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We study odd parity perturbations of spherically symmetric black holes with time-dependent scalar hair
in shift-symmetric higher-order scalar-tensor theories. The analysis is performed in a general way without
assuming the degeneracy conditions. Nevertheless, we end up with second-order equations for a single
master variable, similarly to cosmological tensor modes. We thus identify the general form of the quadratic
Lagrangian for the odd parity perturbations, leading to a generalization of the Regge-Wheeler equation.
We also investigate the structure of the effective metric for the master variable and refine the stability
conditions. As an application of our generalized Regge-Wheeler equation, we compute the quasinormal
modes of a certain nontrivial black-hole solution. Finally, our result is extended to include the matter

energy—momentum tensor as a source term.
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I. INTRODUCTION

The remarkable first direct detection of gravitational
waves from a binary black-hole merger [1] has opened
a new era of astrophysics and gravitational physics.
Gravitational waves are becoming more and more impor-
tant as a probe of strong gravitational fields and as a tool for
testing gravity in the strong field regime. To establish
general relativity on a firmer basis, it is necessary to study
the predictions from alternative theories such as scalar-
tensor theories and test them against gravitational-wave
observations. In modified theories gravity, black holes may
have hair, i.e., nontrivial configurations of scalar or other
extra degrees of freedom around themselves, and the
perturbation dynamics may also differ from that in general
relativity. Therefore, identifying the general action for
perturbations around a hairy black hole will help to achieve
the above purpose. The results will be useful for instance
for the computation of quasinormal modes (QNMs) in
modified gravity.

In this paper, we determine the general action governing
odd parity perturbations around a spherically symmetric
black hole dressed with a linearly time-dependent scalar
field. To do so, we start from a covariant action for shift-
symmetric higher-order scalar-tensor theories admitting
such time-dependent scalar hair and second-order field
equations at least in the odd parity sector. In contrast to
Refs. [2—4], we do not take the effective-field-theory (EFT)
approach, because our background scalar-field configura-
tion depends not only on the radial coordinate but also on
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time, which breaks the usual assumption of the EFT on the
symmetry. In such a case, it is probably more convenient to
start from a covariant action.

To make the results as general as possible, we work with
general shift-symmetric higher-order scalar-tensor theories
whose action depends on the curvature tensors and first and
second derivatives of the scalar field in such a way that
yields healthy second-order field equations for gravita-
tional-wave degrees of freedom. Probably the most well-
known example of such theories is the Horndeski theory [5]
or, equivalently, the generalized Galileon theory [6,7]. The
perturbation theory for spherically symmetric black holes
with static hair has been developed in Refs. [8,9]. When
restricted to the shift-symmetric subclass, the Horndeski
theory admits linearly time-dependent scalar hair, as was
first demonstrated in Ref. [10] and later generalized in
Ref. [11], thus evading the no-hair theorem in shift-
symmetric scalar-tensor theories [12]. The black-hole
perturbation theory can be extended to the case with
linearly time-dependent scalar hair [13,14] (see Ref. [15]
for a recent update). Though the Horndeski theory is the
most general scalar-tensor theory having second-order field
equations both for the metric and scalar field, later it was
noticed that it can further be generalized while maintaining
one scalar and two tensorial degrees of freedom [16—-19]
(see also Ref. [20] for an earlier work seeking theories
beyond Horndeski by means of a disformal transformation
of the metric). The basic idea behind this generalization is
that if some of the field equations are degenerate then the
number of dynamical degrees of freedom is reduced, and
thus the system can retain one scalar and two tensorial
degrees of freedom even if the field equations are appa-
rently of higher order. Theories with such a structure are
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called degenerate higher-order scalar-tensor (DHOST)
theories. See Refs. [21-23] for a review. In DHOST
theories in which second derivatives of the scalar field
appear quadratically in the Lagrangian (i.e., quadratic
DHOST theories), odd parity perturbations of spherically
symmetric black holes with linearly time-dependent scalar
hair have been studied in Ref. [24], with the results showing
that the master variable for the odd parity perturbations
obeys a second-order equation having essentially the same
structure as that in the case of the Horndeski theory [13,14].
More recently, it was argued that the dangerous ghost
degrees of freedom remain to be absent even if one relaxes
the degeneracy conditions so that the system is degenerate
only in the unitary gauge, giving rise to the notion of
“U-degenerate” theories [25]. If a theory is treated as a low-
energy effective theory rather than a complete one, it is
sufficient to require that no ghost degrees of freedom
emerge within the regime of validity of the effective theory.
This viewpoint allows us to consider the theories in which
the degeneracy conditions are detuned slightly [26].
Detuning the degeneracy conditions help to resolve the
problem of infinite strong coupling in the even parity
sector [27,28].

