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Black hole (BH) shadows can be used to probe new physics in the form of ultralight particles via the
phenomenon of superradiant instability. By directly affecting the BH mass and spin, superradiance can lead
to a time evolution of the BH shadow, which nonetheless has been argued to be unobservable through very-
long-baseline interferometry (VLBI) over realistic observation time scales. We revisit the superradiance-
induced BH shadow evolution including the competing effects of gas accretion and gravitational wave
(GW) emission and, as a first step towards modeling realistic new physics scenarios which predict the
existence of multiple ultralight species, we study the system in the presence of two ultralight bosons, whose
combined effect could help reduce the shadow evolution time scale. We find that accretion and GW
emission play a negligible role in our results (justifying previous simplified analyses), and that contrary to
our intuition the inclusion of an additional ultralight boson does not shorten the BH shadow evolution time
scale and hence improve detection prospects. However, we point out an important subtlety concerning the
observationally meaningful definition of the superradiance-induced BH shadow evolution time scale,
which reduces the latter by about an order of magnitude, opening up the possibility of observing the
superradiance-induced BH shadow evolution with upcoming VLBI arrays, provided angular resolutions
just below the pas level can be reached. As a concrete example, we show that the angular size of the shadow
of SgrA* can change by up to 0.6 uas over a period as short as 16 years, which further strengthens the

scientific case for targeting the shadow of SgrA* with next-generation VLBI arrays.

DOI: 10.1103/PhysRevD.105.083002

I. INTRODUCTION

Black holes (BHs), classical vacuum solutions of vir-
tually any relativistic metric theory of gravity which are
believed to constitute the final evolutionary state of
sufficiently massive stars, are among the most extreme
and peculiar regions of spacetime [1,2]. We have now
entered an age in which BHs and/or observational effects
associated with BHs are routinely observed; these effects
range from the acceleration of extragalactic cosmic rays [3],
the orbital dynamics of the S2 star around the supermassive
BH (SMBH) Sagittarius A* (SgrA*) at the center of the
Milky Way [4], the emission of highly relativistic astro-
physical jets by SMBHs at the center of blazars [5], the
signatures of gas accretion by SMBHs in the early Universe
or at the center of active galactic nuclei (AGN) and quasars
[6], and the detection of gravitational waves (GWs) from
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the coalescence of BH-BH or BH-neutron star binaries [7,8],
finally culminating in the first images of the shadow [9-14]
and magnetic field structure [15,16] of the SMBH at the
center of the nearby giant elliptical galaxy Messier 87*
(M87*), as captured by the Event Horizon Telescope (EHT)
Collaboration. This wealth of observations opens up the
fascinating prospect of exploiting BHs and their extreme
environments as laboratories to test fundamental physics at
equally extreme scales, which cannot be reached by terres-
trial experiments. One exciting possibility in this sense
makes use of the so-called superradiance mechanism
[17-21].

Superradiance mechanisms refer to a class of (stimulated
or spontaneous) radiation-enhancement phenomena, inti-
mately tied to dissipative systems, and that appear in
disparate areas of physics beyond BHs, including optics,
quantum mechanics, and condensed matter physics. In the
case of BHs, it is the existence of an event horizon (EH)
which effectively provides the otherwise dissipationless
vacuum with an intrinsic dissipative mechanism. Here, we
shall specialize to the case of (rotational) BH superradiance
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(BHSR), a phenomenon allowing for massive bosonic fields
incident upon the EH to be superradiantly amplified and
emerge with more energy, at the expense of the BH mass and
angular momentum, provided the EH angular velocity is
sufficiently high; see Ref. [22] for a recent comprehensive
review on BHSR. Following the initial seminal works of
Refs. [17-21], the phenomenon of BHSR has been studied in
great detail in the literature (see e.g., Refs. [23-57] for an
inevitably incomplete selection of more recent important
works on BHSR). Note that while here we shall focus on
superradiance from spin-zero bosons, superradiance from
higher-spin bosons can and has been considered as well [58—
61]; see Ref. [22] for more details.

If the boson in question is sufficiently heavy, its mass
provides a natural potential barrier which confines the field
around the BH, allowing it to grow exponentially and
rendering the system unstable. This allows for the growth
of a boson cloud containing exponentially large population
numbers, and provides a realization of Press and
Teukolsky’s “BH bomb” gedanken experiment [62].
BHSR then effectively results in the formation of a
gravitational atom featuring hydrogen-like states between
the BH and the boson cloud. BHSR can be shown to be
most effective when the boson’s Compton wavelength is
comparable to the BH gravitational radius, in other words,
when the product of the boson and BH masses is of order
unity in Planck units. From this it follows that BHs with
masses in the range O(1) <M/My < O(10'°) may be
used to probe (ultra-)light bosons with masses in the
range 10722 < pu/eV < 10712,

Light bosonic fields are ubiquitous in well-motivated
extensions of the standard model of particle physics (SM).
From the theoretical perspective, scenarios featuring a
copious amount of light bosonic fields occur naturally in
string theory compactifications (in connection to the “string
axiverse”), wherein the bosons themselves appear as
Kaluza-Klein zero modes of antisymmetric tensor fields
[63—67]. From the phenomenological perspective, light
bosonic fields appear frequently in models for the dark
matter (DM) and dark energy (DE) which permeate the
Universe (see e.g., Refs. [68—77] for DM and Refs. [78-87]
for DE). Ultra-light bosonic fields also underlie some of the
simplest proposed models for early DE, a hypothetical DE-
like component invoked to address the Hubble tension [88—
92]. The archetype of several of these models is the axion, a
nearly massless pseudoscalar Goldstone boson associated
with the spontaneous breaking of a hypothetical Abelian
symmetry [93-97].

While BHs themselves cannot strictly speaking be
viewed, it is possible to observe their imprint on the
surrounding electromagnetic distribution. In particular, a
number of seminal studies have shown that a BH sur-
rounded by an optically thin, geometrically thick emission
region will appear to a distant observer as a central dark
silhouette against the backdrop of a bright ring of finite
size; the dark silhouette is typically referred to as the black

hole shadow [98,99]. In April 2019 the EHT, a very-long-
baseline interferometry (VLBI) radio telescope array with
Earth-wide baseline and operating at O(mm) wavelengths
[100], delivered the first image of the shadow of M87*, the
SMBH lurking at the center of the nearby galaxy Messier
87 (M87%) [9-14], with what is easily one of the most
iconic images of BH physics.

The vast majority of BHs in the Universe (including
MS87* and SgrA*) are low-luminosity AGNs operating at
sub-Eddington accretion rates, powered by radiatively
inefficient advection-dominated accretion flows (ADAFs)
which are, at least at certain observation frequencies,
optically thin and geometrically thick [101,102]. Under
these circumstances, the size of the BH shadow reflects the
apparent (gravitationally lensed) size of the photon region
(the boundary of the region of spacetime which allows for
the existence of closed spherical photon orbits), and
therefore probes the geometry of spacetime in the prox-
imity of the EH.' For the Kerr-Newman family of BHs, the
shadow radius is proportional to the BH mass M, and
decreases for increasing spin (with the shadow itself
becoming asymmetric along the spin axis) and/or electric
charge, while approaching the value of 3v/3M in the
nonrotating, uncharged Schwarzschild limit* (see e.g.,
Refs. [103—-105] for recent reviews on theoretical and
observational aspects of BH shadows). It was recently
demonstrated in Refs. [106—-110] that, under the ADAF
assumption, the resulting size and morphology of the BH
shadow is to a large extent insensitive to the details of the
surrounding accretion flow, addressing concerns raised
earlier in Refs. [111-115].°> This simple but crucially
important aspect implies that, once the BH’s mass-to-
distance ratio is known, BH shadows may be used to test
fundamental physics, as has been done in several recent
works focusing on the shadow of M87* imaged by the EHT
(see e.g., Refs. [116-195]).

The dependence of the sizes of BH shadows on the BH
mass and spin unlocks the possibility of observing the
imprint of BHSR on the shadow, as BHSR “feeds” the
boson cloud by spinning down BHs and decreasing their
masses. This is expected to lead to an evolution of BH
shadows as the BHSR process goes on. The possibility of

"The spherical symmetry of the Schwarzschild metric leads to
the existence of a photon sphere. Here, we use the terms “photon
region” and “spherical photon orbits” in place of “photon sphere”
and “circular photon orbits” to reflect the fact that the Kerr
solution is not spherically symmetric, but only axially symmetric.

