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Superradiant instability of rotating black holes (BHs) leads to the formation of a cloud of ultralight
bosons, such as axions. When the BH with the cloud belongs to a binary system and is in an inspiraling
orbit, the resonant transition between the axion’s bound states can occur. We study the history of the
evolution of the binary system accompanying the cloud composed of the fastest growing mode and its
impact on the observational signatures, especially for small mass ratio cases. In this case, the hyperfine
resonance, which has a very small resonance frequency, is relevant. Therefore, due to the long timescale,
we should take into account the decaying process of axions in the transition destination mode, the
backreaction to the orbital motion and the central BH, and gravitational emission from the cloud. We
present a formulation to examine the evolution of the system around the resonance and useful expressions
for the analysis. As a result, we found the mass of the cloud that can remain after the resonance is, at most,
about 1073 of the central BH. The maximum remaining cloud mass is achieved when the mass ratio of the
binary is ¢ ~ 1073, In addition, we show that the resonant transition hardly changes the BH mass and spin
distribution, while the associated modification of the gravitational wave frequency evolution when the

binary passes through the resonance can be a signature of the presence of the cloud.

DOI: 10.1103/PhysRevD.107.103020

I. INTRODUCTION

Ultralight bosons, such as axions or axionlike particles,
can cause various phenomena in the Universe. Such
particles are universally predicted by string theory [1,2]
and can be a candidate for dark matter [3—6]. They can be
weakly coupled to the Standard Model particles, but even in
such a case the gravitational interaction with black holes
(BHs) and related gravitational waves (GWs) can provide a
new avenue to explore them observationally.

The existence of massive bosonic fields induces the
superradiant instability around rotating BHs [7,8]. Bosons
with mass in the range 1072°-107!° eV have the Compton
wavelength comparable to the size of astrophysical BHs and
extract energy and angular momentum efficiently to form a
condensate [9,10]. We refer to the condensate as an axion
cloud and the composing particles simply as axions. The
cloud formation makes astrophysical observable imprints,
such as a forbidden region in the distribution of mass and spin
of BHs [11-14] and continuous GW emission [15-21].

In this paper, we focus on the cases where BHs with
clouds belong to binary systems. GWs from the binary
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inspiral can be a signature to examine the environment
around BHs including the cloud [22-28]. Axion clouds
occupy a quasibound state of axions, which is usually the
fastest growing mode. During the inspiral phase, the tidal
interaction from the companion acts as an oscillating tidal
field. It induces the resonant transition to another mode
when the orbital frequency coincides with the phase
velocity difference between the original mode of the cloud
and the other [29,30]. The change of the orbital motion of
the binary and the associated GW frequency due to the
backreaction can also be a signature of the presence of the
cloud [30-33]. To clarify the impact on the observational
signatures, it is important to understand the history of the
evolution during the inspiral phase.

For binary systems formed with a sufficiently large
separation, the resonant transition should first occur with
the smallest possible resonance frequency during the
inspiral. The frequency spectrum of axion eigenmodes
possesses the structure of hyperfine splittings due to the
rotation of the central BH [34], and the resonance fre-
quency associated with the hyperfine splitting is the
smallest one. In Ref. [35], we showed that, when the
masses of the binary are comparable, this hyperfine
resonance can be neglected. This is because the resonance
condition is not maintained long enough due to the
decrease of the angular momentum of the cloud itself.

© 2023 American Physical Society
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We also showed that, when the separation becomes small
enough, the cloud is disrupted by the effects of higher
multipole moments of the tidal potential (before the
transition caused by the leading quadrupole moment
occurs), and finally the cloud is depleted as a result of
transitions to unbound states. Tidal disruption and the
transition to the unbound states are also studied, e.g., in
Refs. [36,37].

In contrast to nearly equal mass cases, for small mass
ratio binaries, the hyperfine resonance should be consid-
ered because of a large backreaction to the orbital motion,
which maintains the orbital frequency within the resonance
band for a long period (see Fig. 1 for relevant region of the
mass ratio and gravitational fine structure constant). It is of
great importance to examine the dynamics of small mass
ratio binaries, because they are one of the main targets for
future GW observations, such as the Laser Interferometer
Space Antenna (LISA) [38]. In this case, because of the very
long timescale of the binary evolution due to the radiation
reaction, some effects that can be neglected for the
transition for nearly equal mass binaries become relevant.

First, the decay of nonsuperradiant transition destination
modes and the backreaction to the central BH mass and
spin become relevant. Since the resonance band is broad-
ened corresponding to the imaginary part of the frequencies
of decaying destination modes, the transition timescale
staying within the resonance band becomes even longer.
Therefore, we should also take into account the GW
emission from the cloud during the transition. We develop
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FIG. 1. Parameter region of mass ratio ¢ = M, /M and gravi-
tational fine structure constant @ = Myu. The shaded area is the
region of interest in this paper. In this region, the hyperfine
resonance sustains long enough because the effect of the back-
reaction to the orbital motion is stronger than the effect of the
reduction of the hyperfine splitting. The initial angular momen-
tum of the cloud is set to J.y — 0. See Ref. [35] for details.

a formulation that includes all of these effects within the
adiabatic approximation. It is difficult to solve the originally
obtained set of equations throughout the whole period across
the resonance band, since the solution oscillates rapidly. To
overcome this difficulty, we also present a method to give an
approximate solution with sufficient accuracy.

In this paper, we consider axion clouds in a nonrelativ-
istic regime and neglect the self-interaction of axions, for
simplicity. For a relativistic regime, the energy spectrum
deviates significantly from the one obtained by nonrela-
tivistic approximation, and the transition to be considered
can change [39,40]. In addition, the self-interaction can
play an important role during the formation of the cloud
[41-48]. Here, we leave considering these effects as future
work, to focus on the tidal effect in binary systems.

This paper is organized as follows. In Sec. II, we review
the elements involved in the evolution of axion clouds in
binary systems. In Sec. III, we present a formulation for
examining the hyperfine resonance in small mass ratio
binaries. In Sec. IV, we discuss the results obtained using
our formulation. Finally, we give a summary and con-
clusion in Sec. V. Throughout this paper, we use the unit
withc=ha=G = 1.