In light of these developments, we will study black-hole
perturbations in higher-order scalar-tensor theories that are
most closely related to cubic DHOST theories [19], but
without imposing the degeneracy conditions. Still, at least
in the odd parity sector, we will have a second-order
equation for a single master variable and can thus determine
the general form of the action for the master variable,
generalizing the previous results [13,14,24].

This paper is organized as follows. In the next section,
we present the covariant action for scalar-tensor theories
which we will work with. In Sec. III, we give an example of
spherically symmetric background solutions with time-
dependent scalar hair. Then, in Sec. IV, we determine the
general action for odd parity perturbations and derive the
generalized Regge-Wheeler equation. We also refine
the previous notion of the stability conditions by inves-
tigating the structure of the effective metric for gravitons.
In Sec. V, we calculate the QNMs of the black-hole
solution we present in Sec. III. Section VI is devoted to
a summary of conclusions. In the Appendixes, we argue the
generality of our action for odd parity perturbations. We
also generalize the Regge-Wheeler equation derived in the
main text to include the matter energy-momentum tensor as
a source term.

II. HIGHER-ORDER SCALAR-TENSOR
THEORIES

We consider a system composed of the metric g,, and the
scalar field ¢ described by the action [17-19]

Sy = [ @x/53|FulX) + FL(X)D6 + Fa(0R
+ fjAAX)LE” + F3(X)Gup + Z B, mﬁﬂ :
I=1 I=1
(1)

where X == —¢,¢"/2, ¢, ==V, ¢, ¢,, = V,V,¢, R is the
Ricci scalar, and G, is the Einstein tensor. Here, Lﬁz) are
quadratic in the second derivatives of the scalar field and

are written explicitly as

LY =02, LY =(0p)¢ bt
LY = (¢ d?)™ (2)

L(12) _ ¢ﬂy¢ﬂl/’
2 v
LY = .
Similarly, L§3) are cubic in the second derivatives of the

scalar field and are given by

LY = @), LY = (O
LY = g g,

LY = (044,90,
LY = Opg ™ dpt?. LY = dpud™ ¢,

LY = 0", 0" be LY = 0" $ad™
LY = (g™ ¢,). (3)

LY = Op(h,d™ ).

These exhaust possible terms built from ¢, and ¢,, and
quadratic/cubic in ¢,,. The functions Fy, Fy, F», F3, A},
and B; depend only on X, so that the theory has shift
symmetry, ¢ — ¢ + c.

In general, the action (1) yields higher-order equations of
motion for the metric and the scalar field, resulting in the
dangerous Ostrogradsky ghost. One can circumvent this by
imposing the degeneracy conditions among the functions
F,, F3, A;, and B; [17-19]. In such degenerate theories,
one arrives in the end at a set of second-order equations by
combining the different components of field equations, and
thus can remove the unstable ghost degrees of freedom.
One may relax the degeneracy conditions so that the theory
is degenerate at least in the unitary gauge, which can still
provide a healthy class of theories called U-degenerate
theories [25]. If the action (1) is regarded as a low-energy
truncation of some complete theory, detuning the degen-
eracy conditions is acceptable because a ghost degree of
freedom itself is not problematic from the effective-field-
theory viewpoint [26].

In this paper, we do not assume any particular relations
among the functions in the action. Nevertheless, we can
handle the relevant equations and derive the universal form
of the quadratic Lagrangian for odd mode perturbations
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around a spherically symmetric background with time-
dependent scalar hair.

III. SPHERICALLY SYMMETRIC BACKGROUND

Let us start with a background solution. We consider
static and spherically symmetric spacetime whose metric is
of the form

dr?

B(r)

where do? := d6” + sin? 8d¢?. At this point, we introduce
C(r) to reproduce all the relevant field equations from the
action principle. After deriving the field equations, one may
put C(r) =1 by redefining the radial coordinate (see,
e.g., Ref. [29]).