*More precisely, the shadow radius is 31/3GM in the units we
have adopted (3 V3GM / ¢? in SI units). However, as is common
practice in the literature, throughout the paper when discussing
the sizes of BH shadows we shall implicitly set G = 1.

An interesting analogy in this sense, first pointed out in
Ref. [108], views this as being similar to the resulting impression
of a coin placed on a white paper which is then rubbed with a
crayon, with the resulting shape of the coin impression being
independent of crayon-dependent factors.
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observing this shadow evolution and its use to constrain
light bosons has been studied earlier, including by one of
us, in Refs. [196,197] (see also Refs. [198,199] for related
works), although these works pointed out that appreciable
changes due to this evolution occur on time scales which
are at best of O(10?) years (but in most cases longer), way
longer than realistic observation times.

In this work, we are nevertheless prompted to revisit the
question of whether the BHSR-induced shadow evolution
is (un)observable. In particular, we go beyond the earlier
Refs. [196,197] in various respects. First of all, several
BHSR studies are based on a linearized analysis which
neglects competing effects whose impact on the develop-
ment of the process can be non-negligible. Two key effects
in this respect are (gas) accretion and gravitational wave
(GW) emission, whose effect we include in our analysis.
Another crucial point is that several realistic scenarios that
extend the SM predict the existence of more than one (ultra-
)light boson; the string axiverse is a well-studied example
in this sense. This observation motivates us to revisit the
BHSR-induced shadow evolution in the presence of multi-
ple light bosons, as the combined effect thereof might speed
up the BHSR process and therefore reduce the BH shadow
evolution time scale. While we find that our expectation is
actually not met, we also point out a subtlety in the
definition of the “meaningful” BH shadow evolution time
scale: taking this into account reduces the evolution time
scale by about an order of magnitude, thereby enabling the
possibility of observing the BHSR-induced shadow evo-
Iution with upcoming space-based VLBI arrays.

The rest of this paper is then organized as follows. In
Sec. II, we review the BH superradiance process (including
competing effects such as gas accretion and GW emission)
and the computation of BH shadows from a more quanti-
tative standpoint. In Sec. III we discuss our methodology,
including the numerical system we solve and the observ-
ables we consider. Our results are reported in Sec. IV and
discussed in Sec. V. Finally, in Sec. VI we provide
concluding remarks. Throughout this paper we shall adopt
natural units with A =c = 1.

II. BLACK HOLE SUPERRADIANCE AND BLACK
HOLE SHADOWS

In this section, we fix the notation used for the Kerr metric
in Sec. II A and the boson field Lagrangian in Sec. I B, and
we review the mechanism of BH superradiance in Sec. II C,
our treatment of gas accretion and GW emission in Sec. I D,
and the computation of BH shadows in Sec. ITE.

A. Kerr metric

The spacetime around a rotating BH of mass M and
carrying angular momentum of magnitude J is described by
the Kerr metric. In Boyer-Lindquist coordinates, the line
element of the Kerr metric is given by

2 )
ds? = —dr? + —;"r (dr — asin®0dg)* + Zdr2 + Zdo?

+ (r* + a®)sin?dg?, (1)

where ¢ is cosmic time as measured far from the BH,
(r, 8, @) are spherical coordinates centered around the BH,
r, = GM is the BH gravitational radius, the spin per unit
mass a = J/M has units of length, and where

% = r? + a*cos’0, A=r=2ror+ad>. (2
The Kerr metric reduces to the Schwarzschild metric
describing a nonrotating BH in the limit @ — 0, as the

term « dtd¢ disappears. The event horizon for a Kerr BH is
determined by setting A = 0, in other words

re=ryt\/ri—ad*, (3)

so that the event horizon exists only for a < ry, which is
known as the Kerr bound. It is conjectured that all rotating
BHs follow such a condition, or equivalently a, < 1, where
a,=a/r,=J/(GM?) is the dimensionless spin, so that
the BH singularity is protected by a horizon."

We focus on the region between the outer horizon ry =
r, and the static limit horizon, defined as the surface for

which the argument of df vanishes,

r=ry+\/rk — a*cos®0. (4)
In the region ry <r <r, a test object cannot remain
stationary and would be forced to spin along with the BH.
Particles falling into this region right outside of the horizon,
called the ergosphere, can gain energy from the spinning
BH and escape from it. The existence of the ergosphere
allows for the extraction of rotational energy from the
spinning BH in the form of energetic particles, through a
process known as the Penrose BHSR mechanism [18]. We
discuss the energy extraction in Sec. II C.

B. Massive bosonic fields

Throughout this paper, we shall consider a Kerr-Klein-
Gordon system consisting of two real (pseudo)scalar fields
¢;, with the action given by

R 1 1
_ by ol VEp. — = 2h?
S /dx\/ g<]677:G zvll¢lv ¢z 2”1 l>’ (5)

where g, is the Kerr metric in Eq. (1), V, denotes the
covariant derivative on the Kerr background, and y; are the

“See Refs. [200,201] for a discussion of “superspinar” sol-
utions that evade the Kerr bound.
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masses of the fields ¢; (with summation over the species
index i = 1, 2 implied).

In writing the action in Eq. (5), we have made a few
simplifying assumptions. First of all, we have neglected
any effect due to the presence of a cosmological constant,
as we are not interested in the cosmological evolution of the
system.5 Next, we have assumed that the two fields do not
mix, i.e., that the mass term is diagonal in field space and
there is no kinetic mixing. In addition, we have not
included self-interaction potentials (e.g., a quartic term)
for the scalar fields. We have adopted these assumptions in
the interest of simplicity, in order to more clearly under-
stand the physical effects driving the superradiant insta-
bility and therefore the evolution of the BH shadow, and
also given that most of the work on BHSR is framed within
the above action. Finally, while for our subsequent com-
putations we work under the assumption of a Kerr back-
ground, the action in Eq. (5) is much more general and our
results can be extended rather straightforwardly at least to
the Kerr-Newman family of metrics. A more complete
exploration of the impact of relaxing these assumptions is
deferred to follow-up work.

The Kerr-Klein-Gordon equations describing the full
nonlinear evolution of the system are

(O —ui)p: =0. (6)

v
R — %R = 87GT™, (7)

v

" = VHp, Vi, — 3 Vp Vi + uig?l.  (8)

where TH is the stress-energy tensor of the scalar field,
O =g¢*V,V,, R, is the Ricci tensor and R is the Ricci
scalar. In the following, we will treat the Kerr metric as a
background over which the scalar fields propagate, and we
assume that backreaction of the fields on the metric is
negligible. Later in Sec. Il F, we will argue that this is a safe
approximation.

C. Black hole superradiance

Incident low-frequency and monochromatic radiation of
energy o scattering off a spinning BH of mass M and
angular momentum J gets superradiantly amplified at the
expense of the BH rotational energy, provided the follow-
ing relation is satisfied:

® < maw,, 9)

where m is the azimuthal quantum number of the unstable
mode with respect to the BH rotation axis, and @ is the BH

We note that for sufficiently distant systems (e.g., SMBHs in
the Hubble flow) and for sufficiently long evolution time scales,
the cosmological evolution may become relevant [202-208].

event horizon’s angular velocity, which is given in terms of
the dimensionless spin a, =a/r, =J/(GM?) by the
expression

o (10)

a*
2ry(1++/1—-a?)

Note, as already pointed out earlier, that the Kerr bound
implies 0 < |a,| < 1.

Superradiance results in the BH spinning down and
losing mass and angular momentum until Eq. (9) is no
longer satisfied. Considering the case where the incident
radiation is due to ultralight (pseudo)scalar particles with
mass p, the Kerr-Klein-Gordon system admits quasibound
states with complex eigenfrequencies w,,;,,,, where n, [, and
m are the principal quantum number, angular momentum
quantum number, and magnetic/azimuthal quantum num-
ber indexing the quantum levels of the corresponding
bound states, analogously to the quantum numbers char-
acterizing solutions to the Schrodinger equation for the
hydrogen atom. Modes which satisfy @,;,, < u are natu-
rally confined by the potential barrier provided by the
(pseudo)scalar field mass, and can grow exponentially over
time. The BH will then form large quasistationary gravi-
tational bound states (the so-called gravitational atom or
gravatom) with a boson cloud resulting from exponential
amplification of a small initial boson population.

