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Introduction

Stability is one of the most important measures in physics, telling us how likely a solution

could exist for a long period. It discriminates cosmological solutions from transient situa-

tions. Electrovacuum black holes (BHs) in general relativity (GR) are stable. Indeed after



the seminal work by Regge and Wheeler [1], where they proved partially the stability of
the Schwarzschild black hole, Zerilli [2] provided the stability equations for the even-parity
perturbations. Later, following the same approach, Moncrief [3, 4] derived the stability of
the Reissner-Nordstrom black hole. But because of the impossibility to separate variables
in the rotating case, Teukolsky [5, 6] developed a new approach which helped to study the
linear stability of the Kerr black hole. Even if the Newman-Penrose formalism used by
Teukolsky turned out to be extremely difficult to implement for other rotating black holes,
such as the Kerr-Newman, the metric approach to non-rotating solution has been widely
used in various beyond GR models, see e.g. [7-9]. We see that stability is an essential anal-
ysis of any solution. On the other hand, thermodynamic stability is also widely studied.
It is important to mention that (mechanical) stability should be a condition before any
thermodynamic analysis. Indeed, if the black hole is mechanically unstable, any Hawking
radiation would destabilize it and therefore render any thermodynamic analysis impossi-
ble. Finally we should also mention the interesting aspects of instabilities in nature which
provide for example phase transitions. In this direction, any unstable black hole in an
asymptotically AdS spacetime could be associated via the AdS/CFT to a phase transition.

From a more astrophysical aspect, BHs turn out to be extremely useful to study models
beyond GR, in a strong gravitational regime. As we know, BHs are extremely simple
objects. They are described in the vacuum by mainly two parameters, the mass and the
angular momentum (the electric charge being usually negligible). These parameters, which
describe entirely the BH, can be measured, in particular via the frequency emitted during
the last moments of BH mergers, the so-called quasinormal modes (QNMs). Any hairy BH
could be discriminated against through these modes. QNMs are easily computed if their
equation is known. The analysis performed in this paper will provide these equations.

As we mentioned, in this paper, we address the problem of black hole stability for a
generic class of theories beyond GR. Modifying Einstein’s theory of gravity is an easy game
but building a new physical theory turns out to be complicated. Many modified gravity
theories turn out to be highly constrained by the data, from the Brans-Dicke model to
massive gravity a la dRGT. We should follow a simpler road. Could we define theories
with sufficient generality? For that, some of the simple elements that we will consider are

1. Ostrogradsky instability free theory, and therefore we will assume second order dif-
ferential equations for the fields!

2. Well-posed Cauchy problem. Interestingly, this condition reduces drastically the form
of the models in presence of a scalar field. Indeed, only K-essence non-minimally
coupled survives to these restrictions [13-15].

Of course, beyond GR theories can’t be reduced to only the presence of a scalar field.
For example, the dimensional reduction or Kaluza Klein compactification decomposes the

!Even if higher order differential equation for a scalar field turn out to be possible, see beyond Horn-
deski [10, 11], these theories haven’t been very successful in describing the Universe. More generically,
degenerate theories [12] can be constructed which do not propagate more degrees of freedom even if higher
derivatives are present, by considering an appropriate coupling to the metric which satisfies the degenerate
condition.



higher dimensional metric into at least a vector field along with the scalar field. It is
therefore natural to consider a generic model with these two additional degrees of freedom,
keeping in mind that K-essence types of theories are strongly hyperbolic. The models
studied in this paper can be regarded as a non-linear extension of the hairy black hole
studied by Gibbons and Maeda [16] in the context of Kaluza-Klein theories, but also
rediscovered by Garfinkle, Horowitz and Strominger [17] in the context of string theory.

In this work, we therefore investigate the linear stability of generalized Einstein-
Maxwell-scalar black holes assuming that they are static and without magnetic charge.
We will derive some generic results and apply them to specific models. This paper is or-
ganized as follows. In section 2, we describe the model and the background equations.
In section 3, we summarize the black hole perturbation formalism that we will apply in
section 4 for the odd-parity perturbations and section 5 for the even-parity perturbations.
Finally, we will apply our results to various known solutions in the literature, before final
comments and conclusions.

To facilitate the use of our results, a MATHEMATICA® notebook is available online [18].

2 Background equations of motion

We are interested in generalized Einstein-Maxwell-dilaton theories described by the follow-
ing action

5= [ d'av=g|n@)5 + £6.X.P)|. (21)

where R is the Ricci scalar, fi(¢) is a function of the scalar field ¢, representing the non-
minimal coupling to gravity, and f2(¢, X, F') is a function of the scalar field, its kinetic
energy X = —%V”gbvuqﬁ and F' = —%FWF/“’ where the field strength is defined as F),, =
OuA, — 0,A,.

We will study the linear stability of static spherically symmetric spacetimes. For that,
we will consider a background spacetime described by the following line element?

dr?

2 _ = LA,V — 2
ds* = g datde A(r)dt” + B0

+C(r) (dé’2 + sin? Hdch) . (2.2)
Notice that we kept a general function C'(r) for the area of the sphere of constant r and t,
because various solutions in the literature are written in this form.

To satisfy the background symmetries of our spacetime, we will consider that the
scalar field only depends on the radial coordinate, ¢ = ¢(r) and the vector field takes the
non-generic form

A, = (Ao(r), A1(r),0,0). (2.3)

This function could also be decomposed into transverse and longitudinal modes using
Helmholtz’s theorem [19]. But because we do not consider any mass term a la Proca
A, A", the component A; will play no game in our equations. This background is not the
most generic spherically symmetric spacetime.? In fact, we should only impose that the

2We will use the notation X to refer to quantities evaluated at the background level.
3We are thankful to Julio Oliva for mentioning to us this point.



energy-momentum tensor 7}, is invariant under the lie derivative along the generators of
the group SO(3), or we could consider a less restrictive situation where the electromagnetic
part of the energy-momentum tensor is spherically symmetric. Therefore we could consider
A = Ay(r)dt + P cosfdyp where P is the magnetic charge. We will consider in this paper
only electric charge. It is a genuine restriction.

Using our background metric, the kinetic terms for the scalar and vector fields take
the simple form, X = —B¢’ 2 /2 and F = BA?/(2A), where a prime represents a derivative
with respect to r.

Replacing the metric (2.2), the scalar and vector fields in the action (2.1), we obtain
the equations of motion (EOM) by varying the action with respect to the functions X =
{A,B,C, ¢, Ag}. We obtain the equations of motion Ex = 0

BC,2 I ! / n
gA:élfl <1+ M )—BCf{’—;B'(Cfl) ~B(CR) |+ fo=2Ffor  (24)
BC,2 BA’ / ! gl n Y
5B£é,[f1<1_40> Y (Cfi) —BC'f; + fo—2Ffor —2X fo x (2.5)
B B( |B / B( |B_, " Bac [(f)2ABC)
Ec=2f— A( AA) + C(ﬁo) toac | T Ak (2.6)

£ = 0 [VABC o 6(0)] 4| A (1o 2110 ) o)

€4, =Q'(r) with Q(r) = \/EC% fo.r (2.8)

where ’ indicates a derivative w.r.t. 7. From the last equation follows that Q(r) is constant;
this expresses the existence of a conserved charge arising from the U(1) symmetry.
It is useful to introduce the following variables to simplify the notations

J(r) = VABCfa.x ¢/(r) S(r) = @C ( fos + % f1,¢R> , (2.9)

hence, the equation of motion for the scalar field is written as £, = J' 4+ S = 0.

3 Perturbation formalism

In this section, we will briefly summarize the formalism for perturbations around a static
spherically symmetric spacetime. We consider a background metric g,, and a perturbed
metric g, = gu + b The background metric will be described by the line element (2.2).

Under a reparametrization of the angles (0, ¢) into Ra(0, ), R3(0,¢), the 10 compo-
nents of the perturbed metric g, transform as scalar, vector or tensor. For example, the
component ggo transforms as a scalar while gg;, where i = (2, 3), transforms as a vector.
In fact, go;dtdz? — gol-ajRidtdxj. In summary, we have three scalars (goo, go1,911), two



vectors of dimension two (goi, g1;) and a rank two tensor (g;;), where (4, j) take the values
(2,3). Each vector field has an orthogonal decomposition

v; = Ow + w;, with Vl-wi =0 (3.1)
and the rank 2 tensor can be decomposed as
Tij = Agij + Vijth + VS + 7ij  with VS = Vﬁij =75 =0 (3.2)

from which, we can conclude easily that in four dimensions 7;; = 0 because it has 3 different
components (72, 723, 733) and 3 restrictions (Vﬂ'ij = 0,75 = 0). In D = 4, perturbations
around spherically symmetric spacetime can be described by scalar and vector pertubations,
which are also known as odd or axial for vector perturbations [1] and even or polar for
scalar perturbations [2]. As we have seen, in higher dimensions, we have an additional
tensor mode [20].