The scalar field is assumed to be dependent linearly on
the time coordinate,

ds? = —A(r)df® + +r2C(r)de?, (4)

$(t,r) = ut +y(r), (5)

where y is a constant. Without loss of generality, we assume
that y > 0. This configuration is consistent with the static
metric (4) because the action (1) depends on ¢ only through
its derivatives.

The crucial points of the ansatz (5) are the following.
First, by assuming a linearly time-dependent scalar field,
one can avoid the postulate in the no-hair theorem of [12],
which makes it easier to obtain hairy solutions. Indeed,
spherically symmetric black-hole solutions with such a
scalar field configuration have been found in the context
of the Horndeski theory [10,11,30-32] and beyond-
Horndeski/DHOST theories [33—-37]. Second, it has been
assumed in the formulation of the EFT of black-hole
perturbations [3,4] that the scalar field depends only on
the radial coordinate. Therefore, for a time-dependent
scalar field configuration, the previous result from the
effective field theory approach cannot be used straightfor-
wardly, and it is interesting to explore a general form of the
effective action for black-hole perturbations in the presence
of time-dependent hair.

Substituting the metric (4) and the scalar field ansatz (5)
to the action (1) and varying it with respect to A, B, C, and
y, one is able to derive the background field equations. We
write the resultant field equations as £, =0, & =0,
Ec =0, and &, = 0, whose explicit expressions are not
important in the present paper. These equations do not
reduce to second-order differential equations in general
because we do not impose any degeneracy conditions.
However, as far as the odd mode perturbations are con-
cerned, we do not need to care about the higher-order
nature of the background equations. We will just use (some
of) these background equations in their original form to
simplify the quadratic action for the odd mode perturba-
tions, whether they are of second order or higher.

Before proceeding to the analysis of perturbations, let us
present a simple explicit example of background solutions.
An interesting class of solutions often studied in the
literature is a stealth Schwarzschild black hole with
X = Xy = const. One can see that our field equations
admit the solution

Il

s
~—~
2

A=B=1-"  x—x,=£
r 2

provided that the functions in the action (1) satisfy the
following equations (cf. Ref. [36]):

Fo(Xo) =0, Fox(Xo) =0, Fix(Xo) =0

A1 (Xo) +A5(Xo) =0, Aix(Xo) +Axx(Xo) = 0,
1

B,(Xo) =

B3(Xy) = 9B,(Xy),

Note that these relations are compatible with the degen-
eracy conditions in the class 2N-I+3M-I degenerate
theories in the terminology of Ref. [19], and therefore
the above solution is admitted even if one concentrates on a
degenerate theory. From 2X = y? = y?/A — B(dy/dr)?,
we have

w:j:ﬂ[2\/m+rhln<£;\é—%>} (8)

We choose the “+” branch because we have ¢~
ult £ r,In(r/r, — 1)] + const near the horizon and it is
regular at the horizon only in the “4” branch, as is clear
by expressing ¢ in terms of the ingoing null coordinate
v=rt+r+r,In(r/r,—1) [10].

IV. ODD PARITY PERTURBATIONS

A. Derivation of the quadratic lagrangian
and the effective metric

Let us consider the odd mode metric perturbations,

G = g/w + huw (9)

where g, is the background metric (4) with C(r) = 1. The
scalar field does not have an odd mode perturbation.
Among the ten components, h,,, h,,, and h,;, are concerned
with odd parity modes, where a = 6, ¢. Using the spherical
harmonics Y,,,(0,¢), we follow the standard procedure
and expand the odd mode perturbations as
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© £ (ém) The odd parity part of h,, can also be expressed using
hig = TS 98¢ Z Z ho (t.7)Yrm(0.9),  (10)  a single pseudoscalar function, say h,, but we adopt the
¢=2 m==¢ Regge-Wheeler gauge in which 4, = 0 and accordingly
hab = 0
o (&m) We substitute Egs. (10)—(13) to the action (1) and expand
hiy = sin00, Z Z ho = (t.1)Y e (0. 90). (11) it to second order in perturbations. In doing so, one can
r=am==t remove many terms by using the background equations.
o s Performing the angular integrations, we arrive in the end at
hy = 5 8(,, Z Z h(lfm (t.1)Y (0. 9).  (12) the general action
Csind iy oo
. Sy = / didr?), (14)
hyy =sin00, > 3" H(1.1)Y,,0.9). (13) f 2m==
=2 m=—¢ where, omitting the labels (£m) from h, and h,,
|
@) 1 2 / 2 2 L2 X1 /12 4. s
Lo =5 ﬁ(ra3) +ay | hol* + ax|hy[* + as { |y [* = 2hyhg + || +;h1ho + aghihy ¢ +c.c.. (15)

