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The recent detection of GRB 170817A and GW 170817 constrains the speed of gravity waves cy to be
that of light, which severely restricts the landscape of modified gravity theories that impact the
cosmological evolution of the Universe. In this work, we investigate the presence of black hole hair in
the remaining viable cosmological theories of modified gravity that respect the constraint c; = 1. We focus
mainly on scalar-tensor theories of gravity, analyzing static, asymptotically flat black holes in Horndeski,
Beyond Horndeski, Einstein-scalar-Gauss-Bonnet, and Chern-Simons theories. We find that in all of the
cases considered here, theories that are cosmologically relevant and respect ¢z = 1 do not allow for hair, or
have negligible hair. We further comment on vector-tensor theories including Einstein-Yang-Mills,
Einstein-Aether, and generalized Proca theories, as well as bimetric theories.
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I. INTRODUCTION

General relativity (GR) is widely accepted to be the
correct description of gravity at Solar System scales. In this
regime, not only do its predictions show remarkable
agreement with astrophysical data, but precise measure-
ments of phenomena such as light deflection around the
Sun, perihelion shift of Mercury, and others, rule out many
modifications to GR. Nonetheless, GR exhibits weaknesses
both at very high and very low energy regimes.

At high energies, unavoidable singularities arise during
gravitational collapses and the so-called renormalization
problem limits the analysis of quantum states. Atlow energies,
in particular, on cosmological scales, GR relies on the
presence of an unknown component in order to explain the
observed accelerated expansion of the Universe. The previous
limitations suggest that GR may need modifications for both
extreme energy regimes. Furthermore, modifications in the
two regimes may be related as high energy corrections to GR
might leak down to cosmological scales, showing up as low
energy corrections. In this paper we explore possible con-
nections between these two regimes. In particular, we will
show how recent local constraints on the speed of gravity
waves limit their solution for compact objects.

In the past decades a large variety of gravity theories have
been proposed [1]. They have been extensively studied and
constrained with cosmological data from cosmic microwave
background (CMB) and large scale structure. However,
recently strong constraints have been imposed with the

foliver. tattersall @physics.ox.ac.uk
_l_p.ferreiral @physics.ox.ac.uk
“mlagos @kicp.uchicago.edu

2470-0010/2018,/97(8)/084005(15)

084005-1

detection of gravitational waves emission GW170817 from
aneutron star binary merger by LIGO and VIRGO [2], and its
optical counterpart (the gamma ray burst GRB 170817A)
[3—6]. The delay of the optical signal was of 1.7 seconds,
which places a stringent constraint on the propagation
speed of gravity waves cy. Indeed, it was found that
|2 — 1] < 1 x 1071 (with unity speed of light). As a result,
a large class of modified gravity theories was highly
disfavored as argued in [7-12].

On the other hand, there have also been efforts to test
gravity theories from observations of black holes [13-15].
GR predicts that black holes are solely characterized by a
few “charges”—their mass m, angular momentum a and
electric charge Q—through what is known as the no-hair
theorem. In extensions to GR additional degrees of freedom
(d.o.f.) are usually introduced, which may add a new kind
of charge to the spacetime solution. In this case, the metric
carries additional information besides the mass, angular
momentum and electric charge, and we say we are in the
presence of a hairy black hole. These extra d.o.f. will be
carriers of fifth forces which may be detected from star
orbits around the black holes [16—18] or from the overall
structure of accreting gas near the event horizon [19-21].
These two examples correspond to nondynamical tests
which probe the stationary spacetime of a black hole. We
note however that, even in the case where theories can
avoid hair and have the same stationary black hole
solutions as GR, new signatures may arise in dynamical
situations; for example, when black holes are formed in a
binary merger, the ringdown signal may carry a new set of
modes that can be traced back to the new d.o.f. [22-24]. In
general, dynamical tests allow us to distinguish models that
have the same stationary spacetime.
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In this paper we consider gravity models that have
cr =1 on a cosmological background—where the extra
d.o.f. can play a significant role on cosmological scales—
and, as a first approach, expose the relation between the
presence of hairy static black hole solutions and the speed
of gravity waves. Before we proceed, it is important to
clarify what type of “hair” we will be considering here. We
will consider hair to be any modification to GR that can be
measured with nondynamical tests. In particular, hair will
be a permanent charge in a static, spherically symmetric,
and asymptotically flat spacetime. When the metric profile
is characterized by a new global charge (different to mass,
spin or electric charge) we will say we have “primary” hair,
and if the profile has modifications that depend on the same
charges as in GR, we say we have “secondary” hair [25,26].
This distinction is important to understand the number of
independent parameters that fully determine the black hole
solution, but both have physical consequences as they
induce a geometry different to GR.