It is useful to define the gravitational coupling (which we
shall occasionally refer to as the mass parameter) a as the
ratio between the BH gravitational radius r, and the light
boson’s Compton wavelength 1. [equal to #/(uc) in SI
units]. Inserting numbers, the gravitational coupling is
approximately given by

M
a=T1s 1010(—> (ﬁ) (11)
/1C MO eV

The superradiant instability is largest when @ ~ 0.42, and it
is generally very efficient for a ~ 0(0.1) [209,210]. From
Eq. (11) it therefore follows that the observed BHs with
masses in the range O(1) < M /Mg < O(10'°) can poten-
tially be used to probe ultralight bosons whose masses span
the range 10722 < pu/eV < 10712,

Let us now discuss in more detail the equations gov-
erning the BHSR process. Consider a system of i non-
interacting boson species (in our case i = 2). Quantum
levels of the gravatom are indexed by quantum numbers
nlm as with the hydrogen atom as discussed above. Here,
we shall be concerned with the n =2, =1, m=1
superradiance growth mode, as it is the fastest growing
mode [22,30], and thus the one leading to the most
optimistic results. The evolution of the ith boson occupa-
tion number for this quantum level, denoted by N;, is
governed by the following equation:
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Ni :FiNi, (12)

where the growth rate I'; is given in terms of the horizon
radius r, in Eq. (3) as [59,211]

GMuy;)°

T, :%(m —our). (13)
Superradiance extracts energy and angular momentum
from the spinning BH, effectively slowing the BH down,
while a boson cloud of mass M; = u;N; forms. Energy
extraction continues as long as I'; > 0 or, equivalently, as
long as the dimensionless spin is larger than a minimum
(@)

spin a,;,, which from Eq. (13) is given by
(i) 2](,'
h= T 14
amm 1 + k12 ( )
ZMZ -1

In the presence of multiple light bosons with masses y;
(ordered with increasing mass, i.e., y; is the mass of the
lightest boson, and so on), we can of course define a
minimum spin associated with the action of the ith boson,
affl)m. During the superradiance phase, and neglecting the
competing effects we will discuss later in Sec. 11D, the
mass and angular momentum of the BH change over time

with rates given by

M= _ZﬂiNiv (16)
‘7 = _ZjNi’ (17)

where j = /2 is the angular momentum per unit boson
mass, the sum runs over the i boson species, and a dot
denotes a derivative with respect to t.

D. Gas accretion and gravitational wave emission

Although we will neglect backreaction of the scalar
cloud on the background geometry as argued later in
Sec. II'F, there are potentially other important competing
effects to be taken into account when discussing BHSR,
and which are usually neglected in most (linearized) BHSR
analyses in the literature: these are gas accretion and GW
emission. In this work we shall consistently take accretion
and GW emission into account.

Realistic astrophysical BHs are not isolated systems, but
live in complex astrophysical environments, surrounded by
matter fields which continuously accrete onto the BHs
themselves. There are various ways by means of which the
interplay between gas accretion and BHSR can have
important consequences for the latter. By increasing the

BH’s mass and angular momentum, accretion naively com-
petes with superradiant extraction which instead acts to
decrease these quantities. This is true for a BH for which the
superradiant instability phase has already begun. Even then,
if superradiant extraction is weak due to the BH not being
sufficiently massive and hence a being low (at fixed boson
mass p), accretion can increase the BH mass, which in turn
strengthens the superradiance process. Finally, in a different
regime, accretion can act as a trigger for BHSR, by spinning
up BHs whose spin is below a,;, and would not otherwise
have entered the superradiant instability phase.

Following Ref. [212], we adopt an extremely
conservative assumption wherein mass accretion at a rate
M acc occurs at a fixed fraction fryq of the Eddington rate

Mpgg4q (see for instance Ref. [213]):

M(1)

WM@ yr-', (18)

M acc = [ EddM Edd = 0.02fgqq

where M(t) is the mass of the BH at time 7. In our
modeling, the BH mass changes over time due to i)
superradiance, ii) accretion, and iii) GW emission, as
clearly shown in Eq. (27) below. The estimate in
Eq. (18) assumes a radiative efficiency =~ 0.1, as required
by the comparison between the mass function of BHs and
the luminosities of AGNSs; see e.g., Ref [212]. The specific
value of the Eddington rate for mass accretion depends on
the details of the accretion disk surrounding the BH, and
can take a wide range of values from O(1) for AGNs to
O(107) for quiescent galactic nuclei. Here, we fix the
value of the Eddington rate for mass accretion to
frda = 0.2. This is somewhat of a conservative estimate
[212], and one which in any case does not affect our results,
since we later find a posteriori that even for values of fiqq
of order unity, the superradiance rate always exceeds the
accretion rate by several orders of magnitude.

To estimate the angular momentum accretion rate J ACC>
we again follow Ref. [212] and make the conservative
assumption that the accretion disk lies on the equatorial
plane, and extends down to the innermost stable (prograde)
circular orbit (ISCO). If radiation effects are ignored, the
angular momentum accretion rate can be expressed as [214]

e = gy Hace (19)
L(M,J) —327M§<1 2 3rls#w’])—z), (20)
EM.J)=[1- M (21)

3rISCO(M7 J)’

where L(M, J) and E(M, J) are the angular momentum and
energy per unit mass at the ISCO radius rigcg respectively,
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and the ISCO location in Boyer-Lindquist coordinates is
given in closed form as

rsco=MQB3=\/(3-2)3+2Z+22,)+2,), (22)
Zy=1+\/1-a(J/1+a,+V1-a,), (23)

Z, = \/3d% + Z2. (24)

Obviously, all three quantities L, E, and rigco are time-
dependent through their dependence on M and J.

Besides gas accretion, another important effect poten-
tially competing with BHSR is GW emission. In fact, a real
scalar cloud will eventually be reabsorbed by the BH and
dissipated through GW emission [210,215-217]. In gen-
eral, a monochromatic scalar cloud will (incoherently) emit
GWs at a frequency A ~ z/u, and at a rate Pgy for which an
upper limit is given by (see e.g., Refs. [212,218])

484 4 972 u>N?
Pow =—30a0 P\ 32

)(GMu)”» (25)

where N is the relevant occupation number and Pp, is given
in terms of the Planck mass Mp = G~'/? and the Planck
time tp; = G'/2 as Pp; = Mp/tp; ~ 3.63 x 10°2 W. In this
work, we shall make the conservative assumption of
modeling the GW emission rate through Eq. (25), despite
the latter being an upper limit to the true rate. We find
a posteriori that the impact of GW emission on our results
is anyhow negligible, justifying our approximation.
Analogously, we will make the assumption that angular
momentum is lost to GW emission at a rate JGW given by

. P
Jow = % (26)

Summing all contributions, the final set of coupled
differential equations governing the evolution of the BH
mass and angular momentum is given by

M= —Z(ﬂiNi + Pow.i) + Macc (27)

1

) . 1 L(M,J) .
J= —Z (JNi +/;PGWJ> +mMACC- (28)

The above system is the one we will solve throughout the
work, although for numerical convenience we will rescale
the set of equations as discussed in Sec. III.

E. Black hole shadows

A BH surrounded by an emission region which is (at
least within a certain wavelength range) optically thin and

geometrically thick appears to a distant observer as a
central dark region surrounded by a bright ring. The central
dark region is referred to as the “BH shadow,” and is the
gravitationally lensed image of the photon region, i.e., the
region around the BH which supports the existence of
closed, spherical photon orbits. In other words, the edge of
the BH shadow is a closed curve given by the locus of rays
that can escape bound orbits and travel to a distant observer.
Hence, the BH shadow edge separates capture and scatter-
ing orbits. VLBI arrays can be used to image BH shadows,
as the EHT Collaboration beautifully demonstrated in 2019
by revealing the image of M87*’s shadow [9-16].

As discussed earlier, here we shall focus on Kerr BHs,
i.e., rotating chargeless BHs, although our results can easily
be extended to the more generic family of Kerr-Newman
BHs. Kerr BH shadows can be computed by considering
null geodesics and focusing on those characterized by
unstable photon orbits. Here we shall briefly review this
standard procedure, and refer the reader to Refs. [103—-105]
for recent reviews on BH shadows and various approaches
towards calculating them. In Boyer-Lindquist coordinates,
radial null geodesics on a Kerr background are described by
the equation

dr\2

(r* + a*cos?6)? <a) =R(r), (29)

where 6 is the polar angle, and the quantity R is
characterized by three constants of motion: energy
E = —p,, the angular momentum component parallel to
the BH spin L, = P> and the Carter constant Q. Motion
for a test particle around the BH is only possible for
R(r) = 0. As photon trajectories are independent of their
energies, Eq. (29) can be rescaled by dividing it through by
a factor E? and reexpressing it in terms of the quantities
E=L,/E and n= Q/E* (which are also constants of
motion), with a new affine parameter 1 = EA.