The coefficients are given by

Bl///X/ ,"tz 2B(ll//)2 (AX)/ 3/’t2BW, HZBW/X/
a, = 2r2 ,_{F2+ A1+ 3 F3X +A—l/// - - 0 Bz-f— A B3— 1 Bﬁ N (16)
cy VA By'X' 2B(y')?>  (AX) 3B%(y')?
a, = ; r {FZ _ (WI)ZAI _ F3X _ Bl/// (r ) _( A) B2 _ ( ) 33 4 BZ(W/)3xlB6 , (17)
(¢+1) [B By'X' 2X [2B(y')?  (AX) 3X [B(y')? A u2X

a3:%\/g{F2+2XA1— S Pt Q—(T) B, +— (r) ~X =S| B

- ZBW’XX'B6}, (18)
c, |B X' 2B(y)?  (AX) 3B(y')?
a, = —r—i \/; { /A —|— 2 F3X + |: , - A ) 32 —|— , B3 - B(W,)ZX/Bﬁ N (19)
|

with ¢, = (£ —=1)(£+1)(€ +2). Here, a dot and a  thatonly F,, F3, A, B,, B3, and B participate in the above

prime denote differentiation with respect to ¢ and r,
respectively. Following Ref. [24], it is convenient to write
these coefficients as

c, VA
=) ==Y,
”“r \[H aw=55 gj(r), (20)

where F, G, H, and J have a dimension of (mass)?. For the
Schwarzschild solution in general relativity, we simply
have F = G="H = M}, = (82G)~" and J = 0.

Before proceeding to further reduction of the Lagrangian
(15), let us point out two things, both of which come
essentially from the fact that the odd parity modes con-
stitute a part of tensorial metric perturbations. First, note

result. Contributions from the other terms are dropped from
the action upon using the background equations. This is as
expected because it is known that only these terms
contribute to the tensor modes on a cosmological back-
ground [38,39]. More specifically, gravitational waves are
transverse and traceless metric perturbations, and hence
they cannot arise from the terms such as [l¢ and ¢*¢,, .
Only a few functions thus appear in the quadratic
Lagrangian for metric perturbations that correspond to
gravitational waves. Second, it should be emphasized that
the quadratic Lagrangian (15) is derived without using any
degeneracy conditions. This is also not surprising because
tensorial metric perturbations in the theory (1) obey
second-order equations without regard to the degeneracy
conditions. Therefore, our result can be used, for example,
to U-degenerate theories [25] and detuned (“‘scordatura”)
DHOST theories [26].
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Now, let us rewrite the Lagrangian (15) in terms of a
single master variable. This can be done straightforwardly,
following closely Refs. [13,14,24]. First, we introduce an
auxiliary field y = y(“")(¢, ) and rewrite the Lagrangian
(15) in an equivalent way as

1
cy) §[a1|h0|2+02|h1|2+a4h‘{h0
* 1 / / 2
+2asy —E)H'hl—ho-l-;ho +cc. (21)

Variation with respect to A; and h] leads, respectively, to

2a 1
ayhy + (azy) + 73)( + 504}11 =0, (22)
1
(12]11 —dasy + 5(14]’10 = 0, (23)

which can be solved for A, and &, to express them in terms
of y, ¥, and y:

_Bayaz(y/r) +4ay(asy) +2aza.y

l’l():
4a1a2—aﬁ

(24)

_dasay(y/r) +2a4(asy) + 2a a3y

hy 5
4aya, — aj

(25)

[Here, we assumed that FG + (B/A)J? # 0.] Substituting
Egs. (24) and (25) back to Eq. (21), we obtain