II. ELEMENTS INVOLVED IN THE
EVOLUTION OF AXION CLOUDS

In this section, we summarize the elements involved in
describing the evolution of axion clouds, especially during
the binary inspirals. Consider a scalar field (axion) of mass
u around a rotating BH belonging to a binary system. We
denote the central BH mass by M and angular momentum
by J = aM = yM?. Formally, we can write the equation of
motion for an axion on a spacetime with the metric g, =

G + hyy a8
(.aﬂyvﬂvu - ,M2)¢ =0, (1)

where g, is the Kerr metric and V is the covariant
derivative associated with g,,. We consider the tidal field
from the binary companion and the decay due to the
gravitational wave emission from the cloud as contributions
to the perturbation. As we will see later, since there is a
hierarchy of frequencies between them, we can treat them
separately. We first review the features of axion clouds in
the unperturbed background and later the effects of the tidal
interaction and the GW emission.

A. Energy spectrum and superradiance

In the nonrelativistic regime, it is appropriate to intro-
duce a new complex scalar field variable y by

—

¢ = (e7ty + elty™). (2)

B
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We assume that i changes slowly in time compared to the
timescale determined by x~!. Then, we can ignore the o2y
term and rewrite the background equation of motion (1) as

0 a
i—y = Hyy, HUI——VZ——+O( %), (3)
ot 2u

where we have introduced the gravitational fine structure
constant @ = Mu, and this approximation is well justified
for @ < 1. Solving this equation with the ingoing boundary
condition at the BH horizon and the exponentially decaying
boundary condition at infinity, we have the quasibound
eigenstate ¢,,;,, (r) that satisfies Ho@,,, = (@nim — 1) Ppim-
They are labeled by the principal, azimuthal, and magnetic
quantum numbers like a hydrogen atom. The eigenfre-
quency is approximately given by

WOpim = (wR)nlm + i(wl)nlm’ (4)
with [9,34]
a? ot (21-3n+1)a*
= 11— 4= - 77
(a)R)nlm ,u< m2  8nt I’L4(l + 1/2)
2mya’

, 5
M Ty 1)) )

(wl)nlm = 2(r+/M)Cnlm (a’ a) (mQH - wnlm)a4l+57 (6)
where r, = M + VM? — a® is the horizon radius, Q; =
a/2Mr, is the angular velocity of the BH horizon, and the
explicit form of C,,,(a,a) can be found in Ref. [29]."

As one can see from Eq. (6), the eigenfrequency of a mode
satisfying wp < m€y has a positive imaginary part, and the
cloud grows exponentially by the superradiance. The mode
|nlm) = |211) is the fastest growing mode for & < 0.45. The
BH spin decreases as the cloud grows until the superradiance
condition is saturated. The critical spin at which the super-
radiance terminates is approximately given by

dma

Herit = 2+ 42 (7)

The real part of the eigenfrequency can be regarded as
eigenenergy, and its degeneracy among the modes with
only m being different is solved due to the rotation of the
BH at the order of O(a’), which is called “hyperfine”

splitting.

B. Tidal interaction

When a BH accompanied by an axion cloud belongs to a
binary system, the tidal field from the companion

"t was first derived in Ref. [9] and corrected by a factor of 1/2
[49,50].

introduces a perturbation Al . The general state of the
cloud can be expressed by

y = Zc )i (8)

as a superposition of orthonormal eigenfunctions ¢;, where
i = (n,1,m). Under the same approximation taken in the
preceding subsection the equation of motion with the tidal
potential V, = 1uh!, | is given by

dc
L Z((w/ - 1)s;; + /d3x€0TV*€0j) cj. (9)
J
For simplicity, we assume that the binary orbit is quasi-
circular and on the plane perpendicular to the central BH
spin. Here, the tidal potential from the companion of mass
M, atr(t) = (R.(1),0,.(=n/2),D,(t)) can be written by
multipole expansion as [29]

l

T Zzl 1y 1+1

(8*’(1) )Yl m*(g ¢) (10)

where ¢ = M, /M is the mass ratio, r-(r.) is the larger
(smaller) of r and R,, and Y,,, are the spherical harmonics.
The angular velocity of the binary is defined by
d'J*(t) = +Q(¢), and the upper (lower) sign represents
the case of corotating (counterrotating) orbits. Since this
interaction oscillates quasiperiodically, it works efficiently
only when the orbital angular velocity is close to the
difference between the phase velocity of the two modes.
Therefore, it is sufficient to consider a two-mode subspace
when we focus on this resonant effect [30]. The time
evolution of particle number in the two modes is, from
Eq. (9), given by

d (¢ Cy

4 Y. 1

ldf(%) <Cz> (1)
with

. (1) iAm®,
—-AE/2 + iw e *
H = < /' ! 1 , ) (12)
ne~Am®. AE/2 + ia)g )

where AE = wg) - a)g), Am =my—my, and n(t) =
| [ x5V .. To remove the rapidly oscillating term,
we perform the unitary transformation as (cy,c,)T —
U ey, ;)T and 'H — UTHU — iUUTU with the matrix
U(t) = diag(e!2m®-/2, ¢=iam®./2) " As a result, the
Hamiltonian describing the level transition due to the tidal
field transforms as
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m .
H— <iAT(Q_Qres)+lw§) n )
n + ATm(Q - Qres) + lw§2)

(13)

where we defined the “resonance” frequency by
Q.. = +AE/Am. Now, we are interested in the time
evolution of the occupation number of each state,
|c;(£)|?, and the transformed quantities obey the equations
of the same form as Eq. (11).

