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Ultralight bosonic fields are compelling dark-matter candidates and arise in a variety of beyond standard
model scenarios. These fields can tap energy and angular momentum from spinning black holes through
superradiant instabilities, during which a macroscopic bosonic condensate develops around the black hole.
Striking features of this phenomenon include gaps in the spin-mass distribution of astrophysical black holes
and a continuous gravitational-wave (GW) signal emitted by the condensate. So far these processes have
been studied in great detail for scalar fields and, more recently, for vector fields. Here we take an important
step forward in the black hole superradiance program by computing, analytically, the instability timescale,
direct GW emission, and stochastic background, in the case of massive tensor (i.e., spin-2) fields. Our
analysis is valid for any black hole spin and for small boson masses. The instability of massive spin-2 fields
shares some properties with the scalar and vector cases, but its phenomenology is much richer, for example,
there exist multiple modes with comparable instability timescales, and the dominant GW signal is
hexadecapolar rather than quadrupolar. Electromagnetic and GW observations of spinning black holes in
the mass range M € (1,10') My can constrain the mass of a putative spin-2 field in the range
1072 <my c?/eV < 10719 . For 10717 <my,c?/eV <1071 |, the space mission LISA could detect the

continuous GW signal for sources at redshift z = 20, or even larger.

DOI: 10.1103/PhysRevLett.124.211101

Introduction.—In the last decade, a surprising connec-
tion between gravity in the strong field regime and particle
physics has emerged in several contexts [1-3]. Probably the
most spectacular one is the possibility to search for ultra-
light bosons with current [1,4-9] and future [10-13]
gravitational-wave (GW) detectors. Ultralight bosons (such
as the QCD axion, axionlike particles, dark photons, etc.)
could be a significant component of the dark matter
[1,14-16] and are predicted in a multitude of beyond
standard model scenarios [14,16-18], including extra
dimensions and string theories. They naturally interact
very weekly and in a model-dependent fashion with
baryonic matter, but their gravitational interaction is
universal.

A striking gravitational effect triggered by these fields
near spinning black holes (BHs) is the superradiant insta-
bility [19-23], which occurs whenever the boson frequency
wp satisfies the superradiant condition 0 < wg < mQy,
where Qg is the horizon angular velocity and m is the
azimuthal quantum number of the unstable mode.

Recent years have witnessed spectacular progress in
understanding superradiant instabilities and their phenom-
enology, both for scalars [4-7,20,24-26] and for vectors
[27-37]. In the superradiant regime, the BH spins down,
transferring energy and angular momentum to a mostly
dipolar (m = 1) boson condensate until wg ~Qp. The
condensate is then dissipated through the emission of
mostly quadrupolar GWs, with frequency set by the boson
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mass m, =uh (we use G =c =1 units). On longer
timescales this process continues for m > 1 modes. The
mechanism is most effective when the boson’s Compton
wavelength is comparable to the BH’s gravitational radius,
i.e., when the “gravitational coupling” @ = Mu = O(0.1),
which requires m;, ~ 107! (My/M)eV [22].

Compared to the scalar and vector cases, very little is
known about the much more involved problem of the
superradiant instability triggered by massive tensor (i.e.,
spin-2) fields. To the best of our knowledge the only work
on the subject performed a perturbative expansion to linear
order in the spin [38], which is inaccurate in the most
interesting regime of highly spinning BHs. Furthermore,
the coupling of a massive spin-2 field to gravity is highly
nontrivial [39-43] and this increases the complexity of the
problem. In this Letter, we fill a gap in the BH super-
radiance program by computing analytically for the first
time the superradiant instability timescale and the GW
emission from BH condensates made of massive spin-2
fields. We work in the “small-coupling” limit @ < 1, but do
not make any assumption on the BH spin. As we shall
argue, the phenomenology of the spin-2 superradiant
instability is similar to the spin-1 case, leading to exquisite
constraints on beyond standard model tensor fields.
Furthermore, novel effects occur in the spin-2 case that
are absent for scalars and vectors.