¢+ 1) B . .
o) = )\/%{blw ~bal/ P+ bii

A —1)(F+2

_ {@ng;] |;(|2} + e, (26)
where
b, :iAin b, :g_BAin

24 AFG + BJ? 2 AFG+BJ?
2

S 7
and

ool F(AE) 2

r*H r

The equation of motion that follows from this Lagrangian is
given by

A/B B " b,y
by - r2/ <”2 4’2)(’) 2

A 2
+ ';%B (rz\/gby'() —+ r(fz—’—l)§+g}{:0' (29)

At this stage, it can be seen from the Lagrangian (26) that
we need to impose

H >0, (30)

as otherwise modes with large Z would have large negative
energy and make the system unstable quickly.
One notices that Eq. (29) can be written in the form

HQ2Z"D,D,y - Vy =0, (31)

where Z' is the inverse of the effective metric Z,, [40],

g 27 Fdr?
wavl — 02 — 2 2_ oY T 242
Z,,dx"dx Q( HAdt Hdtdr—l—,HB—f—rdo),
(32)
with
2
o5 m , (33)
A\/FG+ (B/A)J?

and D,, is the covariant derivative operator defined in terms
of a connection compatible with Z,,. Note here that the
metric perturbations have already been expanded in terms
of the spherical harmonics and hence the spherical
Laplacian in Z*D,, D, must be replaced with its eigenvalue
—£(¢ + 1). Note also that

() = FG+5 77> 0 (34)

must be imposed in order for the effective metric to be well
defined. It is easy to see that one has Z,, = Ml%lgw in
general relativity, where 7 =G ="H = M3, and J = 0.
However, Z,, may not be proportional to g,, in modified
gravity. This fact itself has already been known in the
context of the Horndeski theory [41-43].

We introduce a new time coordinate 7 defined by

_—ars L
dr =dr +Agdr. (35)

Using 7, the effective metric (32) can be written in a
diagonal form as
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g §* dr
pdw — 02 — 2 Ade2 24,2
Z,,dxtdx" = Q ( 7_[Adr —|—gH gt do” ). (36)

It is sometimes more convenient to work in the con-
formally related effective metric Z,, defined as

2 =977, (37)

In the tilded frame, Eq. (31) is written as

_ 7\ [V 7%D,b,Q)z
oD b, (L) - |~ 4 2T L
g D(I’) ['H Q r 0. (38)

where 7 := Qry and DM is the covariant derivative operator
defined in terms of a connection compatible with Zﬂy.
Defining the generalized tortoise coordinate by

dr, (39)

= Ldr,
GVAB

Eq. (38) can further be rewritten in a more familiar form as
(=0 + 07 =V =0, (40)

where

<t

PR

This generalizes the Regge-Wheeler equation known in
general relativity [44] to higher-order scalar-tensor theories.
In Appendix B, we extend the main result of this section to
include the energy-momentum tensor of matter and derive
the generalized Regge-Wheeler equation with a matter
source term.

So far, we have focused on the modes with £ > 2. The
dipole (£ = 1) mode must be treated separately, but here we
only comment that the dipole perturbation corresponds to
adding a slow rotation, as has been already discussed in
detail in the previous literature [8,13,14,24].

B. Propagation speed

In theories described by the action (1), the propagation
speed of gravitational waves differs in general from the
speed of light. In light of the constraint from GW170817
[45-47], let us identify the subclass of scalar-tensor
theories that admits a luminal speed of gravitational waves
at least at large r. This weak requirement was also
employed in Ref. [4] (see, however, Refs. [48,49]).

We assume that the background is given by

A=14+0(), B=1+0("),
y =yl + 02, (42)

for large r, where ., is a constant. We then find
F =2[F2(Xe) + 1A (X))l + O(r772), (43)
G =2[F,(Xa) = (We)A1(X) + O(r712). (44)
H=2[F,(Xo) +2XA; (X&) +O(r71/2),  (45)

T = =2upeAi(Xes) + O(712), (46)
where X, = [p> — (y’)?]/2. Thus, if one has
Ai(Xs) =0, (47)

Eq. (40) reduces to [—0? + 92 —£(¢+1)/r*y ~0 for
large r, rendering luminal propagation of gravitational
waves sufficiently away from a black hole. Note that F;
and B; appear only in the O(r~!) or higher-order terms in
F, G, H, and J.