The apparent image of the BH’s photon region, and
therefore the edge of the BH shadow, is governed by
unstable spherical photon orbits, separating capture and
scattering orbits. These are determined by the conditions

R(r,) =0, —(r,) >0, (30)

where r, is the largest among the real roots of R. The
system given in Eq. (30) can be solved to obtain a pair of
“critical” values for the two constants of motion (&, 7, ).
The BH shadow as seen by a distant observer can then be
obtained by projecting (&, 7,) to the celestial coordinates
(x,y) of an observer situated at infinity:

X = .§C , y= :I:\/nc + a*cos’t — Ecot’s,  (31)
sin
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where 1 is the observation angle, with 1 = 90° and 1 = 0°
denoting an observer on the equatorial plane (edge-on) or
aligned with the BH spin axis (face-on), respectively.
Relativistic effects are larger the more 1 approaches 90°,
and result in the BH shadow being asymmetric along the
spin axis, in particular being flattened on the side associated
with photons whose angular momentum is aligned with the
BH spin, due to frame-dragging effects.

For ease of comparison to observations, it is convenient to
compress the information contained within the shape of the
BH shadow in a few relevant observables. This compression
practice has been adopted in a number of works, including
some by the EHT Collaboration itself. We define x,,,, and
Xmin to be the maximum values of the celestial x coordinates
for the shadow edge, and similarly for y, ., and y;,- Then,
the shadow diameter R is naturally defined as

R = Xmax — ¥min = Ax, (32)

and we recall that R = 6/3M for a Schwarzschild BH.
Additionally, we define the quantity y as follows:

Ymax ~ Ymin Ay
g = s = Ymin _ 2 (33)

Xmax ~ *min Ax

For a Schwarzschild (a, = 0) BH, y = 1, reflecting the fact
that the BH shadow is a perfect circle. Relativistic effects
playing an important role with increasing spin a, and/or
observation angle 7, and resulting in the shadow boundary
deviating from a perfect circle, lead to y > 1. In the literature,
x 1s usually referred to as the “axis ratio” or “oblateness.”
Here we shall adopt the former label.

Both R and y are useful “summary observables” in
comparing theory to observations of BH shadows. If one
can reliably determine the BH mass (for instance through
gravitational lensing, stellar/gas dynamics, or reverberation
mapping), or more precisely the BH distance-to-mass ratio,
then R can be directly related to the angular size of the dark
region appearing in VLBI observations. Note that R carries
units of mass (as stated earlier, we will neglect units of G in
this context). The morphology of the dark region can also
be used to set limits on y; for instance, the EHT
Collaboration reports that y < 4/3 for M87* [9]. To sum
up, we note that y is closely related to other measures of the
oblateness of the BH shadow, such as the deviation from
circularity AC [see e.g., Eq. (5) in Ref. [219]], constrained
by the EHT Collaboration to be AC < 10% for the shadow
of M87* [9].

F. Backreaction

Throughout this work, we will treat the Kerr metric as a
background over which the scalar fields propagate, assum-
ing that backreaction of the fields on the metric is
negligible. To put it differently, we are assuming that the
functional form of the metric remains of the Kerr type, where

at each instant in time the mass and spin are governed by the
BHSR process—in other words, that backreaction does not
change the structure of the metric. This assumption is valid if
the energy in each of the fields ¢, is sufficiently small, so that
we can assume that the gravitational sector is still described
by Einstein’s equations in vacuum and the boson fields ¢, are
propagating on a Kerr geometry. More rigorously, although
the total mass of the scalar cloud can reach a significant
fraction of the BH mass, the quantity which directly couples
to the geometry through Einstein’s equations is the energy
density of the scalar cloud, which is suppressed by at least 8
orders of magnitude compared to the energy density asso-
ciated with the BH event horizon pgy~ 1/(G*M?)
[212,220]. The reason is that the energy of the scalar cloud
is spread over a huge volume, as the cloud itself peaks at a
distance from the BH r ~ 1/(Gu*M) [212,215]. Therefore,
the scalar cloud exerts a negligible gravitational pull on the
background spacetime geometry, so that backreaction effects
can safely be neglected, as argued in a number of earlier
works [212,215,220].

Although a full assessment of the effects of backreaction
on the superradiant process is well beyond the scope of the
present work, we wish to briefly comment on this issue.
The boson cloud is physically extended over a scale Rg ~
1/(ryu*) which, using Eq. (11), we can express as
Rg~ry/ a’. Therefore, even for the largest value of a =
0.31 considered here, the cloud is diluted over a region
much larger than the BH gravitational radius r,. We
therefore expect the gravitational effect of the boson cloud
on associated quantities, such as the BH shadow size, to be
negligible. The only instance in which the cloud can have a
significant effect on the shadow is if backreaction itself is
non-negligible.

More generally, backreaction becomes important when
the energy density of the boson cloud pgz~ Mpg/R3 ~
Mpga®/(GM)? exceeds the energy density associated with
the BH event horizon pgy ~ 1/(G>*M?). Therefore, back-
reaction is only important when Mg > M/a®, where M is
the total mass of the boson cloud, and 1 /oc6 > 103 for the
regime we are considering. Satisfying the condition for
which backreaction is important would require moving
well beyond the region of parameter space we are consid-
ering, to a region where the modeling of the superradiance
cannot be tackled analytically. In all the cases we examine,
it is instead always the case that Mg < M. Therefore, we
neglect backreaction in our study. In closing, we note that
other works such as Refs. [27,35] have studied super-
radiance in dynamical spacetimes, through a full numerical
solution to the Einstein(-Proca) equations. We plan to
return to this issue in future follow-up work.

II1I. METHODOLOGY

To track the evolution of the BH shadow throughout the
superradiant phase in the presence of gas accretion and GW
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emission, we solve the coupled system of differential
equations for the BH mass and spin given by Eqgs. (27)—
(28). In practice, however, we have found it convenient to
rescale the quantities of interest, so as to avoid dealing with
extremely large or extremely small quantities, which could
lead to numerical instabilities.

In particular, we write the boson occupation number as
N; = Ny;n;, where No; = My /u;, and we define the mass
of the BH as M = MM, so that M is dimensionless and
numerically equivalent to the value of the BH mass in units
of solar mass. Substituting the time derivative of the
dimensionless spin a, into Eq. (28) leads to the following
set of coupled differential equations:

dn[

P 34
& =L (34)
dm - = =
- =" E (Iin; + Tgw.in?) + Caces (35)
da, 1 1= 3
= E g(]l“l-n,- + Low,in?)

E(1)

f;;c (f(t)

2a - -
—2a, | + ~*§ Lin; + Tow,ing),
a> i (Tin Gw.il;)

1

(36)

where we have defined £ = L/M and &; = GMgu;. The
following quantities have also been introduced:

~ PGW ; 484 + 971'2 - ~
I = A !4M12, 37
Wi =P T 23040 (37)
. 2x 1078 yr! .
FACC = F—fEdde (38)
Pl
- 1 _ _
=5 la, = 2a;M(1 + /1 —a2)|a’M®,  (39)

where Ipj = Mp/(Mgtp) #6.402 x 10" yr~! and 7 = T'pit.
We solve the set of differential equations given by Egs. (34)—
(37), with the following set of initial conditions:
M(t=0) = M,, a,(t=0)=0.99, and n;(t = 0) = 0.

To plot the contour of the BH shadow, we use Egs. (31)
in combination with a closed-form expression for the
constants of motion (&.,7..) characterizing unstable circular
orbits, given by (see e.g., Ref. [201])

M(r? —a?) — r(r? =2Mr + a?)

Selr M. a) = a(r—M) ’

(40)

4a’*Mr3 — r*(r —3M)?