Considering the symmetries of our background spacetime, all scalars can be decom-
posed in the basis of (scalar) spherical harmonics as

(I)(tarvevgo) = Z(I)Zm(tﬂ‘)}/ém(ev(p) (33)

lm

and all vectors can be decomposed into a basis of vector spherical harmonics?

Vit ,0,9) = D wom (£, 7) Vi (0, 9) + Gen (1,7 B VY70, 0) (3.4)

lm

where E;; = /dety €;, v;; being the two-dimensional metric on the sphere and ¢;; being
the Levi-Civita symbol with eg3 = 1. The functions (V,;Y;", E,’V;Y;™) define the basis of
our vector spherical harmonics.

In summary, we have 3 vector perturbations

hoi = b (t,7) By Y™ (3.5)
/m
hy; = Zh%(@ r)Eyd’Y{", (3.6)
m
hi = ST R [BEY, Y 4 B YT 3.7
0=52 (& 7) [EFVi Y + BRG] (3.7)
m

4The first term comes easily from V;w where w is decomposed as any scalar, while the second term
comes from the curl-free component. As we know (V x A)! = €%V ; Ay, which in 2D gives w’ = €7V ;¢
with ¢ a scalar that can be decomposed in the basis of scalar spherical harmonics.



and 7 scalar perturbations

hoo = A(r) " HO (¢, r)Y;" (3.8)
Im

hor = Z ng:rz (t,r)Y™, (3.9)
Im

hiy = BET) % H ()Y, (3.10)

hoi =Y Bem(t,7)0:Y]"™ (3.11)
Im

hii =Y apn(t, )8 Y;", (3.12)
Im

hij = > [ Ko (t,1)gi Y™ + Gem(t,1) Vi Y] (3.13)
Im

These perturbations are not independent. We can eliminate four of them using the coor-
dinate transformation z# — x* + £* where £# are infinitesimal. This transformation can
also be decomposed into scalar and vector perturbations, we have for the scalar part

50 = Z Tfm(ta T)}/Zm(ev 90) ) (314)

Im
51 = Z RZm(tv r)}/@m(07 80) ) (315)

Im

Im

and for the vector part
&= Aum(t,r)EL0;Y"(0, ). (3.17)
Im

Under this transformation, the perturbed metric transforms according to h,, — hy, —
2V ,&,) and therefore, we have

Sy O V. (3.18)
C/
[ Y v (3.20)

where a dot indicates a derivative w.r.t. . We see that for vector perturbations and for
(2) _ g

Im

£ > 2, the only full gauge fixing condition is the Regge-Wheeler gauge defined by h



while for scalar perturbations we have

/
H) — HY) - 2%” %lea (3.21)
/
ngil) - Hgg — Ry — Ty + %Tlm, (3.22)
H{)) = H{)) — 2BR},, — B' Ry, (3.23)
B = B — O — Tim » (3.24)
!
042073 - aé?ﬁ tm — Rim + Z,@zm, (3.25)
Ky — K — BCC Rip, (3.26)
G0 - a0 20, . (3.27)

From which we see that 3 gauges (in the gravity sector) are possible, defined by (Gg,, =
Ko = Bom = 0), (Gom = Hégl) = Bem = 0) or (Gem, = = Bem, = 0). We will use in our
calculations, the first gauge.

These perturbations should be supplemented by the perturbation of the scalar field

and the vector field. The scalar field ¢ has only a scalar perturbation®

P(t,r,0,p) = CE(T) + Zégbﬂm(t??ﬂ)yfm(@v‘p) ) (3.28)
Im

while the vector field perturbation (A, = A, + §4,,) can be decomposed into a scalar and
a vector part. The vector perturbation is

§Ag=06A1=0, A= AV (t, 1) E VY0, ), (3.29)
Im

while the scalar perturbation can be written as

§Ay = ZA,SS}L (t,7)Y;™(0, ), (3.30)

SA; = ZA (t,r)Y;™(8, ), (3.31)

SA; = ZAM )V Y ™0, ). (3.32)
m

Because of the gauge freedom associated to the vector field,® we can set AE,?L to zero.

We will see later that for ¢ = (0, 1) some of the perturbations are identically zero which
allows us to use other gauges and simplify the problem. The formalism summarized in this
section applies to scalar and vector perturbations when ¢ > 2.

Swhich transforms under a gauge transformation as d¢em — dGem — BQElem. We will later use this
condition.

We define the transformation Ao — Ao — Y, AZY", A1 — A1 = Y, ALY and A; — A; —

> o (Q)V Y,/™. We have for example AE?V)L — AE?V)L Afﬁi, that we will redefine as A( ) without any loss
of generality. It is important that scalar perturbations remain scalar after this redeﬁnltlon



In summary, we have two type of modes which can be studied separately at the linear
order unless we have parity-violating terms [21] such as Pontryagin density *RR. Also for
any spherically symmetric background, the final equations of perturbations are independent
of the order m [22]. Therefore, without any loss of generality, we will assume m = 0.

4 Odd-parity perturbations

Over the static and spherically symmetric background (2.2), we will consider small pertur-
bations of the fields defined by eqs. (3.5), (3.6), (3.8), (3.29)

Since modes with different ¢ evolve independently, we focus on a specific mode and
omit the index.

4.1 Second-order action for higher multipoles, ¢ > 2

In this section we will focus in higher multipoles (¢ > 2), since dipole mode ¢ = 1 require
a special treatment. Expanding the action (2.1) to second order in perturbations’ and
performing integration over the sphere (6, ¢), we find

20+ 1
5@ _ % / dtdr £%. (4.1)
where®

. o . . .
L2 = a1h2 + ash? + a3 [h% + 25 hoh — 2hhy + 204 (n - hl)Av}

(4.2)
+ ashgA, + aﬁAi + (WA% + CLgAZ?
where the coefficients are given by
A—2 f1 2C A (. C
S (e B) o e %)
(A—2) A2A],
e [O5 2] .Y
2C 40 F (4.3)
D ; N S
ST\ alt "~ 2BCA,
A Q AA
—9 -
“=NBeopo =504

and A = {({+1). On-shell, £4 = g = £, = 0 which allows us to simplify these coefficients.
Notice that for £ = 1, we have a2 = 0 on-shell, this is why this mode has to be studied
separately. The term inside square brackets in (4.2) can be rewritten in a more convenient
way such that the Lagrangian is simplified to

' ? 2\ 42 i2 2

—hg — CL4AU:| + (GG — a3a4)Av —I—a7Av + GSAU +bohoA,

Efj& = blh%—Fth% +as hl—h6 + C
(4.4)

"The first order perturbations vanish on-shell.
8We have renamed for simplicity of notations h;gi — ho, hxi — hi, Agfg — A,.



where we have defined, by = a1 — (C"a3)’/C and by = a5 +2a3a4C"/C = A€, /C. On-shell,
the last coefficient vanishes, by = 0.

Since no time derivative of hg appears in the Lagrangian, variation with respect to
it, yields a constraint equation. However, because of the presence of h{ in the action,
this constraint results in a second-order ordinary differential equation which cannot be
immediately solved for hy. To overcome this obstacle, we follow the procedure described
in [23, 24], we introduce an auxiliary field ¢(¢,r) and define the following Lagrangian

2) . C’ .
Loan = bih3+agh?+a3 [261 <h1 — hy+ gho — a4Av) - QQ} + (aﬁ - a3ai)A3+a7Ag+a8A;2 .
(4.5)
We can easily check that by substituting the EOM for ¢(¢,7) into eq. (4.5), we recover the
original Lagrangian. Now, varying (4.5) with respect to hg and h; leads to

C’ (a3qC)’
!
= —— 4.
biho + [(agq) +a3qc] 0 — ho b (4.6)
aghl — agq =0 — hl = %q (47)
2

these expressions relate the metric elements hg and h; to the auxiliary field ¢. Once
q(t,r) is known, hg and h; are easily obtained, and thus all vector perturbations in the
Regge-Wheeler gauge are obtained. Substituting these expressions into the Lagrangian and
performing integration by parts one finds

L2 = a1 + B1q? + 1 + a2 A2 + BoA? + 7, A2 4 0 Ay, (4.8)

which explicitly shows that taking into account the vector sector, we only have two degrees
of freedom, one associated with gravitational perturbation and another related to vector
perturbation of the electromagnetic field. The coefficients of the above Lagrangian, in
terms of the variables (4.3), are

ap = ——, Qg = ary, J:_2a3a4a

fr=—->, B2 = as, Y2 = ag — azaj, (4.9)
as
N = [—CWi(a3CY + b1 [Ca50)" = 2C"(a5C)'] = B3C?] |
1
We see that in the absence of electromagnetic perturbations, the Lagrangian (4.8) becomes
£((3i)d = a1 + B1¢"? + 11¢%, from which we should at least impose the no-ghost condition
a1 > 0 translating into as < 0 and therefore f; > 0. Similarly, in the absence of the
gravitational perturbations, we have Egi?j = azAg + Bo A2 + 45 A% from which we impose
the condition ap > 0 which means Q/A} > 0 and using eq. (2.8) gives fa p > 0.