C. Gravitational wave emission

After an axion cloud forms, it dissipates through the
emission of GWs. Here, we assume that the cloud is
composed of a single mode as y = c;@;. In this case, we
can neglect the GW emission due to the spontaneous level
transition, and GWs are sourced by the pair annihilation of
axions. The frequency of GWsis given by ogw = 2wg ~ 2u.
The energy flux of GWs from the / = m = 1 cloud is given
by [17]

dEGw M\? |,
=c(== 14
dt C(M) - (14)

where C is a numerical factor. In our analysis, we adopt C =
(484 + 97%) /23040 calculated in Ref. [12]. Here, M, is the
mass of the cloud defined by M, = — [ d*xT",, where T, is
the ¢ — t component of the energy-momentum tensor of the
axion field. According to this, the wave function y is
normalized as |c;|*(= [d’x|w|*) = M./u at the leading

order in a.
When we consider only the effect of GW emission,
energy conservation implies that M, = —Egyw. We set the

initial mass of the cloud to M, at t = f,. Here, we define
the normalized particle number by n,(¢) = plc,(¢)|*/ M.,
and write M(t) = M_on,(t). Energy conservation reads

d}’ll o C MC,O 2 14
YT M( i >n,a . (15)

III. FORMULATION

In this section, we first explain the setup of the problem
that we consider and then give a formulation to inves-
tigate it.

A. Setup

We focus on the fastest growing mode |nlm) = [211).
We consider the situation in which the cloud is initially
composed of the single mode |211), and the hyperfine level
transition between |211) and |21 — 1) subsequently occurs.
Note that this transition occurs only for the corotating orbit.
In Ref. [35], we found that, when the binary mass ratio ¢ is

not too small, this transition does not significantly con-
tribute to the dissipation of the cloud because of the
reduction of the hyperfine splitting associated with the
transfer of the angular momentum of the cloud to the orbital
motion. However, when the mass ratio is somewhat small,
the resonant tidal interaction at this hyperfine splitting
frequency would largely affect the dynamics of the system.
We show the parameter region where we should consider
the hyperfine resonance as a process that contributes to the
cloud dissipation in Fig. 1. We investigate the latter case.

For the transition between |211) and |21 — 1), from
Eq. (5), the resonance frequency is given by’

H 5
— . 1
12)(0: (16)

Qs =
This is smaller by a factor of & than that of the “Bohr”
transition between modes with different values of n. When
we study the Bohr transition, w; in Eq. (13) and GW flux
are so small in the timescale for passing through the
resonance band that we can usually neglect them.’
However, for hyperfine transition, binary evolution around
the resonance frequency is very slow and the timescale for
passing through the resonance band can be large, especially
for ¢ < 1. In addition, since the angular momentum of the
cloud is transferred to the orbital motion, the timescale
becomes even larger. As a result, we should take into
account not only the backreaction to the orbital motion, but
also the backreaction to the mass and spin of the central BH
and the effect of the GW emission from the cloud. We
summarize the timescales involved in the current problem
in Appendix A.

In the following, we label the quantities associated with
the mode [211) by 1, and those with |21 — 1) by 2. For
these modes, the imaginary parts of the eigenfrequencies
are given by

; 1r
o = 330 A0 =2 + 477 (mQy — )}

x (mQy — wg)d’, (17)

where i is 1 or 2, and m; = 1 and m, = —1 represent the
magnetic quantum number. The mixing term in the
Hamiltonian (13) is given by

g MQ?
l+q &

n=9.0 (18)

We do not include the contribution from the angular momentum
of the cloud itself, focusing on the case where it is negligible.

‘When we consider a higher-/ mode, the transition to the mode
with smaller [ is allowed by the selection rule. In that case, the
decay rate of the second mode can be large, and it would be
important [S1].
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B. Evolution of the system

The dynamical timescale of the cloud can be estimated
by wg! ~u~!. It is always short compared to the growth/
decay rate of the cloud, i.e., (a)sl))‘l > u~!. Thus, we
describe the evolution of the cloud and the central BH
within the adiabatic approximation. The local energy and

angular momentum conservation at the BH horizon reads

dM

—+ 20" M + 207 MP =0, (19)
() e

dj 2 2

R VS B V) S ) (20)

. p JZ

with M\ = M. on,(1) . Here, we used the relation between
the energy flux and the angular momentum flux for each
mode J\) = (m; /a);’))izé’) and the approximation wg = u.
We denote the initial mass and angular momentum of the
BH just before entering the resonance band by M, and J,
and accordingly, ay = Myu.

Next, we consider the evolution of the binary system at
the leading post-Newtonian order. In clean binary systems,
angular momentum conservation implies J ob = =72 Gw»

where Jo, = (1 + ¢)~'/3M}*Q=1/3 is the orbital angular
momentum and 7 gy is the torque caused by the radiation
reaction due to the GW emission. It can be rewritten

as [52,53]
dQ Q 11/3
— =y = 21
dt 7(9(,) ’ (21)
y 9 ¢
= 75 (M Q)3 (22)

Q51+

where the reference frequency is chosen as €, =
(u/12)(Jo/M3)a (which is the “initial” resonance fre-
quency). Here, we add the cloud and the BH contributions
to the total angular momentum conservation as
Ton + I+ IV + 79 4 Jow = ~Taw, where  Jgw =
(1/u)Egw is the angular momentum flux of the GW from
the cloud in Eq. (14). Note that we consider GW emission
only from the first mode |211). (As we will see later, the
particle number occupying the second mode, which is
nonsuperradiant, is always tiny and does not contribute to
the GW emission.) Then, we obtain’

*Here, we neglect the contribution from the cross term of ¢,
and ¢,, because they are rapidly oscillating and vanish when we
take the time average.

Strictly speaking, we should take the mass of the one paired
with the companion as M + M. However, since the cloud mass is
small compared to the central BH mass, we approximated it
as M.

7/9) QN 11/3 Q\4/3 Q)
— =75 +R(—) —3
dt Q) Q) M3
1 dEGw

d 1, 42
iy Iy (O R STEGWE (23
X |:dl( +Jo" +Je ) +/l i ( )

with R =3(1+4 q)'"3¢g7"(MyQy)'/3. We take Q(t)) =
Qo(1+ (8/3)(r/Q)|to|)~>/? as the initial value so that
Q = Q at t = 0 when there are no clouds.

Finally, we describe the level transition between two
modes. It is described by the Schrodinger equation with the
Hamiltonian (13). Note that the particle number occupying
the first mode decreases due to the GW emission by pair
annihilation. Since the frequency of the emitted GW
(wgw ~ 2u) is much larger than that of the tidal field
(Q,es ~ pa®), we can treat them separately. Thus, we add the
effect of the GW emission into the Schrodinger equation as

dc . .

ld_tl = (—(Q-Q) + zwﬁ” —ilgw(cr))er +ney,  (24)
dey e
IW_’/ICI +((Q_Qres)+lw1 )CZ’ (25)

where |c;(1)[* = M. on;(r)/u. Here, Ty (c; ) represents the
decay rate through the GW emission, whose explicit
expression does not become necessary below.