Massive spin-2 fields around spinning BHs.—A massive
tensor field cannot be trivially coupled to gravity [39,43]

© 2020 American Physical Society
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and, at the nonlinear level, there is a unique way to couple
two dynamical tensors [40—-42]. On a curved, Ricci-flat [44]
spacetime g,,,, the unique action to cubic order in the spin-2
fields has been derived in Ref. [45] and schematically reads

50 = [ =3 Cax(6) + Lon(h)
2
_Z(HabHab_Hz)+[’cubic(G’H) ’ (1)
where G, and H,, are the canonically normalized mass
eigenstates describing a massless and a massive spin-2
field, respectively, Lgg is the Einstein-Hilbert Lagrangian
truncated at quadratic order, L ;. (to be discussed in the
Supplemental Material [46]) is a complicated interaction
term that depends either linearly on G,;, and quadratically
on H,,, or cubically on G,, and H,, independently.

To the zeroth order in the massive field H,;,, the field
equations reduce to R, (g) = 0 and we consistently assume
a background Kerr metric, although our computation does
not depend on the details of the background and should be
valid also for different solutions that might exist in bimetric
theories [50,51]. To first order, the linearized field equa-
tions describing the five physical degrees of freedom of a
massive spin-2 perturbation read [38,52]

I:u_[ab + 2RacdeCd - /'tzHab =0, (2)

VH,, =0, HY, =0, (3)
where the box operator, the Riemann tensor, and contrac-
tions are constructed with the background metric.

Although Egs. (2) and (3) are not separable on a Kerr
background with standard methods, they can be solved in
the @ < 1 limit to compute the spectrum of unstable modes,
as detailed in the Supplemental Material. Our method is
based on matched asymptotics, namely, the field equations
are solved separately in a far zone (» > M) and in a near
zone (r < u~'). The two solutions can be matched in a
common region when a < 1, see Fig. 1.

In addition, at variance with the scalar and vector cases, to
be able to solve the field equations analytically we also need
to consider the region where the Riemann tensor term in
Eq. (2) is much smaller than the mass term. This requires [53]

r>re=Ma?3, (4)

Since M < ro < 1/p in the small-coupling limit, the
matching region satisfies the above condition. Because of
condition (4), our method fails to capture eigenfunctions
with significant support at r < rc. This is the case for the
unstable spherical mode that exists in the nonspinning case
[38,50,54] and for the “special” dipole mode found numeri-
cally in Ref. [38] (see [55]). On the other hand, as we will
check a posteriori, the ordinary superradiant eigenfunctions
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FIG. 1. Schematic representation of the length scales involved

in the superradiant instability of massive spin-2 fields. In the
small-coupling (@ = Mu < 1) limit, all scales are well separated
from each other. Our approximation fails to capture solutions
with significant support within the curvature radius,
rc = M/o*?. The standard superradiant modes instead have
significant support around the Bohr radius, rg., = M/a?, the
largest scale in the problem.

have significant support only around the Bohr radius, rgp, ~
M/a? [22], and are therefore well reproduced by our
analytical approximation.

In the far region, the tensor H,;, can be decomposed in a
basis of “pure-orbital” tensor spherical harmonics [56-58].
The radial dependence is entirely encoded in the hydro-
genlike radial equation, whose eigenfunctions can be
labeled by their orbital angular momentum # > 0 and by
the overtone number n > 0 representing the number of
nodes in the radial function. The energy levels are

o
wR‘”<1 2(f+n+1)2>’ )
as in the scalar and vector cases.

The instability timescale 7;,,, can be computed through
the energy decay rate, I' = E /M, = 1/7;,y, where M. is
the energy of the condensate and Ej is the energy flux
across the horizon, which can, in turn, be computed through
the stress-energy tensor stemming from action (1) [45,59]
and explicitly given in the Supplemental Material [46]. By
also making use of the BH absorption probability for long-
wavelength massless spin-2 waves [22,60,61], the compu-
tation detailed in the Supplemental Material yields

_ Pjm ) 2(6+))+5
I'=- jfma I (wg — mQy), (6)

where

Pinr) = (1+ A)AY f[ [1 +4M? <LmQH> 2} (7)

g=1 ax

is proportional to the BH absorption probability, A =
V1 —=x% and k=[A/(1+A)]. The integer j€(|£/-2
£+2)>0 is the total angular momentum, the integer
m € (—J, j), and the constant C;, depends on the mode.
The superradiant instability requires a nonaxisymmetric

’
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mode (m # 0) and therefore j > 1. Hence, at variance with
the scalar and vector cases, there exist two dominant
unstable modes with the same scaling
—a%(wg — mQy)~": the dipole j = # = 1, and the quad-
rupole j =2, £ = 0 (the latter being absent in the scalar
and vector cases). We find C,, = 128/45 and C;; = 10/9,
so that the quadrupole mode has always the shortest
instability timescale. When the BH spin is small, the
analytical results match very well the numerical ones
obtained in Ref. [38] to linear order in the spin.