4.2 Master equation

To arrive at our final result, it is convenient to rescale the variables as

B A B Ve(t,r)
q(t,r) =/ leCVg(t, r), Ay(t,r) = m, (4.10)




where (V,, V) represent respectively the vector perturbations associated to the gravita-
tional and electromagnetic sector. Notice that we have assumed the previous conditions
f1 > 0and fa r > 0. Finally, introducing the tortoise coordinate, dr = v AB dr, we find

2 N 2
s =2t DU gaar, [( 9 -(52) —v;j%\lfj], (4.11)

167(+2)(¢—1)
where ¥ = (Vg, V.)t, and Vi; are the components of a 2 X 2 symmetric matrix and are

given, after substituting relations (4.3), by

A VAB
Vii=(A-2)5 - 0,5+ 8%, Si(r) =Yo7 (c +£) (4.12)
Voo = M +G(r) — 0,5 + 5%, Sa(r) = *ﬂﬁi’pa (4.13)
C 2 for
A A Q2
Vig = Va1 = /(A — 2)5G(T), G(r) = 2§m. (4.14)

The introduction of the functions (51, S2) will be more transparent in the stability analysis
section. Variation of the action (4.11) with respect to ¥ gives us a wave-like equation

M 52\1; =

— — VU =0. 4.15
oz o (4.15)
Both modes propagate at the speed of light. Since matrix V is not diagonal, the previous
equation is a set of two coupled differential equations. But the system can be diagonalized

because the eigenvalues are independent of the radial coordinate.”

4.3 Stability analysis
Stability means that no perturbation grows unbounded in time. For that, we will Fourier
transform our variables (¥ — e~ “!W) such as eq. (4.15) is recast as

HU = w?T (4.16)

where H = —83* + V. The frequency w? appears as the eigenvalues of the operator H.
Unstable modes are equivalent to purely imaginary modes w? < 0 (see e.g. [24]), therefore
the stability of the spacetime is related to the positivity of the operator H, namely that H
has no negative spectra. To prove the stability, let us define the inner product

(,6) = /dT’* 1&1 +¢2§2} (4.17)

where 1) = (¢1,42)T and E = (&,&)7T. Stability means that the operator H is a posi-
tive self-adjoint operator in L?(r,), the Hilbert space of square integrable functions of r,.
Therefore, we need to prove the positivity defined as

Vx, (X, HX)>0. (4.18)

9We could verify it for various theories but not generically.

~10 -



This condition will imply that given a well-behaved initial data, of compact support, x
remains bounded for all time. This is a sufficient condition. The rigorous and complete
proof of the stability related to equations of the form (4.15) can be found in [25, 26] using
spectral theory.

We have

(X, HX) = /dr* X1 (—33,)(1 + Viix1 + V12X2) + >22<—33*X2 + Vaax2 + V12X1ﬂ
/ q "dxl 2 |dxe

= ’]"*
L | drs dr,

[ dx1 2
:/dT* ‘ +SIX1

2

-

+ Via ()Zlm + X1)Z2) +Vual® + V22\X2\2]

dxe 2

dr,

A A
+(A=2)50hal + OAg + el

+ ’ + S2x2

A _/_ _
/(A= Q)GG(XD@ + X1X2)
d 2 14 20 A 2 A
= /d?”* [ ‘ d)vf: +Sixi| + ’ diff + Soxa| + ‘ (N — 2)5X1 +VGxa| + )\6!)(2\2
>0 (4.19)

where x; (i = 1,2) represent the complex conjugate of y; and should not be confused
with background quantities. In the second line, we have neglected the boundary term
X10r, X1 + X20r, X2 coming from the integration by parts, because we assumed xi1 and xa
to be smooth functions of compact support, while in the third line we have neglected the
boundary term Sq|x1|? + S2|x2|?.

Therefore, we conclude that the black hole is stable under vector perturbations for

¢ > 2 if the no-ghost condition is satisfied, namely '’

fi(¢) >0, for(e, X, F)>0. (4.20)

Notice that these conditions are not equivalent to energy conditions (see appendix B).

4.4 Stability of dipole perturbation, /=1

We should first mention that for £ = 0, spherical harmonics are constant and therefore the
three vector perturbations of the metric and the vector perturbation of the electromagnetic
field are identically zero as we can see from their definition (3.5), (3.6), (3.8), (3.29).

For the dipole perturbation, £ = 1 and assuming m = 0 because the final result
is independent of the azimuthal angle, we have Y? o cos@, therefore we have h;; = 0
where (7,7) = {1,2}. We don’t need to use the Regge-Wheeler gauge to eliminate this
perturbation. We have seen that

ho — h() — A, (4.21)

'
hi — hy — AN+ =A. (4.22)
C
10Tt was also noticed that in Horndeski theory, the black hole is stable if the no-ghost and hyperbolicity
conditions are satisfied [24]. Notice that for Lovelock black holes, the no-ghost and hyperbolicity conditions
could be satisfied while the black hole is unstable [27].

- 11 -



Therefore, we can use this gauge freedom to fix hy = 0 but we have a residual gauge
freedom defined as A — A + f(¢)C(r).
Let us consider the Lagrangian (4.4) which is valid also for £ = 1. After imposing the
background equations, we get as = b; = 0; and therefore!!
odd, /=1 —

/ 2
,C(Q) = as ill - h6 + %ho — CL4AU] + (aﬁ — agai) Ag + CL7A12) + agAi)2 . (4.23)

Variation of this action with respect to hi and hg gives us

E=0, (C&Y =0, (4.24)
where we have defined o
£ =uas (hl — h6 + Eho — a4Av> , (4.25)

which solution is given by £ = J/C(r), where J is an integration constant.'? Considering
our gauge freedom, we fix hy = 0, and integrating the previous equation, we obtain

ho(t,r) = —TC(r) / C(f;% —C(r) / %Avdr L F(HC(r), (4.26)

where F'(t) is a constant of integration. This last term can be eliminated with the help of
the residual gauge freedom, giving finally

ho(t,r) = —27C(r) / (ﬂ(l?%\/gdr —2QC(r) / - (f)g i @dr. (4.27)

The variation of (4.23) w.r.t. A, gives

a7 A, + (agAl) — (ag — aza?) A, + a4C:(7r) =0. (4.28)
Defining a new variable a, = +/f2 rA, and using the tortoise coordinate, we find
&a,  0?%a, 2QT A
_ — Vg — ——25 =) 4.29
oz oz PV e (4.29)

where Vs is the coefficient defined in eq. (4.13) for £ =1, i.e. A = 2.

The solution of eq. (4.29) is the sum of a particular solution that we can consider as a
function of r only and a homogeneous solution. In order to understand this solution, let us
consider the simple case where we have perturbed Reissner-Nordstrom in general relativity.
For that we take f; = 2, fo = 4F and Q = 4q, from which we get A = B = 1-2M/r+q¢*/r?
and C' = r2. For this spacetime, a particular solution of eq. (4.29) is a, = —Jq/6Mr which
gives A, = —Jq/12Mr and therefore hy = —GLM(_2M + g—z) which means

r

o J (—2M q2 .2
h()g = W( , + ’[“2> sSin 9, (430)

1We will fix hy = 0 after using the constraint derived from its variation because the gauge is not totally
fixed by this condition.
12We hope that this will not confuse the reader because of the function defined in eq. (2.9).
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in other words, the Kerr-Newman solution at the first order in J if we define J = —12J.
Therefore, the particular solution of eq. (4.29) should describe a slow rotating black hole
while the homogeneous solution describes the propagation of the electromagnetic field in
our spacetime [28]. This propagation is stable because of the potential Voo which can be
easily deformed to a positive potential using the function Sa(7). In fact, as we have shown
in section 4.3, the operator associated is definite positive.

In conclusion, we have shown that for any theory described by the action (2.1) and
considering the conditions f; > 0 and fo r > 0, the static spherically symmetric spacetime
described by a generic metric (2.2) is stable under vector perturbations.