We mention that in some cases it may be possible to
construct “stealth” black holes, where the geometry of
spacetime is unchanged from the corresponding GR solution
(i.e. no new charge), but the black hole is dressed with a
nontrivial additional field profile. For example, some stealth
black hole solutions in scalar-tensor and vector-tensor
theories can be found in [27,28]. In this situation, non-
dynamical tests will not be able to distinguish these models
from GR and, therefore, for the purpose of this paper, these
examples will not be considered as hairy solutions.

With a clear definition of hair, we explore static,
asymptotically flat black hole solutions on different modi-
fied gravity theories that are cosmologically relevant. We
find that all scalar-tensor theories considered here have no
hair at all or hair with negligible effects (although excep-
tions can be found in theories with no cosmological
effects). Other models such as vector-tensor or bimetric
theories more easily lead to hairy black holes regardless of
their cosmological solution. We find examples with pri-
mary and secondary hair. Our study allows us to identify
the theories which may lead to observable signatures on
both cosmological and astrophysical scales, and can be
used to build a roadmap for a coordinated study with
future large scale structure surveys and gravitational wave
observations.

No-hair theorems for GR and modified gravity (e.g. [29])
have been constructed under quite strict conditions, e.g. the
spacetime must be asymptotically flat and hair must be
permanent. It is straightforward to break these conditions in
areasonable way [14] and thus obtain hairy solutions, even
in GR. For instance, changing the boundary conditions may
lead to the Schwarzschild—de-Sitter solution which has a
metric such that gy = 1 —2m/r + Ar’/3, ie. an extra
term proportional to A which might be considered hair.
Alternatively, in scalar-tensor theories, a time-dependent
boundary condition for the scalar field can anchor hair on

the surface of the black hole [30]. In the same way, more
complex extra fields can be arranged to form hair. A notable
example arises with a complex scalar field [25] or with
coupled dilaton-Maxwell systems [31]. More recently, it
has been shown that it is possible to construct solutions in
which massive scalar fields hover around black holes for an
extended period of time [32] leading to long-lived but not
permanent hair. Given that we live in a cosmological
spacetime with an abundance of fields, all of these examples
show that hair can be easily present in black holes under
reasonable assumptions.

Nevertheless, all the mechanisms that have been pro-
posed so far lead to very mild hair which, arguably, may be
unobservable. For example, “de Sitter” hair is remarkably
weak compared to the usual Newtonian potential and any
cosmological boundary condition that might lead to scalar
hair will be highly suppressed. So if one can show that a
theory must satisfy the no-hair theorem, it is extremely
likely that any attempts at breaking it solely through
changing the boundary condition will lead to effects which
are too weak to be detected as a fifth force (although they
might emerge in a stronger gravitational regime, like a
black hole merger). This means that no-hair theorems are a
useful guide to undertake a rough census of where to look
in the panorama of gravitational theories.

This paper is organized as follows. In Sec. II we discuss
the speed of gravitational waves in the context of modified
gravity. In Sec. III we focus on scalar-tensor theories with
cr = 1 and discuss the presence of hairy static black hole
solutions. In Sec. IV we discuss mainly vector-tensor
theories as well as other gravitational models with
cr = 1 that do evidence hair, such as bimetric theories.
Finally, in Sec. V we summarize our results and discuss
their consequences.

Throughout this paper we will use natural units in
which Gy =c = 1.