From the above, the variables in this problem are
{M,J,Q,c,c,}, and we should solve Egs. (19), (20),
and (23)—(25). However, because of the highly oscillatory
behavior of the solutions for Egs. (24) and (25), it is
difficult to solve these equations for a long time with
sufficient accuracy. To overcome this difficulty, we derive a
set of approximate equations that can be solved easily.

C. Adiabatic elimination

Here, we take advantage of the fact that the decay rate of
the second mode |w§2)| is large compared to the transition
rate due to the mixing term x around the resonance
frequency. Indeed, their ratio is estimated as’

) -3
1073\ /0.1
o1 gy 102 <—) <—> (26)
n q o

In this case, we can carry out an adiabatic elimination of the
second mode and discuss with only the particle number of
the first mode.

First, we redefine the variables as

E'l<t) _ e—if’ dt,{(g_gres>_iw§1)+irGW}Cl'(f), (27)
for i = 1, 2. Then, we can rewrite Egs. (24) and (25) as

%Here, we approximate |a)§2>| ~ geuya® and y = yoq ~ 4a.

103020-5
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de; s - (0 n(t)
’dﬁZ Thiit;- H_<;7(t) A(t)+iF(t)>’ (28)
with

A1) = 2(Q(1) = Ques (1)), (29)

I(1) = (1) =) (1) + Taw(c).  (30)

Redefined particle numbers |¢;|* are related to |c;|* as

t a0, (1)
ST A O SN 1)
Now, we write

&a(1) = y(r)e™ Lot a+iD), (32)

Substituting this into Eq. (28), we have

% _ —in&leif—tw dr' (A+il). (33)

By integrating this, we formally obtain

t . ” .
y(t) = —i/ dr' néye' S (A+il) (34)

(e8]

If |A+iT'|>n, we can assume that the change rate of
¢1(t) is much slower than |A + iI"|. Then, we can carry out
repeated integration by parts of the integral in Eq. (34), to
obtain an expansion in the inverse power of |A + iI'|. At the
leading order of this expansion, we have

Eleif—’oo dr' (A+iT) (35)

Then, substituting this expression for y(¢) into ¢, in the
equation for d¢,/dt (28) and integrating it, we obtain

&,(1) = exp (i /_ ; ar A’ff). (36)

From the above expressions, we find that the change rate of
the amplitude ¢, is much smaller than |[|. Thus, from
Eq. (26), the assumed conditions are all satisfied. Finally,
we can write the redefined particle number for each mode as

G =exp (2 [ ar i (37)
C exp . A2—|—F2 s

2

3 "o
&,(0)]? :mh

(0P (38)

Under this approximation, the equations that we need to
solve are Egs. (19), (20), (23), and

dl’ll (1) 2F772 1 dEGW
=2 - ., (39
g ermt i En Ty 80
with
2
U
n, = —AZ n ]"2 np. (40)

The last term of Eq. (39) comes from the il'gy in the
exponential of Eq. (31) and can be identified with the right-
hand side of Eq. (15). In practical calculations, 'y should

be so small compared to |a)§2>| that we can neglect it in T’
[Eq. (30)]. We also neglect the time derivative of # and the
higher-order term of |A + i['|~!. Now, the set of variables
to be solved are {M, J,Q, n;}, and we can easily solve the
equations numerically for a wide range of parameters.

IV. RESULTS

In this section, we show the evolution of the system
obtained by solving the equations we formulated in the
preceding section. In addition, we discuss their implica-
tions for observable signatures.

A. Initial conditions

We first discuss the initial conditions. To form a somewhat
large cloud, the BH must have a large spin when it is formed.
However, the growth timescale of the cloud is much faster
than the timescale of the binary evolution, and hence the BH
spin will be quickly reduced to the threshold value for the
superradiance of the dominant cloud. Thus, we set the initial
BH spin to the threshold value, J, = athO.7

Also, how to choose the initial time is not trivial because
of the decay of the cloud through the GW emission. In
Appendix B, we analyze the simplified toy model that
ignores all backreaction and GW emission and linearize the
orbital frequency evolution. To summarize the results, we
obtain the approximate solution

2 2yt
ny (1) ~exp [’7— (arctan% —I—gﬂ . (41)
4 o) |

"We would note that, even if the growth rate decreases and is
balanced by the GW emission, the energy and the angular
momentum extraction still occurs. The angular momentum of
the BH decreases to the threshold value exponentially near that
value.

103020-6



EVOLUTION OF BINARY SYSTEMS ACCOMPANYING AXION ...

PHYS. REV. D 107, 103020 (2023)

0.001f 9
< 107t
s
10—11 :
I Total
w/o backreactio
107 GW only

-1.0x 108 -500000 0 500000 1.0x10%® 1.5x10°

L e L A e e e o L s e e

— Total ]
1.02f w/o backreaction 1
1.01F B
S
< 1.00f 1
c
0.99F+ q
0.98

-1.0x10% -500000 0 500000 1.0x10% 1.5x10°

FIG. 2. Evolution of the normalized particle number of the first mode 7, (r) (left) and the orbital frequency Q(z) (right) around the
resonance frequency for ¢ = 1074, oy = 0.1, and M.y = 1073 M. Blue solid lines show the results of solving all equations, and orange
dashed lines show the results without taking into account the backreaction to the orbital motion and the mass and spin of the central BH.
The green dashed line (left) shows the evolution of n,(¢) considering only the effect of the GW emission.

