cardoso, O. J. C. Dias, G. S. Hartnett, M. Middle-
ton, P. Pani, and J. E. Santos, JCAP 03, 043 (2018),
arXiv:1801.01420 [gr-qc].

[186] M. J. Stott and D. J. E. Marsh, Phys. Rev. D 98, 083006
(2018), arXiv:1805.02016 [hep-ph].

[187] M. J. Stott, (2020), arXiv:2009.07206 [hep-ph].
[188] R. Roy and U. A. Yajnik, Phys. Lett. B 803, 135284

(2020), arXiv:1906.03190 [gr-qc].
[189] G. Creci, S. Vandoren, and H. Witek, Phys. Rev. D

101, 124051 (2020), arXiv:2004.05178 [gr-qc].
[190] R. Roy, S. Vagnozzi, and L. Visinelli, Phys. Rev. D

105, 083002 (2022), arXiv:2112.06932 [astro-ph.HE].
[191] H. Davoudiasl and P. B. Denton, Phys. Rev. Lett. 123,

021102 (2019), arXiv:1904.09242 [astro-ph.CO].
[192] Y. Chen, J. Shu, X. Xue, Q. Yuan, and Y. Zhao, Phys.

Rev. Lett. 124, 061102 (2020), arXiv:1905.02213 [hep-
ph].

[193] N. Bar, K. Blum, T. Lacroix, and P. Panci, JCAP 07,
045 (2019), arXiv:1905.11745 [astro-ph.CO].

[194] P. V. P. Cunha, C. A. R. Herdeiro, and E. Radu, Uni-
verse 5, 220 (2019), arXiv:1909.08039 [gr-qc].

[195] Y. Chen, Y. Liu, R.-S. Lu, Y. Mizuno, J. Shu, X. Xue,
Q. Yuan, and Y. Zhao, Nature Astron. 6, 592 (2022),
arXiv:2105.04572 [hep-ph].

[196] A. I. Vainshtein, Phys. Lett. B 39, 393 (1972).
[197] D. G. Boulware and S. Deser, Phys. Rev. D 6, 3368

(1972).
[198] S. F. Hassan and R. A. Rosen, Phys. Rev. Lett. 108,

041101 (2012), arXiv:1106.3344 [hep-th].
[199] S. F. Hassan and R. A. Rosen, JHEP 02, 126 (2012),

arXiv:1109.3515 [hep-th].
[200] M. von Strauss, A. Schmidt-May, J. Enander, E. Mort-

sell, and S. F. Hassan, JCAP 03, 042 (2012),
arXiv:1111.1655 [gr-qc].

[201] E. Babichev and C. Deffayet, Class. Quant. Grav. 30,
184001 (2013), arXiv:1304.7240 [gr-qc].

[202] E. Babichev, L. Marzola, M. Raidal, A. Schmidt-May,
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