5 Even-parity perturbations

In this section, we will study the scalar (even, polar) perturbations of the action (2.1). We
follow the formalism that we have summarized in section 3

5.1 Second-order action for higher multipoles, ¢ > 2

Following exactly the same procedure, we arrive at

even even )

20+ 1
@ _ 21 / dtdr £2) (5.1)
27
where the second-order Lagrangian is

L2 = a1 H2 + Hy [axHy + Aaza’ + (a4 4 Aas)Ha + Maga + (a7 + Aag)dp + agde’
+a1000" + a1 (Ay — A1)| + (b1 + Abo) HE + Hy [byHy + bacy + b0 + bsd )
+ 61H22 + /\CQO[2 + )\CgHQOt + )\C4d2 + (65 + )\CG)HQé(Z) + C7HQ5¢/ + CgHQ(S'(ﬁ
+ /\CgO[(S(b + )\Cloa5¢/ + CllH2(A6 - Al) + )\ClgaA() + 615&)2 + 625¢/2
+ (e3 + Xeq)dd? + esdp(Af — Ay) + egdd (A — Ay)
+d(Af — A1)? + A2 A2+ Nd3 AT
(5.2)
here a;, b;, ¢;, d; and e; are all functions of r only and their expressions are given in the
appendix A. In what follows, we will reduce this Lagrangian and rewrite it in terms of
three variables, representing the remaining three DOF of the theory. The variation of the
action with respect to Ag and A; gives

Aciaa + 2Ado Ag — O, [CLHHO +c11Ho + 65(5(}5 + 66(5¢/ + 2d1(A0/ — Al)} =0, (53)
2Ad3 Ay + O [CLHHO + c11Hs + e500 + 665¢/ + 2d1(A0/ — Al)} =0. (54)

Introducing the new variable!® defined as

Se(t, T‘) =anHy+c11Hs + 65(5(b + 665¢)/ + 2d1(A0/ - Al) , (55)

Bwhich will be associated to the scalar part perturbation of the electromagnetic field.
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we obtain )
1, Se
—72)\d2(se—/\01204), Al——Z)\d?’.

Let us notice from Lagrangian (5.2) that H; has no derivatives, so we can integrate out

Ao (5.6)

this non-propagating field by using its own equation of motion

H, = bgHQ + Abgcv + b5(5¢ + bﬁ&b/ . (5.7)

2Dy [
Notice that the coefficient b; is zero on-shell, so we have dropped this term in the previous
equation. At this point, the Lagrangian (5.2) only depends on the variables Hy, Ho, o, Se
and d¢. Variation of the action with respect to Hy gives us

&1 = 2a1Hy + agHY) + Aazd + (ag + Aas)Ha + Aaga+

. 5.8
(CL7 + )\ag)(sqb + a95¢/ + a105¢” + all(A6 — Al) =0. ( )

Taking the combination £ — a11/(2d1)Se(t,7), and using the identity 2a; — a2/2d; = 0,
we obtain a relation that sets a constraint for the other fields, but this is not an algebraic
constraint; however, in order to resolve this issue, we perform a field redefinition and use
a new variable!® S, defined by

1
H2 = — [Sg(t, ’I") — (1105@5, - )\&30&] . (5.9)
a2
Using this relation, the constraint becomes an algebraic equation for «, which can be
solved

a11Se

2 + (P'(r) + Mag)dd|  (5.10)

_ a3 / as 4 @1085 /
a= )\b4T(7‘) [Sg —I—)\a259 + (P(r) A o )5(;5 +

where T and P are given by

2 /¢ A ah T
T(T)_Afn/@(C ©Bery)
P(r) =VBC [A(%)l + \/Z¢/f27xl .

Replacing this definition into £, we can rewrite Hy in terms of the other variables and

(5.11)

their derivatives (this is a large expression, and at this point, it is unnecessary to write
it). Substituting this relations into (5.2) we obtain a Lagrangian that only depends on
variables Sy(t,r), Se(t,r) and d¢(t,r) given by

L = a18,” + B1S)” + 112 + 28, + BaS + 71252 + 360" + B36¢" + 13667+
018gSe + 025 Se + 0350 St + 0499 Se + 115306 + 1125400 + 113550 + 1490+

V15.0¢ 4 135,00 + 135.5¢" + 145:06 .
(5.12)

HMwhich will be associated to the scalar part perturbation of the gravitational field.
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The above Lagrangian can be rewritten in matrix form
LE., = KigkaXy — LigXix; + Digxixs + MijXix; (5.13)
where x = (S, Se, d¢)7 and (Kj, L;j, M;;) are symmetric matrices, while D;; is antisym-

metric.!> The no-ghost condition requires the matrix K to be positive definite; for this
purpose, we employ the Sylvester’s criterion, which gives

K11 >0, K11 K — Ky >0, det(K;j) > 0. (5.14)
We obtain that the first two conditions reduce to
AT? [A BC -
_ 4 _ el 1
Kn=50115 (APl ot o A fg,F> >0, (5.15)
A AP — f1
K11 Koy — K2 = — : 1
114222 12 BC< )\> f2F (5 6)

where we defined

B= [Aczf]
Pi(r) = l L

—- _ /
SACT? | 228 ] , and == (Cf1) . (5.17)

Imposing the conditions that we obtained in the odd-parity sector, namely f; > 0 and
fa,r > 0, we get that the last term in (5.15) is always positive, so the previous two relations
are reduced to a single constraint: APy — f; > 0. Finally, the third condition is given by

A TC NP A -2)f
det(Kz-ﬂ—\/;(Mqﬁ,) i @n - ) > 0, (5.18)

which is satisfied if and only if

2P1 — f1 > 0. (519)

Clearly, if eq. (5.19) is satisfied then conditions (5.15) and (5.16) are satisfied automatically,
given that ¢ > 2. We recover the no-ghost condition computed in [29] for a general scalar-
tensor theory.

Using the background equations, we find

02 /2
2P — fi = fl¢ (312% +2f1 fo.x) (5.20)
and assuming stability of odd-parity perturbations, viz. fi > 0, we obtain
3f1%+2f1fax > 0. (5.21)

5.2 Speed of propagation of scalar perturbations

We know that our model consists of five degrees of freedom, where two are related to gravity,
two others to the electromagnetic field and finally one degree of freedom is associated to
the scalar field. They are decomposed around a spherically symmetric spacetime as two
vector perturbations and three scalar perturbations. As we have seen, vector perturbations
propagate at the speed of light. To complete the analysis, we need to obtain the speed
propagation of the even perturbations. In that direction, let us consider that the solution

i(wt—kr)

is of the form!® y o e . Considering the small scale limit, the dispersion relation

5 All these matrices are given in a Mathematica file [18].
16We are calculating only the radial speed of propagation.
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obtained from (5.13) can be written as det (wQKZ-j — k2Lz~j) = 0. The propagation speed c,
in proper time can be derived by substituting w = vV ABc-k into the dispersion relation.
Solving for ¢2, we obtain the propagation of the three degrees of freedom:

,  Ci(3Bf* —2P3h1)

G==1, &= IR (5.22)
where )
M
P; =2% + N (5.23)
with

Y= X(fQ,X + 2Xf27xx) s M = —4XFf27F)(, and F = —2F(f27F + 2Ff27FF) . (5.24)

The propagating mode different than the speed of light is related to the scalar field sector.
Indeed, in the case where the vector field is absent, we have that Py = 23, and 623 reduces
to the propagation speed of the scalar field given in [29].

Using previous relations, we get!'”

foxx(fo,r + 2F fopp) = 2F foPx i
(for +2F farr)(3f1% + 2f1f2 x)

It is important to emphasize that these velocities are very weakly constrained by

Ay =1+4Xf (5.26)

gravitational waves. Certainly, between the merger of two compact objects and us, the
wave propagates mostly over a FLRW spacetime than a spherically symmetric background.
But, we should also consider that a model described by our action is just an effective low
energy description of some more fundamental theory. For that, we should impose standard
conditions such as Lorentz invariance, unitarity, analyticity. Even if not proved generically,
it was shown in various situations and around different backgrounds that these conditions
imply nonsuperluminal propagation (see e.g. [31-33]). Hereafter, we will not consider this
condition but the much more restrictive, possibly more interesting, condition 033 = 1, which
translates from eq. (5.26) into

2F (fo,xF)?
fop +2F fo pp

We conclude that any action given by the form below will propagate at the speed of light

foxx = (5.27)

five degrees of freedom

S = [dav=g[ AR+ £(6.F) + Xfs(0)] (5.25)

where (f1, f2, f3) are generic functions.

"Notice that if we consider a theory for which fo,r +2F fo, pr = 0, viz.
S = /d4m\/jg [F(¢>)R + K(¢, X) + G(¢, X)\/f] (5.25)

one of the degrees of freedom propagates at infinite speed, which could be similar to the Cuscuton [30], for
which this perturbation do not carry any microscopic information.
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5.3 Master equation

From Lagrangian (5.13), we obtain the equations of motion
1
LijXj + (Li; — Dij)Xj + (Mij + w*Kij — §D§j)Xj =0, (5.29)

where we have used X(t,7) — e~ “!y(r). Making a change of variable x;(r) — S;;(r)®;(r),
and changing to tortoise coordinate dr = v ABdr, we get

d;gq +w? (ABSq;}LI;;KmSnk)q)k + ABS, L  Bin Sy, = 0 (5.30)
where the matrix S is solution of'®
Sij + CixSkj =0, (5.31)
with
Cij = ;Li_kl[ ki~ Dij — ;(i + g)Lm} , (5.32)
and
Bij = Lik(CkmCmj — Cy;) — LixCrj + Di.Clj + My — %ng . (5.33)

We see from eq. (5.30) that not all degrees of freedom propagate at the speed of light. But
if we consider the condition (5.27), we have L;; = ABK;;, which implies

2P .o
-5+ W?d -~ Vo =0 (5.34)

where V is the matrix potential, which expression can be read off directly from (5.30)
V=-S'K'BS. (5.35)

Given the matrix S, the potential V can be easily derived and the stability studied. Un-
fortunately, in the generic case, we were not able to obtain the matrix S but we will see in
the following sections, various examples where these calculations can be performed easily.