From this expression, we can estimate the “start time” at
which the tidal field begins to be relevant as

2
t~—<1+”—)
v

We adopt ¢, = —30¢, evaluated with @ = a,, Q = €, and
a = a.; as the initial time. Now, the initial condition of this
system is parameterized by {q,ay. M.}

2
|

—1,.
2y §

(42)

B. Time evolution for the fiducial set of parameters

First, let us discuss the results for the fiducial set of
parameters: {g = 107, ay = 0.1, M. = 103M,}. The
time evolution of the normalized particle number of the
primary cloud n,(#) and that of the binary’s orbital
frequency Q(¢) are shown in Fig. 2. Before reaching the
resonance frequency, the particle number decreases mainly
through the GW emission. However, since the resonance
band is widened due to the presence of rapid decay of the

secondary mode, characterized by a)§2), the orbital fre-
quency is slightly modified by the effect of transition, even
in this stage.

Then, when the orbital frequency gets close to the
resonance frequency, the tidal interaction works more
efficiently. The particles in the first mode are transferred
to the second mode, and the number n; decreases dra-
matically. With the transition, the angular momentum of the
cloud is transferred to the binary orbital motion, and the
orbital frequency stagnates around the resonance fre-
quency. Here, we should note that, because of this
stagnation, the duration to pass through the resonance
band becomes much longer and the net transition rate is
much larger than the case when the backreaction is
neglected.

After the resonance, the particle number is exponentially
reduced owing to the backreaction to the central BH shown
in Fig. 3. Let us explain the reason why it can give such a
large influence on the cloud decay after the resonance.
Initially, the superradiance condition of the primary cloud is
saturated, i.e., w 1] =08 However, once even a small
number of particles are transferred to the second mode,
which has an angular momentum in the opposite direction
to the central BH spin, and is absorbed by the BH, the BH
spin decreases slightly. Then, the first mode becomes a
nonsuperradiant mode, and the particles belonging to the
primary cloud also begin to be absorbed by the BH. Thus,
the BH mass and angular momentum gradually increase,
maintaining the spin parameter slightly below the threshold
value until the resonant transition becomes more efficient.

At around the peak of the resonance, the particle number
of the second mode increases, and the flux to the BH of the
second mode with negative angular momentum dominates
that of the first mode with a positive spin. After passing the
resonance frequency, the flux of the first mode dominates
again, but at that time there are not enough particles left to
spin up the BH beyond the superradiance threshold. As a
result, the BH spin settles to a value slightly below the
threshold for the first mode to be superradiant. Although
the deviation from the critical spin is tiny, \a)gl)| is
sufficiently large to eliminate the cloud within the timescale
of the binary inspiral.

One might be concerned that a subtlety of the initial BH spin
would change the conclusion that the cloud decays after the
resonance, because the deviation from the critical spin is tiny.
However, this spin-down is caused by the absorption of the
secondary cloud, which is balanced by the absorption of the
primary cloud. Therefore, initial BH spin is irrelevant to
the conclusion, which can also be confirmed by numerical
calculation with initial condition of large spin equivalent to those
used in this subsection.
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FIG. 3. Evolution of the central BH mass M(z) (left), the angular momentum J(¢) (middle), and the deviation from the critical spin
2(2) = Yo (right) for ¢ = 1074, &y = 0.1, and My, = 1073 M. Because of the absorption of particles belonging to the primary cloud,
the mass and the angular momentum of the BH increase slightly, but it maintains the BH spin parameter slightly below the threshold

value of the superradiance condition.
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FIG. 4. Dependence of the evolution of the cloud on the
gravitational fine structure constant «y. Each line shows the
evolution of the cloud mass for ¢ = 1074, M, = 1073M, and
various @p. The cloud mass at a late epoch monotonically
increases, as @ increases.

In summary, the cloud first dissipates through the GW
emission. Then, the particle number of the first mode
decreases dramatically with the resonant transition, and the
transferred particles to the second mode are absorbed by the
BH immediately. After that, the primary cloud decreases
exponentially due to the BH spin-down below the super-
radiance threshold.

We also show the parameter dependence of this system.
In Figs. 4 and 5, we show the evolution of the particle
number for the same parameter, but varying @, and g,
respectively. If we neglect the backreaction and GW
emission, and approximate the binary orbital frequency
evolution by a linear function of ¢, the survival probability
of the primary cloud is analytically evaluated as
exp(—mn%/y) [30].° This means that the efficiency of the
tidal effect is determined by the product of the amplitude of
the tidal perturbation # and the timescale passing through
the resonance band #/y. This measure of the tidal effect

1?7 is proportional to qoc(;“/3 for ¢ <« 1. Thus, the cloud

?Surprisingly, this result is not changed by the presence of a)gz).
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1.x 10719}, . . . . . -55
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FIG. 5. Dependence of the cloud on the mass ratio ¢g. Each line

shows the evolution of the cloud mass for ay=0.1,
M.y =10"3M,, and various g. As g becomes smaller, the
timescale of the binary evolution becomes longer, and thus the
decay due to the GW emission becomes dominant.

mass after the resonance becomes tiny, when « is small
and ¢ is somewhat large.

C. Initial and final cloud mass

In terms of observation, it is interesting to clarify how
much of the cloud can remain after the satellite passes
through the resonance frequency. The evolution of this
system and the fate of the cloud also depend on the initial
cloud mass. If there are no processes that prevent the
cloud’s growth and the BH has nearly extremal spin when it
forms, the cloud mass can be estimated as ~aM [18]. In
reality, however, there can be other dissipation processes
besides GW emission, such as dissipation due to the axion’s
self-interaction [43,46]. Therefore, it is worth discussing
the dependence on the initial cloud mass.

We find that the initial value of the cloud mass that
maximizes the final cloud mass is mainly determined by the
value of the BH spin after the resonance. It can be classified
into two cases, which we describe below. We show the
example of the cloud mass and BH spin evolution for
the initial cloud mass from 1071°M, to 10~'M, in Figs. 6
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FIG. 6. Case 1. Evolution of the cloud mass (top) and the BH
spin (bottom) for ay = 0.2, ¢ = 10~ and various initial cloud
mass M. Black dotted line in the bottom panel shows the
minimum value of the spin estimated in Sec. IV D. In this case,
the particle number after the transition is too small to spin up the
BH after the transition for a large initial cloud mass. The small
initial cloud mass such that the BH spin-down is negligible gives
the largest final cloud mass.

(case 1) and 7 (case 2). Here, we take the final time as 7, /4,
where 7y, = € /7 is the timescale of the binary evolution
(see also Appendix A).