GWs from spin-2 condensates around BHs.—The GW
dissipation timescale zgy can be computed from the stress-
energy tensor of the condensate. Crucially, gy > 7, > M
in the small-coupling limit, so the process can be thought to
occur in two stages [32,62]. In the first (linear) phase, the
condensate grows on a timescale given by z;,; = 1/I" forthe
most unstable modes [see Eq. (6)] until the superradiant
condition wp ~ mQy is nearly saturated. In the second
(nonlinear) phase, GW emission governs the evolution of the
condensate, which is dissipated over the timescale
Tgw > Tingi- Lhis separation of scales allows us to study
the process in a quasiadiabatic approximation [32,62] using
Teukolsky’s formalism to compute the GW emission
[63,64]. As detailed in the Supplemental Material [46], in
the small-frequency limit the GW flux Egy can be computed
analytically [62,65,66]. For the most unstable modes, we get

Tinst™

M M? 0.2\ 10
=—~D,, —a 10290 == , 8
TGw Eow jem Mca p s, (8)

where M, is the mass of the particular mode,
Doy, #2x 1072, and Dy, ~ 2.6 (their analytical form is
given in the Supplemental Material). As a useful estimate, in
the last step we assumed M. ~ 0.1M [62], M ~ 30 M, and
¢ = 0, showing that tgw > 7;,, can be relatively short.

The presence of two unstable modes with comparable
timescales slightly complicates the above picture. The
dipolar mode grows until Qy = wp, reaching a mass
M™=1_ At the same time, the BH spin keeps being extracted
by the quadrupolar mode, which is still unstable in this
regime and indeed saturates only at Qy = wg/2, reaching a
mass M”=2. When the BH spins down such that Q; < wg,
the dipole mode leaves the superradiant regime and is
quickly reabsorbed by the BH (since the absorption time-
scale is significantly shorter than that of GW emission),
thus giving back almost all its mass and spin [66].
Therefore, at the time when Qp = wg/2, the net mass
and angular momentum loss are entirely due to the quadru-
pole mode, which is finally emitted in GWs over the
timescale in Eq. (8).

The emitted signal is nearly monochromatic, with
frequency f, = wgr/m, where wgp is given in Eq. (5).
Thus, BH-boson condensates are continuous sources, like
pulsars for the Laser Interferometer Gravitational Wave
Observatory (LIGO) and Virgo or verification binaries for

Laser Interferometer Space Antenna (LISA). There are,
however, two notable differences: (i) Depending on the
value of a, the GW emission timescale 7gw can be
significantly shorter than the observation time, resulting
in an impulsive signal. (ii) At variance with the case of
massive scalar and vector fields, GW emission for the
dominant spin-2 mode is mostly hexadecapolar and not
quadrupolar, since it is produced by a spinning quadrupolar
field and not by a spinning dipolar field. The hexadecapolar
nature of the radiation implies that the signal vanishes along
the BH spin axis, at variance with the quadrupolar case, for
which it is maximum in that direction.

To estimate the GW signal, we define the characteristic
GW amplitude as

hc = Ncycleshrmw (9)

where Nyees ~ min[y/fTops. v/ fTgw] is the approximate
numbers of cycles in the detector, f = f,/(1+ z) is the

detector frame frequency, T is the observation time, and

Bems = \/ Egw/ (5f2r*7%) is the root-mean-square ampli-
tude obtained by averaging over source and detector
orientations (see Refs. [6,7] for details).

Bounds from BH mass-spin distribution.—We can now
turn our attention to the phenomenology of the BH
superradiant instability for massive spin-2 fields. A generic
prediction is that highly spinning BHs would lose angular
momentum over a timescale 7, = 1/T" [see Eq. (6)] that
might be much shorter than typical astrophysical time-
scales. Thus, an indirect signature of ultralight bosons is
statistical evidence for slowly rotating BHs in a part of the
Regge (mass versus angular momentum) plane of astro-
physical BHs [6,7,22,33,67-69].