M, a) =
ne(r.M.a) 20— M)

(41)

Combining Egs. (31), (40), and (41), we produce a para-
metric plot of {x(r).y(r)} = {x(&(n). (& (r).n.(r)}
using Eq. (31), with the parameter governing the plot
being r, and the domain chosen such that y?(r) > 0. Note
that throughout the superradiant phase, the BH shadow
evolves due to the changes in the BH mass and spin.
We denote the total evolution time scale by f4,,, and
define it to be the time taken by the BH to evolve from its
initial state with dimensionless spin a, = 0.99, to the
minimum dimensionless spin allowed by the BHSR process
a, = ag;n.f’ Since afﬁn is monotonically increasing with a;,
the gravitational coupling of the lighter species determines
the final spin of the BH. The change in the shadow of the BH,
on the other hand, is characterized by AR and Ay; these are
defined as the differences in the quantities R and y [given in
Egs. (32)~(33)] between 1 = f1,y, and ¢ = 0. In practice, AR
is not a directly observable quantity, as it characterizes a
change in the size of the BH shadow in units of BH mass and
does not take into consideration the distance to the observer.
For this reason, we also define the observable quantity

AR M 16.8 M
AR pp ~ 42 pas 09 6.8 Mpe )
63/ \6.5 x 10° M, D

(42)

which denotes the absolute change in the angular size of the
shadow of a BH of initial mass M, as seen by an observer
located at distance D from the BH, reported in pas. In general,
the quantities M, and D characterize the superradiance-
induced BH shadow evolution along with #,,,, . Note in addition
that for numerical convenience we have rescaled Eq. (42) using
the values of M, and D relevant for the SMBH M87*.

IV. RESULTS

Let us consider two boson species, with gravitational
couplings @; and a,, where a, > a;. These gravitational

®While above we have provided a nominal definition of Hong>
for numerical computations we have found it more convenient to
adopt an operational definition of 4y, as the time it takes for the
BH spin to evolve from its initial value to 100.05% of the
minimum  spin asi)n. This is an operationally more efficient
definition as the minimum spin is approached asymptotically,
and integrating the BHSR equations up to afrii)n will result in a
substantial amount of numerical uncertainty on the determined
fong @ machine precision is reached. We have verified that this
choice of spin cutoff in numerically computing o, is meaningful
throughout the parameter space for the relative mass parameter /
we explore. In other words, even in the most extreme regions of
parameter space, such a definition always cuts off the BHSR
evolution at a point where the spin evolution has already
plateaued significantly; this might not be the case for less
conservative cutoff choices, which in some cases may lead to
a shorter 71,5, at the cost of the BHSR process not having slowed

down sufficiently when the spin cutoff occurs.
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couplings are defined with respect to the BH’s initial mass
(it is important to specify this point given that the BH’s
mass will vary in time due to BHSR). We define the relative
difference between the boson masses through the relative
mass parameter f = 1 — «;/a,. Throughout our analysis,
we fix a, = 0.31 and vary f in order to scan across the
parameter space for the mass of the lightest boson.
Therefore, the limit f — O effectively reproduces a sin-
gle-species case with @ = 0.31.” The numerical value for
the gravitational coupling a = 0.31 has been chosen in
order to have a time scale 7,,, larger than ~100 yr and is
based on the study in Ref. [196], where it was shown that
for @ = 0.32 the time scale is ~121 yr, while for a = 0.28
the time scale is ~216 yr.

Let us comment on our choices of masses/gravitational
couplings of the two light boson species. First, the BHSR
equations we are solving are only valid in the linear regime
aj,a, S O(1). At the same time, the BHSR energy
extraction process is most efficient for higher values of
the gravitational coupling; see Eq. (13). Therefore, by
setting a, = 0.31, we are placing ourselves in a “sweet
spot” roughly at the edge of the validity for the linear
regime while at the same time being the most optimistic
from the observational point of view, given that the energy
extraction is as efficient as possible.

We numerically solve the set of differential equations
determined by Eqgs. (34)—(37), with initial conditions given
by @iniga = 0.99, n; =0, and M = My/M, where the
initial mass of the BH is M. We then use the functions
M(t) and a, (1) to generate the contour of the BH shadow as
a function of time, using Eqs. (40)—(41) with a, = J/M?,
as described in Sec. III. From the generated shadows we
extract the relevant observables R and y defined in
Egs. (32)—(33), whose change in time we then analyze.

A. Single-species case

Before discussing the two-species case, let us point out
an important subtlety pertaining to the single-species case,
which we recall is reproduced by taking the limit f — 0
(for a single boson species with gravitational coupling
a = 0.31). The single-species case has been extensively
studied in previous literature, including by one of us in
Ref. [196] and by Creci et al. in Ref. [197]. Focusing on
SgrA*, the SMBH at the center of our galaxy, in Ref. [196]
it was shown that there exists a range of gravitational
couplings where the BH shadow size will increase by
O(0.1) pas over a time scale potentially as short as
O(100) yr, which however is still longer than typical
human time scales. Later, Ref. [197] analyzed a wider

"Note that we fix the numerical value of a, as defined in
Eq. (11), where the product Mu appears. Therefore, the mass of
the boson changes when scanning over the BH mass range. This
procedure is different from fixing the mass of the boson or,
equivalently, the quantity &, which appears in Egs. (34)—(37).

range of gravitational coupling parameter space, and
showed that the BH shadow size can not only increase,
but decrease as well, albeit still along the course of
unrealistically long time scales.

While the most optimistic time scales reported in
Ref. [196] range around (O(100) yr, here we point out that
there is a physically/observationally more relevant defini-
tion of the evolution time scale other than 7,,,,, which at the
same time leads to more optimistic results. The key
observation in this sense is that, while the complete
BHSR evolution does indeed take place over the time
scale given by f1,,,, most of the evolution actually takes
place over a much shorter time scale, which we refer to as
taort- FOr example, once the BH spin is sufficiently close to
the final spin a,,,, the spin evolution slows down consid-
erably and reaches a quasisteady state, where the gradient
da, /dt is very low compared to its value throughout the
rest of the BHSR process. These considerations motivate us
to define t4,,, as the time it takes for the BH spin to evolve
from 99% of its initial spin @;,;;, to 101% of its final spin
Amin- This denotes the most significant period of the BHSR
evolution process (over which ~#98% of the spin evolution
takes place), during which the gradient of the spin evolution
against time is largest in magnitude, before later plateauing.
Of course, by extension this is also the period over which
the BH shadow size evolves the most over the shortest
possible period of time.

The various panels of Fig. 1 show the evolution of the
dimensionless spin against time, in arbitrary units, for
various values of 4.* More specifically, in Fig. 1(a) we show
this evolution in the presence of a single boson species,
showcasing the difference between fgo and f15,,. From
Fig. 1(a), it is clear that gy, is the observationally more
relevant time scale, as it is the period throughout which an
instrument has the best chance of observing significant
changes (over a short period of time) in the BH shadow.
The cutoff that defines tg4,, occurs right before the
quasisteady state of the BH spin evolution begins. Note
that g, 1 shorter than the period defined as “Phase I”” in
Ref. [197]. Figures 1(b), 1(c), and 1(d) are instead devoted
to the two-species case, and will be discussed in more detail
in Sec. IV B.

B. Two-species case

Let us now consider two boson species with gravitational
couplings a; and a,, and relative mass parameter
p=1-a;/a,. Figure 2 provides contour plots of various
relevant observational quantities (total evolution time scale

We stress that our choice of removing numbers from the axes,
and therefore considering arbitrary units, is deliberate. The aim of
Fig. 1 is purely illustrative, the goal being that of providing the
reader with a visual representation of the qualitative behavior of
the system for different regimes of f, which we will discuss at a
quantitative level in more detail later in the text.
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a, A

(c) (d)

FIG. 1. The different panels show the evolution of the dimensionless spin parameter as a function of time (in arbitrary units) for various
single- and two-species light boson systems, highlighting the difference between 7, and 7, and the fact that within certain regimes
for the relative mass parameter f, the dynamics of the system are mostly driven by one of the two species: the heavier one (f < 0.1) or
the lighter one (f > 0.5). See the captions of the specific panels for more details. (a) Evolution of the dimensionless spin parameter as a
function of time (in arbitrary units) in the presence of a single light boson species. We clearly highlight the difference between the total
evolution timescale 71,5, and the shorter but observationally more relevant timescale - For the specic case of SgrA*, the latter can be
up to a factor of 5 shorter than the former, and comparable to human timescales. (b) Same as in panel (a) in the presence of two light
boson species. The gravitational coupling of the heaviest one is @ = 0.31 and the relative mass parameter is # = 0.2, such that the

Eﬁln and t(l)

contribution of both species to the BH spin extraction is comparable. Here, one can dene two short timescales ¢ short» ssociated
to the heaviest and lightest species respectively. (c) Same as in panel (b), with relative mass parameters given by = 0.03 (dotted),
p = 0.06 (dashed), and 8 = 0.09 (solid). Within this regime, the dynamics of the system are mostly driven by the heavier of the two
species, as p; < p, with the pis defined in Eqgs. (43). Therefore, the signicant evolution timescale is tiﬁ()m. (d) Same as in panel (b), with
relative mass parameters given by f# = 0.5 (dotted), # = 0.55 (dashed) and f = 0.6 (solid). Within this regime, the dynamics of the
system are mostly driven by the lightest of the two species, as p, < p; with the pis defined in Eqgs. (43). Therefore, the signicant

Lo (D)
evolution timescale is 7y’ ..

fiong> Change in BH shadow angular size in units of BH
mass AR, absolute change in BH shadow angular size in
uas considering a BH located at a distance D = 16.8 Mpc
from us as is the case for M87%, and change in axis ratio
Ay) across a grid of the (logarithm of the) initial BH mass
log;o M, and the relative mass parameter . We set the
upper limit # < 0.6 in order to ensure that a) the total
evolution time scale f1,y, is not too large (to the point of
being unobservable), and b) the superradiance rate for both
boson species dominates over the gas accretion and GW
emission rates.