In case 1 (Fig. 6), for large initial cloud mass, the cloud
mass decreases exponentially due to the BH spin-down. In
this case, since the transition rate is large, there are not
enough particles left to spin up the BH after the resonance.
On the other hand, for somewhat small initial cloud mass,
the particle number is too small to spin down the BH
efficiently from the beginning. In this case, the absorption
to the BH can be neglected, and the final mass is
determined only by the transition due to the tidal inter-
action. Thus, the case with such a small initial cloud mass
gives the maximum final cloud mass, for example, M, =
10°M, in Fig. 6.

In case 2 (Fig. 7), for the largest initial cloud mass
(M. = 107'M,), the cloud mass does not decrease at the
late epoch in this timescale. This is because the transition
rate is small and there are enough particles left to spin up
the BH by almost the threshold value of the superradiance
after the resonance. Thus, in this case, the largest initial
cloud mass simply gives the maximum final cloud mass.

We summarize the possible maximum final mass M g,
of the cloud after the resonance in the parameter space
(a9, q) in Fig. 8. We take 10~! M, as the largest initial cloud

— —10-4
@p=0.2, q_lo log1oMc,0/Mo
0.1} ‘
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§ 1.x 1074} .
= e S —
N—' T
X %107 1 6
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<
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™R 1B 108 frererrannneennn e
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FIG.7. Case 2. The same plot as Fig. 6, but for g = 10~. In this

case, since the transition rate is not large, there is enough particle
number left to spin up the BH after the transition for a large initial
cloud mass. Thus, the cloud mass does not decrease at the late
epoch, and the largest initial cloud mass gives the largest final
cloud mass.

mass, and contours below 10~°M, are not shown. The area
above the red boundary belongs to case 1, and the area
below it belongs to case 2. In the case 1 region, the final
cloud mass is mainly determined by the transition rate, i.e.,
the strength of the tidal interaction characterized by #%/7.

10glOMc,ﬁn/]uO

1.x 1075, :
0.10 0.15

0.20 0.25 0.30

@

FIG. 8. Possible maximum final mass of the cloud after the
hyperfine resonance. The area above the red boundary belongs to
case 1 (e.g., Fig. 6), and the area below it belongs to case 2
(e.g., Fig. 7).
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Thus, for small ap and somewhat large ¢, the cloud hardly
remains. In the case 2 region, the final cloud mass is mainly
determined by the GW emission. For small o, and ¢, the
timescale of the binary evolution becomes large, and thus
the cloud has small mass by the time orbital frequency
reaches around the resonance. As a result, we find that the
largest final mass of the cloud is ~1073M,, which is
achieved at a = 0.2 and ¢ ~ 1073,

D. BH spin-down

In this subsection, we discuss the impact on the statistical
distribution of BH spin. If axions exist, most of the BHs
that experienced sufficiently large spin-up in the past are
expected to remain at the critical spin corresponding to the
threshold for the superradiance [Eq. (7)]. Such an accu-
mulation of the spin distribution can be an observational
signature of the existence of axions [11,12]. However, as
we saw in the preceding subsections, axions transferred to
the mode with m = —1 by the tidal interaction make the BH
spin smaller than the critical spin. Then, the question is,
how small can the BH spin be?

To answer it, we analyze the evolution of the BH spin
parameter. From Eqs. (19) and (20), we have

dy _ _,xdM 1 dJ
dt  “Mdt  M*dt
M.
=4y MO (0 /n, + @) ny)
2M.y 1 2
+ o= (o) + 0 ). (43)

For y <y (e, 0)51’2) < 0), the first term on the right-
hand side is always negative. Near the resonance, the flux
of the second mode can be dominant, at which point the
second term is also negative. On the other hand, when 7,
decreases and the flux of the first mode becomes dominant,
the second term becomes positive. Thus, we can estimate
the minimum value of the BH spin parameter achieved by
the reabsorption of transferred axions as y,;, satisfying
dy/dt = 0 around the resonance.

Here, we use the approximation obtained in Eq. (40) for
n,. In particular, near the resonance, we can write

7

ny, =~ ﬁ np. (44)
Substituting it in Eq. (43) and approximating M ~ M, and
a =~ ay, we can find the root of dy/dt = 0 numerically. In
Fig. 9, we show the deviation of y,,;, obtained in this way
from the critical spin y.; for the parameter space (g, ).
However, it is important to stress that the deviation obtained
here is only an approximate upper bound. In fact, if the
cloud mass is too small, y(dy/dt)~" can be larger than
the timescale of binary evolution as the cloud mass

loglo(/l/crit_/l/min)

0.100¢

0.010¢

S 0.001%

1.x1074L

1.x107° /8

1.x1078

0.05 0.10 0.15
@

FIG. 9. Approximate minimum value of the spin parameter of
the central BH obtained by dy/dt = 0 in Eq. (43). It gives an
estimation of the upper limit of the deviation from the critical
spin, which can be reached by the BH spin-down. The blue solid
line shows the boundary below which the hyperfine transition is
relevant, as in Fig. 1.

decreases. In that case, the BH spin-down stops before
reaching the y;,. In Figs. 6 and 7, we show the evolution of
the BH spin, with the dotted line corresponding to yin-
When the cloud mass is somewhat large, the BH spin can
only go down to about y,,;, at most. On the other hand, if
the cloud mass is too small, BH spin-down terminates
before reaching y,.,, and the absorption to the BH is
negligible. In particular, although it seems that the
deviation of y,,;, from the critical spin for large @, and
small g can be O(0.1) from Fig. 9, in that region, the
timescale of the binary evolution becomes small and there
is not enough time to spin down the BH. Therefore,
although the spin-down due to the absorption can be
sufficiently large to deplete the cloud, it would not affect
the constraints on axions from the BH spin measurements.