Following the same procedure as in the vector perturbation sector, we define the op-

2 .
erator H;; = —51-1-(?7 + Vi;, and we obtain
*

(®,H®P) = /dr*éfﬂij@j

:/dr*[d@i ’

dry
where we have as usual performed an integration by parts and eliminated the boundary

+ Vi), (5.36)

term. Even if a generic stability condition can’t be obtained, we can discuss sufficient

18This differential equation will have some integration constants which can be left free as soon as S is
invertible.
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stability conditions. In fact, a sufficient but not necessary condition of the stability is
obtained if the potential is definite positive. On the contrary, if there is a trial function®®
@y, such that (®o, HPo) < 0, the spacetime is unstable [34].

In the case?® where fo,xF = 0, we found for large A

A far
C for +2F forr

Vag = A +0\Y). (5.37)

Considering @ = (0, ¢o(r),0)” with (¢, ¢o) < co (a normalizable trial function), we get

depo |?

P Py) = X
(0, Hty) = [ ar “d

Therefore we conclude that if

fo.r

A
— _ b0l | + ON0). 5.38
CfQ,F+2Ff2,FF| ol (AY) (5.38)

fo.r
fo.r +2F fo pr

<0, (5.39)

the integral is negative for sufficiently large A which implies the instability.

5.4 Second order Lagrangian for £ =0

Similarly to the vector perturbations, the generic analysis we have performed in the previ-
ous section is valid only for higher modes, £ > 2. For scalar perturbations, we will see that
for £ = 0, we have only one perturbation related to the scalar field, the breathing mode,
which is the spherically symmetric perturbation and for £ = 1 we will have 2 perturbations
related to the scalar field and the electromagnetic field. Using the relations derived in
section 3, we have, for £ = 0, without defining any gauge, hg; = h1; = 0 and only Ko
survives in the expression of h;;. We can choose the freedom on & to fix Koo = 0. We
still have the freedom on choosing §y. Using these relations, we obtain from eq. (5.2) using

=0 (X=0)

,C‘(j/)em —0 = ang + H() [agHé + CL4H2 + a75¢) + a95¢’ + a106¢/' + CL11(A6 — Al)}
+ H; [bsﬂz + b5 + b65‘¢/} + c1Ha + cs Hodp 4 crHod ¢ + cgHodp

+ e Ho(A — A1) + €168 + 260 + €367 + e56(Af — Ar)
+ 665¢/(A6 — Al) + dl(A6 — A1)2 .

(5.40)

Variation of the action with respect to Ag and A; gives us the relations 0;Sc(t,r) =
OrSe(t,r) =0, where S¢(t,7) is defined in (5.5); thus, Sc(t,r) = C} is constant.
Variation w.r.t. Hy, and using the previous relation gives

O | P(r)0¢ + asHz + aigd¢’ — %Ao =0, (5.41)

9Because the lowest eigenvalue wo of the spectrum of H gives V ®, wi < (&, H®)/(®, ®). Therefore if a
trial function ®g is such that (®o, HPo) < 0, we have w3 < 0, for a normalizable trial function.
2ONotice that this condition includes most, if not all models studied in the literature for generic Einstein-

Maxwell-dilaton theories.
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while variation w.r.t. H; gives

P(r)é H Yod
8t|: (’r) ¢+a2 2+a10 ¢:|:0 (542)
A
Therefore, we conclude that
/ Cl n
P(T)5¢ + asHy + a190¢’ = 7140(7‘) + Cy, (543)

where C9 is a new integration constant. This equation will be used to eliminate the
variable Hs.

We can use the freedom on &, to partially fix the gauge by considering H; = 0 which
would also gives us an additional freedom viz. Hy — Hp — f(t). Considering now the
variation w.r.t. to Hy and fixing this gauge, we obtain an expression for H{, which can be
integrated and the integration constant g(¢) eliminated by the remaining gauge freedom.
These expressions are not specially illuminating and therefore will not be written but we
will demonstrate the effect of this mode on a particular solution. Finally, the equation
w.r.t. to d¢ gives the equation

. /
— K0+ (Lod¢') + Mode+ No(r) =0 (5.44)
where we have defined
_C?(2P - fi)
O oVABCH?

From this equation, we can see that the no-ghost condition, Ky > 0, is the same as the

(5.45)

one for higher multipoles, i.e., equation (5.19). On the other hand, in the limit of large
wavenumber k, we get that the velocity of the propagation is

2 Lo _ C2f1 (3Bf{2 — 2P3 f1)
0" ABK, =202P — f1)

(5.46)

which also coincides with c72"3 given in eq. (5.22). Since only the scalar wave is excited
in the monopole perturbation, this result allows us to interpret 072“1 and C%Q as the propa-
gation speed of gravitational and vector perturbations, and c,%g as the propagation of the
scalar waves.

The eq. (5.44) admits a particular and homogeneous solution. The homogeneous so-
lution will describe the propagation of the spherical scalar wave in the fixed background
metric while the particular solution should modify the constants of the metric. For that,
let us consider the electric GM-GHS black hole (see section 6.4) with

fi=2, fo=4X +4e *F (5.47)
2M 2

A=B=1-==, C:r(r—g/j> (5.48)

. q 1 s

Ag= -1 = log|1— —— 4

0 r’ ¢ 2 0g< Mr> (5.49)
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Using the previous equations, we found that a particular solution of eq. (5.44) is a constant
which gives us (Hy, Hz) and therefore

(@ (@

hon = — hi1=— 5.50
00 r ) 11 7'(]. — QM/T)Q 3 ( )

where « is a constant, a = M(Cy1q — 4CoM)/(8M? — 2¢%). That gives us A = B =
1 —2M/r — a/r. Therefore, only the mass has been modified. Also we have

MCy + 4aq

Al — Ay =
0 ! SMr2

(5.51)

which shifts the electric charge Fo; — Fo1 — (M Cy +4aq)/8Mr?. In conclusion, we expect
that for any spacetime, the particular solution shifts the constants of the spacetime while
the homogeneous solution describes a scalar wave propagating in a fixed background.

5.5 Second order Lagrangian for { =1

Considering now the dipole perturbation, we see that for £ = 1 and therefore Y oc cos¥,

we have
hoo = (K(t,7) — G(t,7)) cosf, (5.52)
has = (K (t,r) — G(t,r)) cosfsin® 9, (5.53)
hys = 0. (5.54)

Therefore, the metric perturbation h;; depends on K and G only through the combination
K — G. We can use one function of the coordinate transformation, &2, to set K — G =0
(£3 = 0). We also use the transformation & to define (¢, r) = 0. Thus, we have a remaining
degree of freedom that we can use to set d¢(t,r) = 0. As we have seen, §¢ — 6¢ — B¢'R.
Using the transformation of coordinate & sets the scalar field to zero. In this case, the
gauge is totally fixed and therefore we can proceed as usual. The Lagrangian for the dipole
mode is obtained taking A =2 (/= 1) in (5.2)

r@

even, (=

1= ang + H(] |:0/2Hé + 20,30/ + (a4 =+ 2a5)H2 + 2agcx + au(A6 — Al)}

+ (bl + 2b2)H12 + H1 [bgHQ + 2b4d + b5(5(f)} + 01H22 + 202&2 + 263H205 + 204@2

+ 011H2(A6 — Al) + 2c190Ap + di (A6 — A1)2 + 2d2A(2) + ngA% . (5.55)
Performing similar calculations to those we did in the section of higher multipoles, after
taking ¢ = 0, we get a second-order Lagrangian similar to (5.12). Again, after redefining
the variables, we obtain that the Lagrangian takes the canonical form

2 .

L8 = KEXaxy — LLxind + DExixg + Mbix; - (5.56)

In this case, x is a two-component vector representing the two propagating degrees of
freedom, K', L' and M"' are 2 x 2 symmetric matrices and D' is antisymmetric. The
no-ghost conditions, positivity of the matrix K}j, are the same as in the higher multipole
case, i.e., equations (5.15) and (5.16), which are reduced to the stability condition (5.19)
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after taking A = 2. Also, from this Lagrangian, we obtain that the propagation speeds
along the radial direction are given by

2 _ Cfi BBSP —2P3 1)
T T BE20@P—f1)

=1, (5.57)

which again coincide with the propagation speed in the case of higher multipoles eq. (5.22).
We conclude that the degree of freedom associated to the scalar field travels at the same
speed, regardless of the multipole order.