Ideally, for the BHSR-induced changes in the BH
shadow to be as observationally favorable as possible,
we would like the associated changes in the shadow
parameters (AR, AR, and Ay) to be as large as possible,
with 7., being as short as possible. As is clear from the top

counterintuitive, as one might expect a system with multiple
boson species to evolve more quickly than one with a single
species; in fact, besides theoretical (beyond the SM) con-
siderations, this was one of our original motivations for
considering a multiple-species boson system, expecting the
resulting BHSR-induced evolution to possibly be quicker,
and hence observationally more favorable. However, the
physical reason for this counterintuitive result can be under-
stood by looking at the superradiance rate as given by
Eq. (13). Since I'; depends on the spin parameter a,, when
any one of the two boson species starts extracting angular
momentum from the BH, the superradiance rate for both
species decreases and hence makes the energy extraction
process overall less efficient. This counterbalances the
possible quicker evolution, with the final result being that
the two-species evolution ends up proceeding over a longer
time scale compared to the single-species case.

left panel of Fig. 2, 1,,,,, increases when increasing both the
initial mass of the BH M|, and the relative mass . At first
glance, the behavior of f,,,, as a function of f may seem

So far, we have only discussed the evolution of 7;,,, With
p. We now discuss how the absolute change in the BH
shadow size AR,y and the change in the axis ratio Ay
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FIG. 2. Contour plots for various observables relevant to the superradiance-induced BH shadow evolution as a function of the
logarithm of the initial mass of the BH, log,o(M /M) (horizontal axis) and the relative mass parameter f = 1 — a,/a; (vertical axis).
The quantities a, = 0.31 and a; are the gravitational couplings of the heaviest and lightest boson species respectively. For each panel,
we show contours of fixed logarithmically equispaced values for the observable in question. See the captions of the specific panels for
more details. (a) Total evolution timescale 7y, as a function of log,o(M/Mg) and f. This is the time taken by the BH’s dimensionless
spin to evolve from a, = 0.99 to the minimum value allowed by the BHSR process. (b) Net change in the diameter of the shadow AR as
the system evolves from 7 = 1 to t = #4,,, in units of the initial BH mass M, as a function of log;o(M/Mg,) and f. (c) Net change in the
angular size of the shadow RAbs as the system evolves from 7 = 0 to 7 = 7,5y, seen by an observer at a distance D = 16.8Mpc, as a
function of log;y(M /M) and f. (d) Net change in the axis ratio of the shadow Ay (which quanties the deviation from circularity of the
shadow) as the system evolves from 7 = 0 to 7 = fj4y,, as a function of logo(M/Mg) and .
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respond to . We notice that AR, initially decreases as f3
increases, reaching a minimum at & 0.2 before increasing
again with increasing f. As we will discuss in more detail
later in this section, this behavior can be explained in terms
of the competing effects on the BH shadow size due to the
decrease in BH spin and mass. Of course, AR 5, increases
with increasing M, since the BH shadow size is directly
proportional to the BH mass; this behavior is clearly visible
in the lower left panel of Fig. 2. It might therefore be
desirable to factor out this extra dependence on the BH
initial mass, by considering the change in shadow size in
units of BH mass AR; the result, clearly independent of M,
is shown in the top right panel of Fig. 2. The change in the
BH shadow axis ratio Ay is to very good approximation
independent of the initial BH mass, but is found to increase
as f# increases. However, for all values of f# we explored, Ay
remains small, Ay < ©(0.1). This figure is about 1 order of
magnitude worse than current limits on Ay < 4/3, and also
likely beyond the reach of near-future VLBI arrays
(although to the best of our knowledge projections in this
sense are not available).

The previous results indicate that, from the point of view
of BH-shadow-related observational quantities (AR 4y, OF
AR, and Ay), the best prospects for detecting the effects of
BHSR in the two-species case would appear to point
towards higher values of £ = 0.2. However, as we saw
earlier, the evolution time scale increases monotonically
with . Focusing on f as the independent parameter, there is
therefore a trade-off between the evolution time scale and
the previously discussed quantities; we show this in Fig. 3,
where we plot the evolution of both #,,, and AR 5, against

500 T T T T T 0.15

400+ 10.14
=z 300} {0.13 g2
= =
x =
< 200} J0.12 °<]:

1004 {o.11

0 . L L L L 0.10

0.00 0.05 0.10 0.15 0.20 0.25 0.30

f=1—a/o

FIG. 3. Total evolution time scale 71, (red, left vertical axis, in
years) and net change in the angular size of the BH shadow AR 4
(blue, right vertical axis, in pas) as a function of the relative mass
parameter f. In producing this plot, the BH parameters have been
fixed to those of SgrA*. The plot clearly shows the trade-off
between the parameters AR, and fyon,, given that observatio-
nally favorable conditions would want the former to be as large as
possible with the latter being as small as possible.

p for the specific case of SgrA*, clearly displaying the
behaviors discussed previously.

In Sec. IVA, we argued that the single-species case is
more subtle than reported in previous works, and requires a
careful definition of the observationally relevant time scale.
What about the two-species case? As for the single-species
case, we can in principle define a short significant evolution

time scale for each species, t;’mn. Operationally, tiﬁon and
(1)
t

shore are defined as the times taken for the BH spin to
evolve from 99% of a3, to 101% of a®)and from 99% of

min
afﬁi)n to 101% of agi)n respectively [see Fig. 1(b), in arbitrary
units]. The evolution of the BH shadow is of course
distributed over the entire evolution time scale, and hence

in principle we expect both tﬁﬁln and tg}llzm to be observa-
tionally significant.

However, in the case of small (# <0.05) and large
(B Z 0.5) relative mass, it turns out that only one of the
two short time scales ts(,;)m is observationally relevant. To
better quantify this, we define the contribution fraction p;
(i =1, 2), which quantifies the fraction of the BH spin
evolution contributed by each species throughout the
BHSR process. We define the p;’s as

(2) (1) (2)
min ~ %min _ Yinitial ~ %in
P = 1 P2 = (1 - (43)

initial — %pin initial — %pin

When f < 0.05, the mass parameters of the two species
) () &

are very close to each other, and hence a /| —a,;

Ainitial — a[(;i)n. This implies p; < p,, and therefore the

significant evolution time scale is mostly driven by the

heavier species; see Fig. 1(c), in arbitrary units. The converse

Lo 2 1 2
occurs for # 2 0.5; in this case, aEni)n - afni)n > Qinitial — afngn,

implying p, < p;, and therefore it is the lightest species
which is mostly driving the significant evolution time scale;
see Fig. 1(d), again in arbitrary units.

It is worth noting that, in each of these limiting cases
(both large and small f3), the behavior of the system is
effectively very close to that of the single-species case,
although the underlying physical reason is different in the
two regimes. In the small-f limit, the behavior is very
similar to that of a single-species system precisely because
the masses of the two species are very close to each other.
In the large-f# limit, this is instead the case because the
lighter species dominates over the heavier one as far as
the BHSR process is concerned. On the other hand in the
intermediate region, 0.05 < f < 0.5, the contribution from
both species is comparable.