E. Modification of the orbital frequency

Next, we discuss the modification of the GW frequency
evolution at around the resonance. The GW frequency at
which resonance occurs is given by [29]

£ =22 mHz ! <@>7 <1OM®)- (45)
b2 1 +4a3 \0.1 M

For typical binary systems with a supermassive BH having
an extreme mass ratio companion, the resonance frequency
is too low to detect. However, GWs at around the resonance
frequency from an intermediate mass BH accompanied by a
stellar mass or an even smaller mass exotic compact object

could be observed by space-based GW detectors, such
as LISA.

fres =
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FIG. 10. Evolution of the cloud mass (left) and the orbital frequency (right) for oy = 0.1, ¢ = 10 and various initial cloud mass M, 0"
The black dotted line in the left panel shows the threshold value of the cloud mass required for the backreaction to work effectively,
obtained in Eq. (48). The black dashed line in the right panel shows the evolution of the orbital frequency in the clean binary.

Around the resonance frequency, the orbital frequency
stagnates due to the angular momentum transfer associated
with the transition. This backreaction effect also causes the
delay of the rapid decrease of the cloud and enhances the
transition rate. In Fig. 10, we show the evolution of the cloud
mass and the orbital frequency for ay = 0.1, ¢ = 1075, and
various initial cloud mass. When the cloud mass is large
enough, this backreaction greatly affects the evolution. We
can estimate the threshold value of the cloud mass before the
transition for the backreaction works effectively from
Eq. (23). For simplicity, neglecting the GW emission from
the cloud and considering only the primary cloud, the orbital
evolution around the resonance is approximated as

dQ Q 7tV
— R— 46
ar T M} di (46)
Here, from Eq. (39), the time derivative of Jél) is given by
(2’():0.1
log10q

-3.0

e

1/t

dJtV

dt

M. 2

= 52) . (47)
For the orbital frequency to stagnate, on the right-hand side of
Eq. (46), the first term y (GW radiation reaction) and the
second term must be comparable. Thus, we can estimate the
threshold value of the cloud mass required for the back-
reaction to work by equating these terms. We denote it as
M. foar» and it is given as

2
vl o
2RQ()7]2

16/3
~9.5x 108M(1 + ¢)¥/? (g“;) . (48)

Mc.ﬂoat =

Therefore, even with a small mass of the cloud, we can expect
that this modification can be a clear signature of the presence
of an axion condensate.

a/0=0.2

1/t

FIG. 11. Indicator in GW frequency of the presence of the cloud ff/ fz around the resonance t = 0 for various ¢, a; = 0.1 (left) and
ag = 0.2 (right). The initial cloud mass is set where the timescale of the GW emission and the binary evolution are equal, i.e.,

M.y = M, Gw in Eq. (49). If the binary system is clean, ff/ f 2= 1/3 model independently. Around the resonance, this quantity can be

largely changed with the level transition of the cloud.
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Unfortunately, the timescale of the binary evolution 7y,
is typically much longer than the observation time
(<10 yr). At first glance, it seems difficult to resolve the
degeneracy with the uncertainties in the chirp mass and the
mass ratio by observing the time derivatives of the GW

frequency f and f. However, we point out that ff/ fz can
be a good indicator of deviation from clean binaries. If the
binary system is clean and the mass ratio is sufficiently
small, ¢ < 1, this nondimensional quantity becomes a
model-independent constant, i.e., ff/f>=11/3 in the
early stage of the inspiral.

It would be natural to assume that the cloud mass is
bounded from above by the mass where the GW emission
timescale zgw equals the timescale of the binary evolution
Tpin (see Appendix A). Then, around the resonance, the cloud
mass, reduced only by the GW emission, is bounded by

y M2 a4
¢, GW —
Tpin C

. ¥ q a 14/3
~8.9x 10 M°7(1+q)1/3<0.1> . (49)

In Fig. 11, we show the value of the indicator ff/ f in the
presence of a cloud with M.y = M gw, for ay = 0.1 and
ag = 0.2. They show that the deviation from clean binaries
can be larger than O(1), even if the axion cloud has only a
tiny fraction of the mass of the central BH. While ¢
dependence on the indicator for the same cloud mass is
weak, '’ M gw 1is approximately linearly proportional to g.
Thus, when the mass ratio ¢ is too small, the effect of the
angular momentum transfer due to the tidal interaction also
becomes small.

V. SUMMARY AND DISCUSSION

In this paper, we have investigated the evolution of
inspiralling binary systems accompanying an axion cloud
before and after the orbital frequency crosses the hyperfine
resonance frequency, focusing on small mass ratio (¢ < 1)
cases. Our main interest is how the hyperfine level
transition proceeds and affects the observational signatures.
From the comparison of timescales, we found it necessary
to take into account the following components; the
decaying process of the axion in the destination mode of
the hyperfine transition (imaginary part of the eigenfre-
quency), the GW emission from the cloud, and the back-
reaction to the orbital motion and that to the mass and spin
of the central BH. We presented a formulation to examine
the evolution of the cloud, the central BH, and the orbital

"In Eq. (23), the main contribution to the square brackets in
the second term of the right-hand side is ]El). From Eq. (39), J£
is roughly proportional to ¢> around the resonance. Thus,
Q~0(q). One can find that =~ O(¢?) by differentiating
Eq. (23).

motion including all these effects. In particular, carrying
out the adiabatic elimination of the degree of freedom of the
amplitude of the second mode allows us to examine a wide
parameter region numerically and gives useful expressions
for analyzing the behavior of the system.

Our results show that the cloud mass is typically
significantly reduced by the GW emission before the
resonant transition occurs. If ¢ is sufficiently large or a
is sufficiently small, axions in the m = 1 fastest growing
mode are almost transferred to the m = —1 mode, which
has angular momentum in the opposite direction to the BH
spin and is easily absorbed by the BH. Then, the primary
cloud becomes nonsuperradiant and can fall into the BH,
which results in the increase of the BH angular momentum,
counterintuitively. However, the increase of the BH mass
dominates to maintain the first mode to be nonsuperradiant.
As a result, the cloud almost completely disappears by
absorption to the BH. On the other hand, if ¢ is extremely
small or a is sufficiently large, the transition rate due to tidal
interaction is small. In such cases, since there are enough
particles left to spin up the BH again after the transition, the
absorption to the BH at the late epoch can be neglected, and
the cloud does not disappear completely. However, it dis-
sipates mainly owing to the GW emission before the
transition, and the maximum mass of the cloud that can
remain after the resonance is ~107> M, at most. How much of
the axion clouds can remain after the resonance might have
an implication to the survey of the cloud as an environment
around the BH, such as in [23,24,26].