Our results are summarized in Fig. 2, whose left panel
shows the “forbidden” regions in the Regge plane for
selected values of my,, obtained by requiring that the
instability acts on timescales shorter than known spin-up
astrophysical processes such as accretion. Here we con-
servatively require that z;,; be shorter than the Salpeter
timescale for accretion, 74 = 4.5 x 107 yr. Data points
(with error bars) in the left panel of Fig. 2 refer to different
observations: (i) Black points denote electromagnetic
estimates of stellar and supermassive BH spins obtained
using either the Ka iron line or the continuum fitting
method [70,71]. (i) Red points are the 90% confidence
levels for the spins of the primary and secondary BHs in
(a selection of) the merger events detected in LIGO-Virgo
first two runs [72,73]. Here we use the errors on y.; =
[(myyy + may,)/(my + my)| as a proxy for the errors on
the individual spins, y; and y,. While the binary spins
measured so far with GWs are affected by large uncer-
tainties and are anyway compatible to zero for almost all
sources (but see [72,73] for a few events in which y. # 0),
future detections will provide measurements of the
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individual spins with 30% accuracy [74]. (iii) Green points
are the 90% confidence levels for the mass spin of a
selection of the GW coalescence remnants [72]. While
those events cannot be used to constrain the Regge plane
(because the observation timescale is much shorter than
Tins)» they identify targets of merger follow-up searches
[4,5,9,33,75]. This is particularly important in the spin-2
case, where 7, can be as small as a fraction of seconds for
typical remnants in the LIGO-Virgo band. (iv) Instead of
using 7y as a reference timescale, more direct constraints
would come from comparing 7;,; against the baseline
[typically O(10 yr)] during which the spin of certain
BH candidates is measured to be constant [76], as it is
the case for LMC X-3 [77] and Cygnus X-1 [78], shown in
the left panel of Fig. 2 by blue points. In particular, Cygnus
X-1 can confidently exclude the range 2.9 x 10713 <
m,/eV < 9.8 x 10712, (v) Finally, the single gray point
is the mass of M87 measured by the Event Horizon
Telescope [79,80]. While a direct spin measurement is
still not available, M87 has been suggested to have a large
spin [81,82]. A putative measurement yyg7 = 0.2 would
constrain the mass range m;, ~ 10720 — 1072 eV [83-85].
If the largest known supermassive BHs with M ~
2 x 10" M, [86,87] were confirmed to have nonzero spin
[88], we could get even more stringent bounds.

Very precise spin measurements of binary BH
components out to cosmological distances will come from
the future LISA mission [10]. Depending on the mass

10710 10'|”
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FIG. 2.

of BH seeds in the early Universe, LISA will also
detect intermediate mass BHs, thus probing the existence
of ultralight bosons in a large mass range (roughly
my, ~ 10714 — 10717 V) that is inaccessible to electromag-
netic observations of stellar and supermassive BHs and to
ground-based GW detectors [6,7,76]. This is shown in
the left panel of Fig. 2 by the horizonal arrows, which
denote the range of projected LISA measurements using
three different population models for supermassive BH
growth [7,92].

Owing to the wideness of the Regge gaps, the range of
detectable spin-2 masses is larger than in the scalar case and
similar to the vector case. If (spinning) BHs of a few solar
masses are detected [93], they can probe m, ~ 10710 eV,
whereas BHs as massive as M87 can reach the other hand
of the spectrum, m, ~ 102! eV, where ultralight bosons
are also compelling dark-matter candidates [16].

Direct GW signatures.—In the right panel of Fig. 2 we
compare the GW characteristic strain of Eq. (9) with the
characteristic noise strain of current and future GW
detectors. For a given boson mass m; and redshift z, the
GW frequency depends very weakly on a, whereas the GW
strain is maximum for couplings near the superradiant
threshold, o < 2MQy. Each point in the (nearly vertical)
lines corresponds to a single source with a given a at
different redshift z € (0.001, 10). Interestingly—owing to
the redshift of the frequency—sources at high redshift can
emit in the optimal frequency bucket even when their
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(Left) Exclusion regions in the BH spin-mass diagram obtained from the superradiant instability of Kerr BHs against massive