By combining Egs. (14) and (43) for f = 0.2, the two
contribution fractions are equal to each other:
p1 = p>» = 0.5. From the point of view of energy extrac-
tion, this would therefore naively appear to be the obser-
vationally most optimistic case. However, as noted earlier
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and shown in Fig. 3, AR, actually dips and reaches a
minimum for f=0.2. A physical explanation for this
phenomenon is as follows: as far as the absolute size of
the BH shadow is concerned, the BHSR-induced mass and
spin extraction lead to competing effects. Decreasing the
spin makes the BH shadow more circular, and hence
increases its size (at fixed BH mass). On the other hand,
decreasing the mass scales down the entire BH shadow
size, as the latter is (neglecting spin effects) proportional to
the BH mass throughout the BHSR process. For =~ 0.2,
the contribution of both species is similar, and therefore the
competing effects of mass and spin extraction is the largest.
This leads to an overall smaller change in the BH shadow
size in comparison to the changes obtained for both smaller
and larger values of fj.

V. DISCUSSION

Our previous discussion of the BHSR-induced evolution
of the BH shadow (in both the single- and two-species
cases) and the associated evolution time scales has been
rather general. To further assess the observational prospects
of the effects discussed, let us now consider a specific
worked example focused on SgrA*, the SMBH at the center
of our galaxy, with a mass of M =42 x 10° M, and
located at a distance of D = 8 kpc from us [221]. For small
values of # < 0.05, we present the results of this analysis in
Table L.

For the single-species case, the total evolution time scale
fiong 18 reported in the first row of Table I; in this case we set
the relative mass to # = 1073, sufficiently small for this to
be effectively considered a single-species case. We find the
total evolution time scale to be #jo,, 70 yr. On the other
hand, we find the observationally significant time scale
taort tO be a factor of ~5 shorter, ty,, =~ 16 yr. Throughout
the time scale characterized by ., the absolute angular
size of the shadow changes by ARy, ~ 0.6 pas. This figure
is still about a factor of ~5 below the resolution of planned
near-future space-based VLBI arrays [222].

TABLEI Total evolution time scale f;,,,, net change in the axis
ratio Ay, and net change in the angular size of the BH shadow
AR Aps as a function of the relative mass parameter . These values
have been computed for the specific case of SgrA*, located at a
distance D = 8 kpc away from us and with a mass of
M = 4.2 x 10° M. While the total evolution time scale for
all the cases reported exceeds typical human time scales, the
shorter but observationally more relevant time scale 7y, is
~16 yr for all cases reported in the table.

ﬁ tlong (yr) A)( ARAbs (ﬂas)
1073 73 0.06 0.62
0.01 97 0.06 0.61
0.03 172 0.06 0.57
0.05 233 0.06 0.54

As f is increased (see subsequent rows in Table I), 71,5,
correspondingly increases and the absolute change in the
shadow angular size AR, decreases, confirming the
behavior we saw earlier (see Fig. 3). However, as discussed
in Sec. IV B [see also Fig. 1(c)], for sufficiently small 5 the
behavior of the system is still akin to the single-species
case, with dynamics driven by the heavier species.
Therefore, in spite of the significant increase in oy, as
f is increased, it might be instructive to focus on the short
time scale associated with the heavier species, tiﬁzm, rather

than on the total evolution time scale 7,,,,. We find that, for

all the values of  reported in the Table, 12

short
within typical human time scales.

Once we increase f within the range 0.05 </ <0.5,
where the contribution to the BH shadow evolution from
both species is comparable as discussed earlier in Sec. V,
the distinction between the two short evolution time scales
t£}11(>)rt and tiﬁfm becomes significantly murkier; at this point,
there is a substantial degree of overlap between the two
species since neither of them is clearly providing a
dominant contribution to the evolution. More concretely,
p; and p, as defined in Eq. (43) are roughly of the same
order. Therefore, we conclude that for larger values of /5 the
more relevant time scale is actually the complete evolution
time scale fiop-

At the same time, as is clear from Table I and Fig. 3,
within this regime 7, is too large for the entire process to
be observable on human time scales, at least for the specific
case of SgrA*. From this perspective, it therefore appears
that prospects for observing the BHSR-induced evolution
of the shadow of SgrA* are significantly more favorable for
the single-species rather than two-species case (particularly
once care is given to the identification of the observatio-
nally relevant time scale, fg,q, rather than 7,,,), contrary to
the initial naive expectation laid out at the start of this work.

Remaining in the 0.05 </ <0.5 regime, instead of
restricting ourselves to the case of SgrA* we can ask
ourselves a different question: for a given value of 3, what
is the largest allowed value for the BH mass which still leads
to an observable evolution time scale? For concreteness, we
take # = 0.2 which, as argued earlier, leads to comparable
contributions from both species (p; ~ p, ~ 0.5). From Fig. 2
(upper left panel), we see that the BH mass needs to be <4 x
10° M, in order for the total evolution time scale to be
observable (o, < 50 yr).

For the same choice of parameters, the BH shadow size
(upper right panel) changes by AR ~ O(0.1)M. How this
number translates to an absolute angular scale depends on
the distance to the BH; for instance, for a BH located
16.8 Mpc away from us (as is the case for M87*), the BH
shadow angular size (lower left panel) changes by
ARy ~ O(107) pas, which is way beyond the detection
capabilities of the EHT or near-future upgrades thereof. For
the previous figure to stand a chance to be detectable in

~ 16 yr, well
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future VLBI arrays, the distance to the BH would need to
be O(kpc) or smaller. However, there are no known BHs at
O(kpc) distance from us with a mass in the O(10°)M,
range: there are approximately 12 candidate BHs which are
closer to us than SgrA* (including Cyg X-1, although only
for some of these candidates has their BH nature been
widely agreed upon), with masses in the O(10~'-10)M,,
range, and hence too small to lead to observable changes in
the angular size of the shadow. For the same choice of
parameters, the change in the axis ratio (lower right panel)
depends to very good approximation only on $ and not on
M, but is undetectably small by about an order of
magnitude, since Ay < O(0.1).

Looking at the bigger picture, let us return to the initial
overarching question motivating our study: is it feasible to
observe the BHSR-induced evolution of BH shadows in the
not-too-distant future? A short answer is “yes, in principle,’
and hinges upon a) observationally favorable conditions, b)
small but non-negligible improvements in the angular
resolution accessible to BH shadow imaging techniques
(be these VLBI or other techniques, to be discussed soon),
and c) a careful definition of the observationally relevant
evolution time scale.

For what concerns a), our analysis appears to suggest
that the best observational prospects are found for SMBHs
in the comparatively low-mass end of the window which
are still sufficiently close to us, the archetype example
being SgrA*. For BHs of lower mass, the absolute change
in the BH shadow angular size is too small and way below
the resolution of future VLBI technology (unless the BH in
question is extremely close to us, although no such
candidate is known), whereas for BHs of higher mass
the evolution time scale is too large. Moreover, contrary to
our initial expectations, the best observational prospects for
SgrA*-like SMBHs actually occur for conditions as close to
the single-species case as possible (# — 0), as the presence
of multiple species extracting the BH spin leads to a
significant decrease in the superradiance rate, resulting
in the final BH evolution being slower, rather than faster as
initially naively expected.

Regarding b), even if the conditions set in a) are met,
reaching sub-uas angular resolutions with BH imaging
techniques remains vital for the effects we have outlined to
be observable. Such a resolution appears to be a factor of a
few below the sensitivity achievable with a future upgrade
to the EHT including additional telescopes in space [222].
Another possibility is VLBI in the optical band, first
suggested in Ref. [204], for which however the presence
of dust surrounding active galactic nuclei may be a
significant limiting factor, as pointed out in Ref. [206].
Moving away from VLBI techniques, and further down the
timeline, an interesting possibility is that of using con-
stellations of satellites to perform x-ray interferometry
(XRI). By ~ 2060, XRI may be able to achieve sub-uas
angular resolution [223]. It should be noted, however, that

XRI is best suited for imaging SMBHs with optically thick
disks; in this case, what is being observed (which we refer
to as the “XRI BH shadow”) is no longer the apparent
image of the photon region, but the inner edge of the
accretion disk. The fact that the location of the latter
depends strongly on the BH spin may actually be an
advantage, as the associated changes in the XRI BH
shadow may be larger due to superradiant spin extraction.
A full investigation goes beyond the scope of this paper,
and is deferred to future work.