6 Application to specific models

6.1 Reissner-Nordstrom BH

As a first example, let us consider the Reissner—Nordstrém BH, which is given by setting
fi =2 and fo = 4F. We have four DOF, two in each type of perturbations, traveling at
the speed of light. The metric functions are

A(r)=DB(r)=1-2M/r 4 ¢*/r*, C(r)=r2. (6.1)

Because fo r =4 > 0, we conclude that the vector perturbations are stable. For complete-
ness, let us write the perturbation potential for this sector

(r(r —2M) + ¢?) (r(\r — 6M) + 4¢?)

Vip = y , (6.2)
v = T 220 +T%2) e ), (6.3)
VHZQq(r(r—QM)—i—qQ) A3, (6.4)

o

which corresponds exactly to the potential derived?! originally in [3].

Considering the scalar perturbation sector, we need first to eliminate one row and one
column of our matrices because of the absence of the scalar field. Then, we need to solve
the eq. (5.31) which gives

r? r?

6Mr—4g®+(\—2)r? 6Mr—4g®+(\—2)r?
S = o S @ (6.5)
T + c3 . +cq

where (c1, 2, c3,cq4) are constants of integration, which should be chosen freely as soon as
c1cq4—cacg # 0in order for S to be invertible. Finally, the calculation of the scalar potential
is trivial and we found that our potential V is similar to the original potential?? derived

in [4] with a change of a constant basis matrix. Both matrices describe the same problem.
In fact, if we have

*v 92

g7tz VeSO, (6.6)

210ur perturbations (V, Ve) correspond respectively to (g, 7¢) of [3].
22Where our variables (Sy, S.) correspond respectively to (Q, H) of [4].
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we can always define a transformation ® = PW¥ and the similar potential W = PV P!
such that

*®  °P

o2 T o2

ot or?

~W® =0 (6.7)

if P is a constant matrix.
From the potential, the stability can be easily obtained because of the positivity of the
matrix.

6.2 Nonlinear electrodynamics

In this section, we generalize the previous section by considering nonlinear electrodynamics
(NED) black holes, given by the action

S:/#mﬁ45+cwﬂ, (6.8)

where £ is an arbitrary function of F' = —F},, F'*” /4. From the background equations, it
is easy to find that

STy 2 =0, (6.9)

which can be easily integrated to

AC

where « is a constant of integration. In the case where we would be interested only to the
background solution, we could always reparametrize our time coordinate such that o =1
but because the perturbations are time dependent we will keep that constant.

The vector perturbations are stable if the condition (4.20) is satisfied (fi(¢) =1/2 >
0), viz.

Lp>0. (6.11)

For completeness of the vector perturbations, the potential (4.12), (4.13), (4.14) is given by

A  ABC' /C" A
‘/11_()\_2)0—1_20(0_14)’ (6.12)
24 [P —2)
Vig = o\ oLy (6.13)
A 102\ ABLo /A B Lp" Ly
- = | — 4 =4 22— — = . 14
V2 0(A+ C£7F) AL p (A BT z,F) (6.14)

In [28], the perturbations for this model were studied in a gauge invariant formalism. We

find exactly the same potential when C(r) = 2.
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Focusing on the even-parity sector, since we have only two degrees of freedom, the
stability conditions reduce to (for simplicity of the expression, we have eliminated the
obvious positive factors)

K1 oc A=2+4Q°C7'LH >0,  det(K) < (A—=2)L >0, (6.15)

giving the same condition as the odd-parity sector, namely £ r > 0. Following with the
even-parity sector, we compute the matrix S (5.31)

CA'—AC'+200C" CA'=AC'+200C"
o c
S = _8/aQ, W ca _3VAQ m (6.16)
Ve caaa, 3 T Ve 2T o Ja ¢

where as in the previous case, the constants (c1, co, ¢3,¢4) can be freely defined as soon as
c1cq—cocs # 0. The expression of the potential in the generic case is long and not necessarily
instructive. It can be easily obtained from the eq. (5.35). It is anyway interesting to derive
the most used expression in the literature, namely A(r) = B(r) and C(r) = r? which
implies from eq. (6.10), & = 1/4. We will take without any restriction co = ¢5 = 0 and

cs = /2Q(\ —2)c;. We get

AMNAN=2) +rA(a+2) — 24\ — 2)] N 2A%2(\ —2)B

Vll = 7,2()\ +a) T,Q()\_i_ a)2 ) (6.17)
24/Q%(\ — 2) 2AB
Vi = — 2Ak — 4A 1
12 ="V = (/\+a)\/ﬁ< a+ 24k +)\—|—a)’ (6.18)
KA 4@2 ( —2A 4+ 4kA — T’A/) 8Q2AB 1/2 —1/2v/1’
g A —_— /
" ( 2 LrA+a)rt e Ora? cr el
(6.19)

where we have defined a(r) = rA’ — 24, B =\ -2 +4Q*/r?L r and k = —r A} /(2A}) =
L r/(L p+2FL pr). This potential is the same as in [28]. From which we can easily derive
the stability condition for a specific model or calculate the QNMs.

It is important to notice that the stability will depend only on the metric potential A
and its derivatives. In fact, using the equations of motion, we can eliminate the electric
potential Ay and the Lagrangian £, reducing the potential matrix to

A 2(\ — 2)(\ — 24) 2(A —2) (r2A” — 24+ \)
Vip= = |rA —A+2 A : 6.20
= [T T 2A (rA" — 24 + \)? (6:20)
A—4A—rA A — 24+ 24"
Vig = VA — \/2 C2A A | C T 04
2= * { Gy Wy Ut § Wy W O
4—4A+2rA" —r3 A"
A .
AR T AT AN 241 r2A”)} ’ (6.21)

S8A2+ A2+ 1°A") — A(4 44X+ 4r° A" + 1P A)

A
1/22_742[27«A’+7A—2—A—7«2A”+2

A—2A+41rA
24(2 =244+ r?A")(A =24+ r2A") A4 —4A 4 2rA' — AT
(A—2A+7rA")? 42 — 2A 4 r2 A2

N A —71AN 4+ 2r A — 3 A") 4 A(—4X + 4r A + 4r3 A" 4 r2 AT

2(2 — 24 + r2 A7) (6.22)
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From which we conclude that different theories (Lagrangians) having the same black
hole solution will have the same stability. In that direction, we found that considering
A =B =1-2M/r + ¢*/r%, the stability potential reduces to the Moncrief potential??
which implies the stability of the Reissner-Nordstrom metric independently of the nonlinear
electrodynamics theory considered.

6.2.1 Bardeen black hole

As an application, let us consider one of the first singularity free black hole proposed by
Bardeen [35]. This metric was shown to be an exact solution of Einstein equations with a
nonlinear magnetic monopole [36]. It is described by the metric

Aopo1_ M (6.23)

T (12 + ¢2)3/2 )

and C = r2. Because we have focused in this paper on electric source, we know from the FP
duality,?* that a solution can be generated by two different Lagrangians, one theory with
a magnetic field and the other with an electric field.?® It is easy to find that a Lagrangian
with electric field generating the Bardeen spacetime is

5
— r
2 2 2
_ 3Mgq (3r 2q°) (6.25)

£(71) - 2(7"2 +q2)7/2 )

where « is a constant. From which, we could obtain L(F') but because the expression
is numerical and not analytical, we will just mention that such Lagrangian exists.?® We
can see from the electric potential, that we will not recover the Coulomb potential at
large distances, which could also be seen from the metric that reduces to 1 — 2M/r +
3Mq?/r3 for large r. Therefore, even at large distances, the black hole is not similar to
Reissner-Nordstrom spacetime. But interestingly, long distance quantum corrections to the

1
230ur potential V can be written as V = PWP~! with W the Moncrief potential and P = (01 0),

therefore they are similar.

24The Lagrangian L(F) can also be written in terms of the field P = P, P*" /4 where P, = F., L r [37].
This is the so-called P framework. The equations in the P framework are equivalent to the equations in
the F framework by performing a transformation while the metric remains unchanged [38]. Therefore, the
FP duality connects theories with different Lagrangians but similar metric. A purely magnetic solution
in the P framework will correspond to a purely electric solution in the F framework or vice versa. This
transformation exists [28] if £ p(L r +2FL pr) # 0.

2Tt would be interesting to see if a magnetically charged BH follows the same stability condition as
the electrically charged BH. Indeed, we found previously that in the electrically charged case, the stability
condition is independent of the Lagrangian.

26Tt was shown in [38] that a Lagrangian having a Maxwell asymptotic “does not admit a static, spherically
symmetric solution with a regular center and a nonzero electric charge”, which seems to contradict our result.
In fact, the Lagrangian we found is a multivalued function, therefore we would need different Lagrangians
for different ranges of the radial coordinate r. But it is single-valued if we restrict our analysis to the
exterior region, which is the interesting area for our analysis. Of course, these models can’t be continued
until the singularity and therefore loose their interest as singular free models.
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Schwarzschild black hole goes like 1/ [39, 40] which is similar to the Bardeen solution if
we identify ¢% to 62h/45m

Looking now to the stability of this black hole, we found that odd-parity perturba-
tions are stable if fo p = 3M/ ar? is positive which implies the trivially satisfied condition
Ma > 0.