II. THE SPEED OF GRAVITATIONAL WAVES

GR is a single metric theory for a massless spin-2
particle, and hence it propagates 2 physical d.o.f. corre-
sponding to two polarizations. On any given background
spacetime, GR predicts that both polarizations propagate
locally along null geodesics, and thus gravitational waves
travel at the same speed as that of electromagnetic waves.
This feature is particular of GR where Lorentz invariance is
locally recovered, and hence all massless waves are
expected to propagate at the same speed. However, such
a feature can easily change in a theory of gravity where
additional d.o.f. are coupled to the metric in a nontrivial
way. These additional fields can take special configurations
in different backgrounds, and define a preferred direction
that will spontaneously break local Lorentz invariance. In
this case, there will be an effective medium for propagation
of gravity waves, and their speed will change. Furthermore,
depending on the configurations of the additional d.o.f., the
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speed of gravity waves could be anisotropic and even
polarization dependent [33].

The speed of gravity waves can be used to discriminate
and test various modified gravity theories. This has been a
topic of special interest in cosmology where a number of
models have been proposed. In this case, the metric
background is given by

G = —di* + a(1)*dx?, (1)

where a(t) is the scale factor describing the expansion of
the Universe. Gravitational waves are described by small
perturbations of the metric and thus we can write the total
metric as

G = g;w + huw (2)

where £, describes the amplitude of the waves and carries
the information of all the metric polarizations. In this
background, additional gravitational fields such as scalars
or vectors will generically have a time-dependent solution
which, even in a local frame, will define a preferred
direction of time. It has been shown that for single-metric
gravity models propagating a massless spin-2 particle, the
action for gravity waves can generically be written as

5= [ @2l - O

where we have expanded A, in two polarization compo-
nents hy with A = +, x.! Here, M, is an effective Planck
mass and c7 is the propagation speed of gravity waves.
Both of these quantities may in general depend on time, and
thus in this case the speed will always be isotropic and
polarization independent. It is usual that ¢, depends on the
background solution of the additional gravitational d.o.f.

Let us consider one particular example of a shift-
symmetric quartic Horndeski gravity theory [34,35]
given by

S = % / d*x\/=g|G(X)R
+Gx(X)((Og)* =V, V,0Vivig)l,  (4)

where ¢ is an additional gravitational scalar field, and G is
an arbitrary function of the kinetic term X = =1V, ¢V#¢

and G y its derivative with respect to X. On a cosmological

background, we find c% =1/(1- 2xg X). One can see that,

Taylor expanding, G~ G, + XG yx, if XG x < G then,

'Bimetric gravity theories will propagate additional tensor
modes that will generically be coupled to &, and hence the action
for gravity waves will be different to that in Eq. (3). Nevertheless,
a similar analysis can be done to find ¢ (or some dispersion
relation) in Friedmann-Robertson-Walker (FRW).

cr ~ 1. This can occur if XGy is small but also if G is
large, i.e., if the contribution of the scalar field to the overall
cosmological dynamics is negligible. In this paper we will
consider the case when the contribution to the background
dynamics is not negligible, i.e. the extra d.o.f. has a relevant
impact on cosmological scales.

There are, of course, cases in which the additional d.o.f.
do not affect the propagation speed of gravity waves. A
particular, well-studied, example is Jordan-Brans-Dicke
theory [36,37] given by
@

(

s—1 / d“x\/—_g[d’R—E Vvl )

where w is an arbitrary constant. In this case ¢y = 1.

III. SCALAR-TENSOR THEORIES

Scalar-tensor theories have been extensively studied in
both the strong gravity and cosmological regime. Much
effort in recent years has been put into researching general
theories of a scalar field nonminimally coupled with a
metric; from Horndeski gravity [38], to Beyond Horndeski
[39,40], and degenerate higher order scalar tensor
(DHOST) theories [41]. Furthermore scalar-tensor theories
are ubiquitous in that they appear as some limit of other
theories of gravity, such as the decoupling limit of massive
gravity [42]. The well-posedness and hyperbolicity of
scalar-tensor theories has been studied in [43,44].

We will focus on Horndeski and Beyond Horndeski
theories in this section (as well as Chern-Simons [45] and
Einstein-scalar-Gauss-Bonnet gravity [46]) and show the
solutions of static black holes when ¢y = 1. In this paper, we
will ignore DHOST theories due to the relative infancy of
research into their black hole solutions. Cosmological
consequences of the detection of GW/GRB170817 to
DHOST theories has, however, been investigated in [47,48].