A comment is now in order. In the even parity sector,
there must be a mode that can be identified as gravitational
waves. It is expected that in general the propagation speed
of that mode coincides with that of the odd parity mode in
the absence of gravitational parity violating interactions.
This is indeed the case in the Horndeski theory [9]. Note in
passing that we also have a mode in the even parity sector
that can be identified as fluctuations of the scalar field, and
its propagation speed differs in general from the speed of
gravitational waves.

C. Horizons for photons and gravitons

Suppose that r;, is the location of the horizon in the
metric g,, and the metric components are expanded as

A(r) = aue".  B(r)=> e, (48)
n=1 n=1

where € := r/r, — 1 > 0. We assume that X is regular at the
horizon, so that X is of the form

X=X,+ ) X,e" (49)

n=1

Accordingly, one has

k1
= -+ 7n€n- (50)
vaipe 4=

Note that y’ diverges as r — ry,, but this is not problematic.
See the comment below Eq. (8). Substituting Eqs. (48)-
(50) into Egs. (16)—(19), we find, in the vicinity of the
horizon,

084041-6



PERTURBATIONS AND QUASINORMAL MODES OF BLACK ...

PHYS. REV. D 103, 084041 (2021)

d d
F=="=di+0(e). G=""+d+0(e).

€

B dy d;+d
H=d;+O(e), \/%J—;% ‘;2+0(6), (51)

and hence ¢ = const + O(¢), where

2u? 2
dy = _(ILA1<Xh) +£ \/g[(al)(h — 2u%) By (X))
1

1 I
- 3uB5(X),) + #2 X Be(X,)], (52)

while the explicit expressions for d;, d,, and d; are more
involved. Hereafter, we will consider the case where d is
nonvanishing. Thus, at r ~ r},

Q ~ const, Z,, =~ const, Z,, ~ const, (53)
which shows that nothing special happens in the effective
metric at the horizon of the metric g,,. In particular, this fact
implies that r = r;, is not an appropriate place to impose the
inner boundary conditions when solving the Regge-
Wheeler equation (40). Rather, the form of the effective
metric implies that a possible appropriate boundary will be
r = r,, where Q(r_g) = 0. To see this more explicitly, let us
study some concrete examples.

The first example is given by the special case of the
solution in Sec. III, with A;(X,) #0 and B;(X,) = 0.
Essentially the same solution is also studied in Ref. [24].
This does not satisfy Eq. (47) but is a good illustrative
example. We have

1-—
G=20,0X) =L, H=2E(X)(1+A). (54
where
2X0A (X
= A A=ZEE (s

and we assume that F,(Xy) >0 and 1+ .4 > 0. The
conformal factor is a nonvanishing constant, Q> =
2F,(X)(1+ .A)32, and the components of the (tilded)
effective metric are given by

_l—rg/r 5 1

Z - ) rrT— 1
i 14+ A l—r,/r

(56)

which shows that the horizon of the effective metric is at
r = ry(#r;). In this case, the generalized tortoise coor-
dinate is given by r, = (1 + A)"/?[r + r,In(r/r, — 1)] and
the potential in Eq. (40) reads

‘7:

L= r/r [f(f—l— ) _&} (57)

1+A r? r
Aside from the constant factor of (1 + A)~!, this coincides
with the well-known potential in the Regge-Wheeler
equation in general relativity with the horizon at r = r,.

In this example, G is singular at r = r;,. One also notices
that G < O for rg<r<ry, if A < 0. However, the effective
metric and the potential do not depend on 7, explicitly and
are free from any pathologies. In particular, the sign of G
does not directly related to the stability of the solution.
Indeed, it is now clear that the above solution is stable
provided that F,(X,) > 0 and 1 + A > 0 are satisfied.

The second example is again the special case of the
solution in Sec. III, but now with A;(X,) =0 and
B (Xp) # 0. In this case, we have

f(r)
=2F,(X,)- =2F,(X
G=2R(X0) 727 H=2R(X0). ()
where
I m\/? 814 Bi(Xo)
= 1 _—— —_— = . 5
1) r +B<r> ’ 2 ry F2(Xo) 59)
The conformal factor is given by
2F,(X
Q2 = —175 0), (60)
g'/%(r)
and the (tilded) effective metric reduces to
. 5 g(r)
ZTT:_fr’ Zyy =775, 61
where
3/2
glr)=1- B(r—h) . (62)
r

We see that the horizon of the effective metric is at
r=r, #ry, where f(r,) = 0.