With regard to ¢) we have argued in detail that, at least
for the observationally more favorable single-species case
[see point b) abovel], 4,0 is @ more significant definition of
the relevant time scale than the previously adopted 7. For
the two-species case, a more careful assessment is required
when identifying the relevant time scale. While it is the case
that in both the small- and large-f# limits (f < 0.05 and
= 0.5 respectively) the evolution is effectively very close
to that of a single-species system, an experiment operating
over extremely long time scales (well above human ones)
should eventually be able to observe the effects associated
with the two successive decreases in the BH spin evolution
due to the mass splitting, at least in the small-f regime [see
Fig. 1(c)]. While an unambiguous observation of the
imprint of a decrease in the BH spin on the BH shadow
would be a breakthrough scientific discovery, the degen-
eracy between the effect being due to a genuine single
species or two species within one of the regimes described
above can only be discerned by observing across the
complete time scale fj,,,. However, we remark that for
all relevant cases f,o,, is well above typical human time
scales.

Given that SMBHs such as SgrA* have been around for
an extremely long time, one might legitimately wonder
why we should be so lucky as to observe the superradiance-
induced evolution of the BH shadow precisely now (or in
any case during our lifetime). In fact, if SMBHs can only go
through a superradiant instability phase once during their
existence, there is no good reason to expect the onset of the
superradiant instability, and therefore the effects we have
presented, to occur during our lifetime. Taking #gy; to be the
typical lifetime of a SMBH, we can naively estimate the
probability of observing the superradiance-induced shadow
evolution now as being p ~ tyo/fpy- For SgrA*, which
might have been around for billions of years, tgy ~
O(10%) yr and therefore p ~ O(107%). This naive estimate
appears to suggest that observing the onset of super-
radiance during our lifetime would require nothing short
of a coincidence.

However, in the presence of effects competing with
superradiance such as gas accretion, the basic underlying
assumption that a SMBH can only go through a super-
radiant instability phase once during its existence no longer
holds. In fact, once a SMBH has spun down to the
minimum spin (or in any case close enough to the minimum
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spin that the superradiance rate is negligible), it can be spun
up by accretion over a time scale 75cc, typically much longer
than the superradiance time scale. Once the spin is suffi-
ciently high, the superradiance process can start once
more. In principle, modulo variations in the accretion rate
over cosmic time, this cycle can eventually repeat several
times (possibly in a quasiperiodic way).” This highlights
the importance of considering the competing effect of gas
accretion, even though its impact on our earlier results (and in
particular on the estimation of 7g,,;) was nominally small.

For a SMBH of mass O(10°)M, such as SgrA*, using
Eq. (18) we can estimate the typical time scale for accretion
to operate and re-spin the SMBH as being £5cc ~ 1000 yr.
This completely changes the previous estimate of the
probability of observing the superradiance-induced shadow
evolution during our lifetime, which is now given by
P ~ Lot/ tacc ~ 2%, a figure which is not tiny. Of course,
this estimate relies on the relatively simple modeling of the
effect of gas accretion we have adopted, following
Ref. [212], whereas realistic astrophysical environments
likely require a more sophisticated description, which may
either enhance or decrease the probability of observing the
superradiance-induced shadow evolution during our life-
time. Nonetheless, what is important is to note the key role
of accretion in allowing the superradiant instability process
to take place (thereby bringing all the associated observa-
tional effects we have discussed in this paper) more than
once during the lifetime of a SMBH.

VI. CONCLUSIONS

Over the past years, black holes have emerged as novel
and powerful windows into fundamental physics. In par-
ticular BH superradiance, the buildup and amplification of
a bosonic cloud surrounding a BH at the expense of the
BH’s mass and angular momentum, turns BHs into a
unique probe of new ultralight particles, which appear
ubiquitously in well-motivated theoretical scenarios. At the
same time, the first detection of the shadow of M87* by the
EHT Collaboration opens up the possibility for novel tests
of fundamental physics in the strong-field regime. This
work ties together BH shadows and superradiance, to
further explore whether BH shadows can be used to test
for the possible existence of ultralight particles: as the
appearance of a BH shadow (imaged for instance through
VLBI techniques) depends directly on the BH’s mass and
spin, the superradiance-induced evolution of these quan-
tities is expected to lead to a time evolution of the BH
shadow. Earlier work in Refs. [196,197] argued that the
associated changes in the BH shadow are unlikely to be
observable, either because they are too small or because

?A clear visual representation of the impact of accretion in re-
spinning a SMBH which has reached its minimum spin at the end
of the superradiance process can be found in the upper panels of
Fig. 5 of Ref. [212] (compare the right and left panels).

they operate over time scales which are too long compared
to typical human time scales.

In this work, we have revisited the issue of whether the
superradiance-induced BH shadow evolution can be obser-
vationally detected. In particular, we have gone beyond the
earlier works in Refs. [196,197] in at least three respects.
First, we have performed a more realistic and consistent
modeling of the superradiant evolution, including at the same
time the competing effects of gas accretion and GW
emission. Next, we have expanded the analysis to include
two ultralight species, as a first step towards a multispecies
analysis, given that several well-motivated scenarios extend-
ing the SM predict the existence of a plethora of ultralight
species (as in the case of the string axiverse). Finally, we have
pointed out important subtleties with regards to the obser-
vationally relevant definition of the BH shadow evolution
time scale, which had earlier been missed.

Our findings indicate that, contrary to earlier results, the
superradiance-induced evolution of BH shadows is poten-
tially observable, while not currently, at least with near-
future technology. An important aspect towards reaching
this conclusion is a careful assessment of the observatio-
nally relevant evolution time scale: while the complete
superradiant evolution occurs over a long time scale which
exceeds typical human time scales (and which we referred
to as 71,,.), the most significant part of the evolution occurs
over a shorter time scale which is about an order of
magnitude lower (and which we referred to as fgorn)-
Under favorable parameter choices, the superradiant-
induced BH shadow evolution may therefore be potentially
observable on human time scales.

Contrary to our initial expectations, we have found that
the inclusion of an additional ultralight species does not aid
the observational prospects of the process, for which the
most favorable conditions appear to occur as close to the
single-species case as possible. Moreover, we have found
the effects of gas accretion and GW emission to be
negligible, confirming the goodness of previous simplified
linearized analyses neglecting these effects. Overall, due to
a trade-off between the (absolute) size of the associated
changes in the BH shadow and the evolution time scale, we
have identified the most promising systems for observing
the superradiance-induced evolution of BH shadows to be
SgrA*-like systems, i.e., low-mass SMBHs situated suffi-
ciently close to us.

Our results further strengthen the scientific case for
imaging SgrA*’s shadow, a goal which is anyhow within
the upcoming plans of the EHT. However, the possibility of
observing these effects hinges upon improvements in the
angular resolution achievable by BH imaging techniques,
which are required to reach sub-uas precision; while VLBI
with additional telescopes in space or in the optical band do
not appear promising in this sense, we have briefly
commented upon XRI as a potentially promising technique,
albeit on a much longer time scale (~2060).
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The results we have presented are certainly not the final
word on the subject, as there are many interesting follow-up
directions. It could be worth exploring the impact of having
more than two ultralight species and investigating prospects
of constraining the mass spectra of theoretical scenarios
featuring multiple ultralight particles (such as the string
axiverse), studying whether superradiance-induced evolu-
tion of BH shadows can be used to test specific well-
motivated dark matter and/or dark energy models, or
examining whether considering higher excitation modes
can improve our results. We remark that superradiance not
only occurs for spinning BHs described within general
relativity, but also appears for any asymptotically flat
spacetime with an event horizon. Superradiant instabilities
have been studied in theories of modified gravity (see e.g.,
Refs. [224-230]), where the resulting superradiant time
scale can be significantly shorter, and thereby potentially
leading to more optimistic results in the context of our
work. For example, superradiance effects are strongly
amplified for rotating dilatonic BHs in compactified higher
dimensions [224].

Worthy of further investigation are also more detailed
studies on the complementarity between our results and
other observational probes of ultralight particles such as
cosmological [231-235], astrophysical [236-240], astro-
nomical [241-245], and laboratory tests [246-250]. On the
more technical side, we have made rather minimal assump-
tions on the ultralight (pseudo)scalar sector, but these could
be relaxed in order to entertain a scenario which is

theoretically (and ideally observationally) richer, featuring
for instance self-interactions and kinetic mixing between
different fields. Also worthy of much deeper investigations
are future observational prospects of reaching sub-uas
resolution with BH shadow imaging techniques, for instance
through approaches such as XRI: while XRI is not expected
to observe the gravitationally lensed image of the photon
region, it might be much more sensitive to the effects
associated with superradiant spin extraction on the “XRI
BH shadow.” While we leave a full study of these and other
issues to follow-up projects, our work reinforces the message
that BHs and their shadows are already at present remarkable
probes of fundamental physics, including new ultralight
particles.
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