We also discussed the implication to the observational
signatures. First, we confirmed that the time variation of the
BH spin around the transition is tiny, although this tiny
variation can be important to determine the evolution of the
cloud. This result makes robust the constraint on the
existence of an axion field obtained through the BH
parameter distribution measured by GWs from binary
systems. Second, we studied the influence of the transition
on the inspiral GW waveform. We found that, even for
extremely small cloud mass, the backreaction to the orbital
motion works effectively, and the frequency stagnates
around the resonance frequency. In particular, the combi-
nation ff/f? is affected by the transition to a detectable
level. Therefore, for example, the GWs from an intermedi-
ate mass BH associated with a small mass satellite can be a
good target for the axion search.

We leave more extensive analysis of the evolution of this
system to future work. For example, the generalization of
the inspiral orbit and taking into account the eccentricity
and inclination would be important for a realistic case. In
addition, excitation of the higher-/ mode may also be
possible for a long timescale. Furthermore, the discrimi-
nation from other environmental effects and the change of
quadrupole GW radiation due to the presence of the cloud
(like [54]) would be important for precise analysis of
observability.

103020-12



EVOLUTION OF BINARY SYSTEMS ACCOMPANYING AXION ...

PHYS. REV. D 107, 103020 (2023)

Binary evolution (hyperfine)
————— Binary evolution (Bohr)

Transition (hyperfine)

Transition (Bohr)
——— Decay w211 |_1
—F GW

102"
7 10}
2
o 108
=
O S~
§ 1000f _“T=aa
g I T
[ it T
0.001 vt v v e e ]
10°% 10° 10* 0.001 0.010 0.100 1
q

FIG. 12. Timescales involved in the resonant transition of axion clouds in binary systems for « = 0.1 and M = M. Blue and yellow
solid lines show the timescale of the binary evolution and the transition at the hyperfine resonance, respectively. Blue and yellow dashed

lines show the same quantities, but for the typical Bohr transition (|211) —

|31 — 1)). Green and red lines show the timescales of decay

of the secondary cloud (|21 — 1)) and of the GW emission of the primary cloud (|211)) for M., = 0.1M, respectively.
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APPENDIX A: TIMESCALES

In this appendix, we summarize the timescales involved
in our problem.

Binary evolution.—The timescale of the binary evolution
due to the GW radiation at the resonance frequency € is
given by

Q 1+q)'/3
0o S M( +q)

L =Y MO, —8/3’
Thin v 96 q ( 0)

(A1)

where y is defined by Eq. (22).

Transition.—The resonance bandwidth can be estimated
as AQ ~ 25. Hence, if one can neglect the instability of the
mode of the transition destination and linearize the orbital

TABLE L

evolution, the timescale for passing through the resonance
band is given by

2n

Trans —

(A2)

Decay of the secondary cloud.—The secondary cloud
decreases as ~e~2\r I, and the timescale is given by

(A3)

2) -
Tinst — |(1); )‘ 1'

GW emission of the primary cloud —From the energy
conservation M. = —Egw [see Eq. (14)], one can obtain

MC,O

M T = )

(A4)

Here, the timescale is given by

1M,
=———a ' A5
oy CMc,oa (A5)

Parameter dependencies of the timescales mentioned
above are summarized in Fig. 12 and Table L.

Timescales involved in the hyperfine resonance of axion clouds.

Process

Time

Binary evolution
Transition

Decay of the secondary mode

GW emission

Thin =— 2.2 x 101% (H»;])l”

Tirans = 1.3 X 1005 (1+111 273
Tingt 22 5.9 x 105 s(A-

1
Zaw =20 % 10" s (Mﬂo)( o) ™
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APPENDIX B: TOY MODEL FOR ADIABATIC
ELIMINATION

In this appendix, we discuss the approximation used in
Sec. III C with a simplified toy model. Consider the two-
level transition described by the Schrédinger equation,

()= Gl ) () e

Let 7 and w; be constants and A(r) = 2yt (y is constant).
This model is a simplification of ignoring all backreactions
and GW emissions and linearizing the binary evolution in
the problem we investigate. If w; = 0, this model is known
as the Landau-Zener problem [30,55,56]. Now, we want to
study the level transition to the decaying mode (w; > 0).
For this problem, we have an exact analytic solution
with the initial conditions ¢;(—c0) =1 and ¢,(—c0) =0
as [57,58]

) 2
ey ()] = ™" ,

Din2/2}/ (eii_”(\/ﬂt - lwl/ﬁ))

(B2)

2 —w,t—%’?z jan . 2

lex ()P =e y2_y Dy a, i | €5 (\/ 2yt =i /\/2y) ||
(B3)

where D, (z) is the parabolic cylinder function.
Carrying out the adiabatic elimination as in Sec. III C, we
obtain the approximate solution for the particle number as

t W
2 o L

2 2yt
= exp [— T <arctan A ;)} , (B4)
14

wy
and

2

n
o)) 55—
472 + w?

e (1) (B5)

In Fig. 13, we compare the approximate solution obtained
by the adiabatic elimination with the exact one. As one can
confirm from the figure, the two solutions agree quite well
when w; /5 is sufficiently large.
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FIG. 13. Time evolution of the particle number of each mode

for n/v/2y = 0.5 and w;/\/2y =5, i.e., w;/n = 10. The blue
solid line shows the exact solution and the red dashed line shows
the approximate solution obtained by the adiabatic elimination.

We can estimate the time when the perturbation starts to
work from Eq. (B4). For |t| > w;/2y(t < 0), one can
expand |c;(¢)|* with respect to 1/|¢| as

2
n*w
a0 ~exp (=251 ). (Bo)

If #*/y>1, the exponent can be O(1), even for
|t| > w;/2y. In this case, the proper choice of the time
for the onset of the perturbation would be ¢ ~ =@, /2y.
On the other hand, if ?/y < 1, the exponent in Eq. (B4)
vanishes for |f| > w;/2y. In this case, it is enough to
choose the starting time at t ~ —w;/2y. Combining them,
we have the estimation of the time when the perturbation
starts to work as t ~ —(1 +#n%/y)(w;/27).
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