Let us investigate the structure of the effective metric
(61) in more detail. For B > 6/25(1/3/5)(~0.186), f has
no zeros, while g = 0 at r = B*3r,. We are not interested
in this case. For 0 < B < 6/25(1/3/5), we have f = 0 at
r=r, <r, In this case, g remains positive outside the
horizon of the effective metric, but ¢ =0 occurs at
r=B?3r, <r, Finally, for B <0, we have f=0 at
r=r, > ry, and g is always positive for r > 0. Therefore,
in the latter two cases, the solution has an outer horizon of
the effective metric at r = r,. It is straightforward to write
the potential V, but the expression is messy. The shape of
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00 [ ‘
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r/Th
FIG. 1. Potential V with # =2 as a function of r/r,.

the potential is shown for different values of 3 in Fig. 1.

One can check that r, > —co as r — r,.

V. QUASINORMAL MODES

In this section, we compute the QNMs of the second
example of the previous section. Quasinormal modes in the
Horndeski theory have been studied in the case of the
Schwarzschild background with a constant scalar field [50]
and a nearly Schwarzschild background with a nearly
constant scalar field [51].

We assume the time dependence of the master variable as
7 = 0(r)e™® and solve

(er + [@* = V(r)]Q =0, (63)

where V is the potential obtained from the second example
of the background solutions in the previous section, which
is characterized by the dimensionless parameter B (Fig. 1).
The boundary conditions for Q are given by

e+iwr*
0

r, = oo(r - o)

. ) (64)
e, - —oo(r - rg)

Note again that the inner boundary is located at r = r,
rather than at r = r,. In order to obtain the QNMs, we
employ direct numerical integration.' The lowest overtone
quasinormal frequencies for # =2 are given in Fig. 2,
showing how the frequencies depend on the modified
gravity parameter B.

'Taking B as a small expansion parameter, one may write the
potential as V = Vg + 6V, where Vg is the Regge-Wheeler
potential in general relativity and 6V is a small correction. In the
present case, 6V contains fractional powers of r, which hinders us
from using the convenient formalism of Ref. [52].

N 0.085. 0.14
0.180} 0
°
L ~0.09 =
5 0175 N B=018.
g -
= 0170} o 016
|
0.165f &%
B =-035
0.160f
065 070 075 080 085
7y Re [w]

FIG. 2. Lowest overtone quasinormal frequencies for £ =2
and some representative values of B.

VI. CONCLUSIONS

In this paper, we have studied odd parity perturbations of
black holes with linearly time-dependent scalar hair in
shift-symmetric scalar-tensor theories. Due to the time
dependence of the scalar field background, the EFT
approach [2-4] cannot be applied straightforwardly to
the present case. Therefore, we have started from a general
covariant action that is most similar to the action of cubic
degenerate higher-order scalar-tensor theories [19] and
derived the general quadratic action for odd parity pertur-
bations without imposing the degeneracy conditions.
The degeneracy conditions are not essential for retaining
the healthy odd parity perturbations that are not mixed with
the perturbation of the scalar field. We have thus derived a
second-order equation for a single master variable as a
generalization of the Regge-Wheeler equation in general
relativity. Starting from the more general action, we have
arrived at qualitatively the same results as the previous ones
[13,14,24], showing that no new terms appear in the
quadratic action for odd parity perturbations. Our gener-
alized Regge-Wheeler equation can be used in a wide class
of scalar-tensor theories such as U-degenerate theories [25]
and scordatura theories [26].

We have also refined the stability conditions explored
in the previous literature [24]. The previous conditions
were actually sufficient conditions, and we have argued
that one of the conditions is not directly related to the
stability.

As another application of our results, we have computed
the quasinormal modes of a certain nontrivial black-hole
solution. In doing so, we have demonstrated that it is
important to identify the correct location of the inner
boundary by inspecting the effective metric for gravitons.