spin-2 fields for the most unstable quadrupolar (j = 2 = m, £ = 0) and octupolar (j = 3 = m, £ = 1) modes. For each mass of the field
(reported in units of eV), the separatrix corresponds to an instability timescale equal to the Salpeter time, 7g = 4.5 x 107 yr. The
meaning of the markers is explained in the main text. (Right) GW characteristic strain (thin lines) as defined by Eq. (9) for Ty, = 4 yr
produced by spin-2 condensates compared to the characteristic noise strain of Advanced LIGO at design sensitivity [89] and to the sky-
averaged characteristic noise strain of LISA [10,90] (black thick curves). The characteristic noise strain is defined as /fS, (f), with
S, (f) being the noise power spectral density of the detector. Each (nearly vertical) line shows the strain for a given boson mass m,,
computed at redshift z € (0.001, 10) (from right to left, in steps of 6z = 0.3), with « increasing in the superradiant range (0,2M Q)
along each line, and assuming initial BH spin y; = 0.7. Different colors correspond to different boson masses m,,. Thick colored lines
show the stochastic background produced by the whole population of astrophysical BHs under optimistic assumptions [6,7], after
subtracting the events that would be resolvable assuming 7', = 4 yr of coherent observation time. The characteristic noise strain of
Decihertz Interferometer Gravitational wave Observatory (DECIGO) [91] (dashed line) is also shown for reference.
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FIG. 3. Waterfall plot [10] showing the angle-averaged LISA
SNR of continuous GWs from massive spin-2 condensates for
different source-frame BH masses and at different redshift. For
simplicity we assumed a = 0.2, y = 0.7, and neglected the
confusion noise from the stochastic background (see Fig. 2).
The SNR is approximately given by SNR ~/5h./+/fS,(f)
(where the factor v/5 comes from the fact that we are using a sky-
averaged LISA power spectral density; see, e.g., [94]) and we
assumed T, = 4 yr.

frequency at z ~ 0 is marginally detectable. Furthermore, in
the LISA band, the signal at high redshift decreases more
slowly than the slope of the noise, allowing us to potentially
detect sources at cosmological distances. This is better
shown in the “waterfall” [10] plot in Fig. 3 where we show
a typical angle-averaged redshift horizon for LISA.
Remarkably, the continuous GW signal could be detected
even when z &~ 20 or higher: every supermassive BH in the
Universe with masses 10*3 <M /Mg < 10%° can poten-
tially be a detectable source if the boson mass is in the
optimal range.

Note that LIGO can potentially probe a larger range of
spin-2 masses than current bounds from the mass-spin
measurements of stellar mass BHs, although the rates for
direct GW detections [7], which can provide more stringent
constraints, depend on the formation rate of spinning BHs
with masses M 2 20 M.

Finally, thick solid curves in the right panel of Fig. 2
correspond to the stochastic background from the whole
BH population, for a boson mass m,;,, computed with the
same technique as in Refs. [6,7] and assuming the
optimistic BH mass and spin distributions of Refs. [6,7].
Roughly speaking, when the stochastic signal is higher than
the detector’s noise curve, it produces a “confusion noise,”
which can complicate the detection of individual sources
[6,7]. In the most optimistic scenario, the background
would be observable by Advanced LIGO and LISA in

the ranges ~[5 x 107'%,107!?] and ~5 x [1071?,1071¢] eV,
respectively.

To summarize, spin-2 fields with masses 10719 <
my,/eV < 107" (with a small gap around m;,~10"'%eV,
which might be filled by DECIGO [91]) would turn BHs
into exotic sources of continuous GWs and of a stochastic
background detectable by GW detectors up to cosmological
distances.

Our results can be implemented in direct search pipelines
for continuous sources, along the lines of axion searches
[8,95-97]. Compared to the scalar case, the frequency drift
for spin-2 clouds is much faster since f, « Egy ~ a*’ 110 s
a factor O(a™*) larger than in the scalar case. Thus, spin-2
direct searches can be implemented with the same tech-
niques as in the spin-1 case [33]. In addition, other
detection strategies will include follow-up searches of
postmerger remnants [5,9,33,75] and self-gravity [98]
and tidal effects [99-105] of the condensate in BH binary
inspirals. These will require an independent study of the
full spectrum of the condensate that is left for the future.
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