Considering finally the even parity sector, we have analysed the stability numerically
from the potential (6.20), (6.21), (6.22). For that, we redefined the variables r — rg,
M — Mg such that M remains the only free parameter. Considering the normalized mass
in the range 0 < M < 10 and for £ = 2,...,10, we found that the potential is definite
positive and therefore the black hole is stable in this range.

6.2.2 Hayward black hole

An other interesting singular free black hole is defined as [41]

) 2Mr?
r3 4+ 2MI2°

This black hole is known as the Hayward black hole. It reproduces the Schwarzschild
spacetime at large distances with corrections O(1/r*) which are not similar to loop quantum

A=B= (6.26)

contribution as noticed in the Bardeen solution. But similarly, the black hole is regular at
the origin and has a de Sitter core, A ~ 1 —r2/[%.

As in the previous case, the solution can be derived from various theories. We will
consider nonlinear electrodynamics. It is easy to find that a Lagrangian exists, numerically,
which gives this metric

i 6I2M2(r + MI2)
o) =~ o
12M212(r3 — MI?)
L) = = oy

(6.27)

(6.28)

where « is a constant.

Within this theory, we would like to know if the black hole is stable. The odd-parity
sector is trivially stable because fo p = (r3 +2M1%)3 /182 M?1*r" > 0

As for the Bardeen black hole, the even-parity perturbations will be studied numeri-
cally. Interestingly this spacetime is invariant under a scaling transformation [42]. There-
fore, we can renormalize our variables, r — Iv/Mr, M — M?3/2], which reduces the solution
to only one parameter. We have checked the stability for 0 < (M/1)%/3 <10and 2 <1 < 10.
We found that the potential is definite positive and therefore the black hole is stable in
this range.

6.2.3 Born-Infeld gravity

Considering open superstring theory, loop contributions lead to a Lagrangian of the Born-
Infeld type

L= %[\/Tg —/ldet (g + bFW|] , (6.29)
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where b is related to the tension of the D-brane [43]. In four dimensions, the determinant
can be expanded into [44]

P Y PR S i (6.30)
Rz 2 16 ’ ‘
where xF is the dual of the electromagnetic tensor, (xF),, = €0 F?°. Focusing from

now on an electric source and adding gravity, the action becomes

S = /d‘*m\/fg[R - ;<1 -1+ b;FWFW)] : (6.31)

The static spherically symmetric electrically charged black hole was obtained in [45]

oM 2,

2
A=B=1-22 4 2,2, = 6.32
r + 3b2r + ﬁ%g(r) ( )

C =r? (6.33)
- dr
Ao = _Q/ g'(r)

where g(r) = — [ y/r* + b2Q?dr which can be expressed in terms of hypergeometric func-
tions.

(6.34)

This solution has interesting features such as recovering the Reissner-Nordstrém solu-
tion at large distances, with highly suppressed corrections

2m  Q* Q' 1
A=B=1-"4% _ — .
r + r2  20r6 + O(rm) ’ (6.35)

where m = M + %7?3/2. Also notice that around the singularity, at » = 0, the metric
takes the form A ~ —2M /r but because M is not the ADM mass, it can take any sign
causing a time-like or space-like singularity according to the sign of m — F(i)QQ?’/ 2/6+/mb.
But contrary to [46], we conclude that the singularity is unavoidable, even if M = 0,
because the curvature scalar is R = 4Q/br? around the singularity.

It is trivial to see that odd-parity perturbations are stable because fi = 2 > 0 and
for = 4/ V1+02F/2 > 0. Turning now, to the even-parity perturbations, we have
checked for a large range of parameters and found that the eigenvalues of the matrix
V (6.20), (6.21), (6.22) are positive outside the horizon, from which we can conclude the
stability of this black hole.

6.3 Scalar-tensor theory

After studying spacetimes with the presence of an electric charge, we will consider another
particular case of our analysis for which only the scalar field is present, viz.

§= [dav=g]no)g + o, )] (6.36)
- / dzy/—g [F(¢)§” + K(9, X)] (6.37)
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where we have redefined the functions of the Lagrangian in a more standard notations of a
K-field non-minimally coupled to gravity also known as K-inflation [47] or K-essence [48].

Since Nordstrom and his attempt to write a scalar theory of gravity [49], scalar fields
remained a very dynamical field of research from phenomenological models to more ad-
vanced and motivated theories. It has been motivated as early as Kaluza and Klein where
a scalar field appears in the compactification of a fifth dimension. Similarly, string theory
behaves in the low-energy limit as general relativity coupled to a scalar field, the dila-
ton, and a totally antisymmetric field strength H,,, [50]. Also, we should mention that
the dynamics of the tachyon field near the minimum of its potential is given by [51, 52]
K(¢,X)=—F(¢)/1+ (9,¢)?, or the attempts to describe dark energy by the ghost con-
densation scenario [53] or inflation [54]. It would be impossible to list all the different
models with a scalar field, but we should mention that these models since Brans and Dicke
have been largely used as a model testing of general relativity [55].

As in the previous cases, the odd-parity sector is trivial. Indeed, we only need to
satisfy the condition F'(¢) > 0 outside the black hole. For example, any theory expressed
in the string frame [56] where F(¢) = e~® would be trivially stable under odd-parity
perturbations.

A generic sufficient condition for the stability of even-parity perturbations has not been
found in closed form but we will work out particular examples. This analysis can be easily
generalized to any BH within this class of theories with the MATHEMATICA® notebook file
provided in [18].

Among all these theories, it was shown that Horndeski theories and Lovelock are weakly
hyperbolic but might fail to be strongly hyperbolic [13-15]. The only sub-class which is
strongly hyperbolic are the K-field models defined in eq. (6.37). Unfortunately for most of
these models, a non trivial black hole seems to be impossible. For example, it was shown
that if the model is shift symmetric, viz. f; = 1 and fo = f2(X), the only solution is
Schwarzschild [57]. For that, it was assumed that the area of constant r-spheres should
neither be infinite nor zero at the horizon. Violating this condition, the so-called cold black
holes (with zero surface gravity) can be constructed [58]. For that, we need to violate the
null energy condition by considering f; = 1 and fo = —X. We see that the scalar field has
the “wrong” sign for the kinetic term. The solution is

Dy
o(r) = _@ ln(l _ %> ’ (6.39)

r

with

where m is the ADM mass and k is related to the scalar charge. Indeed, we have at infinity
§ o V2222

Even if very interesting, this black hole violates the no-ghost condition (5.14). In fact,
it is easy to show that det(K) < 0. Maybe a stable black hole could be constructed in that
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direction by considering a non-linear kinetic term. We should here mention that various
papers on wormholes consider a ghost-like scalar field. While performing a stability analysis
at the equation level and not the action level, we could reach the erroneous conclusion of
a normal behaviour of that solution. But because the Hamiltonian is unbounded from
below, any coupling to matter such as a detector or any nonlinear regime of the theory
would couple to the negative energy modes and render the theory unstable. These theories
are pathological.

Another way to escape the no-go theorem previously mentioned is to brake the shift
invariance and assume a potential. We know that important no-hair theorems restrict the
existence of non-trivial black holes, see e.g. [59-62]. Omne particular solution is given by
a scalar field non-minimally coupled to the scalar curvature, the so-called BBMB black
hole [63-65]. The action is given by fi(¢) = 3 — %2 and fo(¢, X) = X while the line
element is given by

M\? dr?
ds? = _(1 _ ) A2+ — " +42d0? (6.40)
T 1_ M

and ¢(r) = v/3M/(r — M), where M is the ADM mass. The horizon is located at r = M
where the scalar field diverges but with a regular geometry of the horizon. It is also a
cold black hole which connects smoothly to the Minkowsky space M = 0 but never to the
Schwarzschild spacetime. In fact, the black hole has the same causal structure than the
extremal Reissner-Nordstrom black hole. We conclude easily that the black hole is unstable
because it violated the condition f1(¢) > 0 in the region M < r < 2M, which is consistent
with the radial perturbations performed in [66].