It would be interesting to extend the present analysis to
the even parity sector, which would be much more involved
due to its higher derivative nature. It would also be
interesting to perform a complementary analysis based
on the EFT approach along the lines of Refs. [3,4].
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APPENDIX A: GENERALITY OF THE
QUADRATIC LAGRANGIAN

Starting from the action (1), we have shown in the main
text that the quadratic Lagrangian for the odd parity modes is
given by Eq. (15). Actually, one can show that more general
scalar-tensor theories lead to the quadratic Lagrangian for the
odd parity modes having the same structure as Eq. (15) as
long as the equation of motion for gravitational-wave degrees
of freedom remains of second order.

For example, one may add to the action (1)

F3(X)ROg, (A1)

to consider a general derivative coupling of the form

F3G,,¢" + F3ROp = F3R,, " + (F3 — F3/2)RCp.
This only shifts the coefficients as
By’ (AX)] .
F.G,H— F,G,H+ [ v _L ?}F3 (A2)
Ay
J—=J (A3)

and does not give rise to any new terms in Eq. (15).
Similarly, one may also add terms quartic in second
derivatives of ¢ such as

Co(X)(B)*, -

One can verify by direct computation that such quartic
terms merely shift the coefficients without altering the
structure of the Lagrangian (15) or have no contribution to
the odd parity sector.

We thus conclude that the form of the Lagrangian (15) is
generic to scalar-tensor theories in which gravitational-
wave degrees of freedom obey a second-order equation of
motion.

Cl (X)¢uv¢bp¢pl¢lﬂ ’ (A4)

APPENDIX B: SOURCED
REGGE-WHEELER EQUATION

In this Appendix, we generalize our main result to
include the source term, which has not been considered
in the previous similar studies [8,13,14,24]. Assuming that
matter is minimally coupled to gravity, the source term can
be obtained from

1 Yoy,
Ssource :E/d4x _ghﬂ Tﬂw (Bl)

where T, is the matter energy-momentum tensor. Similarly
to the metric perturbations, the odd parity part of the energy
momentum tensor can also be expanded as

) 14

I T S
sind " o5 ==,
0 4
T, =sin09,> S 8" (.Y (B3)
P —
© 4 (em)
T = s1n¢98<”z Z S NYew  (B4)
=2 m——r
00 4
T,y =sin09,> > S (1Y, (BS)
=2 m=—¢
o) o0 4
0= 9( —cotfd,,) 2 . :Z t NYen, (B6)
1, o
T, = o 0, + cos 00, — sin 00
0 4 f
D) S TN
=2 m=—¢

00 4
—cotfd,,) Z Z S (t Y o

=2 m=—

T,, = —2sin6(dy0,

(B8)

The conservation of the matter energy-momentum tensor,
V, T =0, yields

g(em)
S VB/A m
—°T+r—2/(r2\/ABS§f y
£=1)(f+2) (om
LEZDEED gem _ (BY)

r

It is straightforward to perform the angular integrations
in Eq. (B1) to obtain

S source

\/_hSl+cc> (B10)

where we omitted the labels (£m) from S, and S;. This is
the source action for the odd mode perturbations (see also
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Ref. [4]). We add the above source action to the gravita-

tional part of the action (14). Then, Egs. (22) and (23) are

generalized to

1 c(C+1

Lon, =22+1D
2 2v/AB

o1
Clzhl — a3)(+_a4h0 =

(¢ +1)
5 —T\/Ale.

Solving these equations for A, and /&, and removing h, and
h; from the quadratic Lagrangian, we see that the
Lagrangian (26) is generalized to include the source as

2
a1h0+(a3)()'+%)(+ S(), (Bll)

(B12)

2 2 (¢ +1)r? B, .
5(fn>1,mta1 =Ly - -1 +2) Z()( Sodd + €-C.),
(B13)

where £ ., in the right-hand side is the same Lagrangian as
the one deﬁned as Eq. (26) and

2FH - ipm
442 Sg

m G oem )
szd)(7) 2H<Cz y )> -

2HJ T o
——S —2H —S . B14
(). e
Now, Eq. (31) with the source term reads
HQ?Z"D,D,y — Vy = Sodd: (B15)

and, accordingly, Eq. (40) with the source term is given by

o gr\/E

(—0:+ 07 —V)y = Wsodd- (B16)

This is the generalization of the sourced Regge-Wheeler
equation.
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