6.4 BH in Einstein-Maxwell-dilaton theory

Finally, we consider the presence of all fields, namely the metric, the scalar and vector field.
In this context, an interesting solution was derived in Einstein-Maxwell-dilaton (EMd)
theory described by the Lagrangian [16, 17]

S — / d*e /=g (R~ 20,00"6 — > F ) | (6.41)

where a is the dilaton coupling constant. The model appears as a low energy limit of
heterotic string theory for a = 1 and as the dimensionally reduced five dimensional vacuum
Einstein action in the Einstein frame, for a = v/3. The static and spherically symmetric

black hole solution in the case where the Maxwell field is electric is given by
2

A:B:(l—”)<1—“>l+22, (6.42)

r T

TraZ
O 2 (1 _ 7’) et (6.43)

Ag= Y= (6.44)

6= La log (1 - Tr‘) . (6.45)
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Here r4 is the position of the event horizon and r_ corresponds to a curvature singularity
Ryype RMP? o< (1 — 7'_)_2(1+3“2)(1+“2) except for a = 0 where the solution reduces to
Reissner-Nordstrém metric. The two parameters (ry,7_) are related to the ADM mass M
and the electric charge @ by [67]

1+ a? 5 2

ri_m(Mi\/M —(1-a2)Q?). (6.46)

Given the background solution, we can perform the analysis of perturbation theory. As a
first step, we focus on odd-parity perturbations. The no-ghost conditions (4.20) are trivially
satisfied since f1(¢) =2 > 0 and fo r(¢, X, F) = 4e72%% > 0. We conclude that the odd-
parity perturbations are stable. From egs. (4.12)—(4.14), we get that the components of

the potential associated with this type of perturbations are

T 1 (a2 =3)r_
Vn—VQQ-i-? ( 1—|—a)2 —37"+] ; (6.47)
27 [(N—=2)r_r
Vlz:T ( a2—)|—1+’ (6.48)
_ 42 _ 4
Voo = T a4 r i a*(2r+r 3r+)+2a2+ar++ﬁ 7 (6.49)
(a2 +1)"r T r r
where we have defined 2/(a41)
A(r) r_ a”+

It can be checked that the potential matrix has constant eigenvalues; therefore, we
can diagonalize this matrix to decouple the system of wave-like equations. After this
diagonalization, the potentials are

ViEMd _ I Py 3;14(T - T+)T% (4 — 3(12) T_T4 n (5@2 — 3) r— 3ry
r r(a?+1)2(r—r_) (a® 4+ 1)r 2(a®+1) 2
2 (6.51)
1 ,  (@®2=3)"r%2  2(T+3a%—8\)r_ry
* 2 Iy + 2 2 211 .
(a®+1) a* +

As a specific case, setting a = 1, we recover the potential computed in [68].
Now, we turn to the problem of even-parity perturbations. The no-ghost condi-
tion (5.19) is trivially satisfied
272
2P, — fi=————=>0. 6.52
Therefore, even-parity perturbations are well defined. It can also be check that all per-
turbations propagate at the speed of light. In order to study completely the stability of
these modes, we need to compute the matrix S (5.31) in order to obtain the potential
associated to these perturbations. Unfortunately, in these type of models, the integration
of eq. (5.31) is not easy?” and therefore we will rely to a numerical analysis. For that,

2"The matrices obtained are extremely large and therefore not very useful.
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Figure 1. Fundamental mode (lowest QNMSs) for the EMd black hole as a function of the charge
@ in units M = 1 and for ¢ = 2. In pink, we have the modes associated to the gravitational
sector, which reduce to the Regge-Wheeler and Zerilli potentials. In blue, the QNM associated
to the electromagnetic sector and finally in blue the mode associated to the scalar field. These
perturbations are compared to the Reissner-Nordstrom black hole in dotted line. The QNM have

been calculated with a step size of 0.0025 for the charge.

we integrate numerically eq. (5.31) assuming any initial conditions as soon as det(.S) # 0.
From which we can easily obtain the potential (5.35). We found that the eigenvectors
of the matrix (5.35) —S™!K~!BS are constants and therefore the system has the same
eigenvalues than the matrix —K~1B. As a consequence, we do not need to calculate the
matrix S, but only the eigenvalues of the matrix —K~!B. Each eigenvalues will be the
effective potential of one of the three type of perturbations. From these effective potentials,
we have calculated the QNMs using the sixth order WKB method [69-72]. We see in the
figure 1, the real and imaginary part of the QNMs associated to this black hole compared
to the Reissner-Nordstréom solution. We see that contrary to the latter, the electric charge
breaks the isospectrality.?® From the numerical results, we found that Im(w) < 0, for a
large number of ¢, and therefore we conclude that the black hole is linearly stable. As an
example, we have represented, in figures 1, 2, the real and imaginary parts of the QNM for
a =1 and a = 0.5 respectively. These results coincide with [68] for a = 1 and with [73, 74]

in the case a = 0.5

7 Conclusions and discussion

We have studied the stability of static spherically symmetric black holes in generalized
Einstein-Maxwell-scalar theories with an electrically charged Maxwell field. We have ob-
tained the master equations in the odd and even parity sectors. We found that the ghost

28Same spectrum of quasinormal modes for even and odd perturbations.
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Figure 2. Fundamental mode (lowest QNMs), for £ = 2 and a = 0.5, as a function of the charge
@, in units M = 1. In pink, we have the modes associated to the gravitational sector, which reduce
to the Regge-Wheeler and Zerilli potentials. In blue, the QNM associated to the electromagnetic
sector and finally in blue the mode associated to the scalar field. These perturbations are compared
to the Reissner-Nordstrom black hole in dotted line. The QNM have been calculated with a step
size of 0.0025 for the charge.

free conditions reduce to

fi>0, fo.r >0, 3f1?¢ + 2f1f27X >0. (7.1)

We found that four degrees of freedom propagate at the speed of light, while a degree of
freedom associated to the scalar field could propagate faster or slower than the speed of
light, its expression is given in eq. (5.26), from which we obtained the subclass of generalized
Einstein-Maxwell-scalar theories where all degrees of freedom propagate at the speed of
light eq. (5.28). Imposing the ghost free conditions, we found that odd-parity perturbations
are always stable and we obtained explicitly the effective potential matrix. Considering
the even-parity sector, we derived the master equation and the procedure to calculate
the effective potential matrix for a given model. We also found that assuming ghost free
conditions, the perturbations are unstable if fo r+2F f2,pr < 0 for models with fg’ xr =0.
Finally, we have applied this formalism for a large number of BH for which we could easily
obtain the stability conditions and calculate the QNMs.

We could recover all previously derived results in the literature which guarantees the
correctness of our calculations. As an application, the paper can be used to study the
QNMs of gravitational waves, electromagnetic radiation and scalar radiation. The presence
of these three fields appears naturally in higher dimensional theories of gravity such as
supergravity or string theory. Interestingly, we didn’t find any stable hairy black hole in
scalar tensor theories.

In order to facilitate future analysis of black hole stability in generalized Einstein-
Maxwell-dilaton gravity, all the perturbed equations are listed in a MATHEMATICA® note-

book available online [18].
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A Even-parity coefficients

The coefficients which appear in the second-order Lagrangian (5.2) are

Cc /A
ay = —Z E(‘F"’(‘:A)
1 ABE

ag = ——

a3 = VABf

as a’2+C\/Z(]-'+M — EB)
= —\/7f1

ag—a3+(20 2A)a3

0 = | A%a
T B 0¢

_‘/éé
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B Energy conditions

Considering the generalized Einstein-Maxwell-dilaton action (2.1), we obtain the GR-like
equation G, = T}, with

flT;w = f29;w - g,ul/[lfl + v;u/fl + ¢,u¢,uf2,X + FMOch/an,F . (B'l)

Because the energy momentum tensor is diagonal we can interpret these components as
the energy density and the three principal pressures in that frame in which the energy-
momentum tensor is diagonal. We have

"= —p, T,\' =P, T, =T3° = P, (B.2)

where p is the energy density, P, is the radial pressure and F; is the tangential pressure.

The energy conditions can be geometric if related directly to the curvature tensor and
physical if related to the fluid energy-momentum tensor. In our case, because we will
assume that the additional fields can be interpreted as an additional fluid, the equation
is reduced to a GR type equation and therefore the geometric and the physical energy
conditions are equivalent and described by the following relations

Null energy condition (NEC):
p+P. >0, p+P>0 (B.3)
Weak energy condition (WEC):
p>0, p+ P >0, p+P >0 (B.4)
Strong energy condition (SEC):
p+ P +2P>0, p+P >0, p+P>0 (B.5)
Dominant energy condition (DEC):
p=0, |Pl<p, |Rl<p (B.6)

which can be easily written for generalized Einstein-Maxwell-dilaton knowing that

fip=—fo+ 2F fop + */CE (VBer) . (B.7)
2/
f1Pr=f2—2Ff2,F—2Xf2,X—B2(jg2)f{a (B.8)

f1Pt=f2—\/A'%(VABCf{)/. (B.9)

In the simplest case of a minimal coupling, i.e. fi; constant and positive. We have

Null energy condition (NEC):

fax >0, far 20 (B.10)
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Weak energy condition (WEC):

2Ff2,F—f2 > 0> fQ,X > 07 f2,F >0 (Bll)

Strong energy condition (SEC):

fo=Xfox >0, fax >0, fo,r >0 (B.12)

Dominant energy condition (DEC):

2Ffor —f22>20, |fo—=2Ffor —2Xfox|<2Ffor—fo, |fo| <2Ffor — fo (B.13)
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