A. Horndeski

The most general action for scalar-tensor gravity with
second order-derivative equations of motion is given by the
Horndeski action [34]

5
s= [ @5 L, (©)
n=2
where the Horndeski Lagrangians are given by
Ly = Gy(¢.X) (7)
Ly = -G5(¢. X)Ug (8)

Ly =Gy(¢. X)R+Gyx(¢.X)((O9)* - 9" ¢b,,) (9)
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Ls = Gs(. X) G ~ £ G x(6. X) ()’
- 3¢ﬂy¢;w + 2¢;w¢lw¢lz;)i (10)

where ¢ is the scalar field with kinetic term X = —¢,¢* /2,
¢, =V, ¢ =V, V,0, and G,, = R,, — Ry, is the
Einstein tensor. The G; denote arbitrary functions of ¢ and
X, with derivatives G, x with respect to X.

For theories where the scalar field plays some role
on the cosmological scales, the constraint c; = 1 imposes
G,x =0 and Gs has to be constant (in which case Ls
vanishes through Bianchi identity). Therefore, the resulting
constrained Horndeski action is given by

5= [ /=G DR+ ol X) - Gs(@.X)04). (1)

In this case, we expect the cosmological energy density
fraction of the scalar field to be Q, ~ O(1) due to our
considering only cosmologically relevant theories, where
€, is given for the above action by [49]

. _ =62+ 2X(Gax = Gsy) + 6¢Hy(XGix = Guy)
¢ 6G,H>

(12)

where H| is the value of the Hubble parameter today, G; ;4
denote derivatives of the functions G; with respect to ¢, and
overdots denote derivatives with respect to time.

We now proceed to analyze the black hole solutions
arising from the action in Eq. (11). Even though there is no
no-hair theorem for generic G; functions, there are a
number of theorems for restricted cases. We mention three
distinct families of models.

First, through a conformal transformation, the action in
Eq. (11) can be reexpressed in the form of GR plus a
minimally coupled scalar field (with modified G, and G;
[50]). The Lagrangian would then resemble a kinetic
gravity braiding model [51]. For G, = w(¢)X, G; =0,
the reduced Horndeski action can be seen to be in the form
of generalized Brans-Dicke theories [52], for which a
no-hair theorem exists [29]. Second, a no-hair theorem
for K-essence (i.e. Gz =0, G4, =1) is given in [53],
provided that G,y and ¢G, 4 are of opposite and definite
signs. Third, we mention that for shift-symmetric theories,
which are invariant under ¢ — ¢ + constant and hence
Giy =0 in Eq. (11), the action takes the form of a
minimally coupled scalar field with potentially unusual
kinetic terms arising from G,(X) and G3(X). For such
shift-symmetric theories, no-hair theorems exist for static
black holes [29,54]. The outline of these no-hair theorems
for shift-symmetric theories is given by: (i) spacetime is
spherically symmetric and static, and the scalar field shares
the same symmetries; (ii) spacetime is asymptotically flat,

T 0 when r — o0, and the norm of the Noether current
associated to the shift symmetry is regular on the horizon;
(iii) there is a canonical kinetic term X in the action and the
G, x functions contain only positive or zero powers of X.

We note that this no-hair theorem is valid for all shift-
symmetric Horndeski actions that satisfy the above con-
ditions, even those that do not satisfy the constraint ¢c; = 1.
Focusing on a spherically symmetric and static spacetime,
we can still have hairy black hole solutions by breaking
assumptions (ii) or (iii) of this no-hair theorem. It is indeed
expected that realistic situations of dark-energy models will
break assumption (ii) as the scalar field is responsible for
the late-time accelerated expansion of the Universe or,
more generally, the scalar field can lead to large-scale
effects and thus % does not necessarily vanish when
r — oo. Examples like this can easily be realized by adding
a time-dependent boundary condition to the scalar field
[30] associated to the cosmological expansion. However,
such a scalar hair would be highly suppressed and
negligible in the vicinity of a black hole.

We explore further cases that violate assumption (iii). A
number of Lagrangians that break this assumption are
discussed in [27] but we will focus on the only two
examples which still obey the constraint ¢y =1 for
Horndeski gravity. In addition, we will discuss a class of
theories that even though they explicitly depend on ¢, are
related to shift-symmetric theories via conformal trans-
formations and therefore they also satisfy the no-hair
theorem previously mentioned.

d¢
d

1. Quadratic term

The first potentially hair-inducing term posited in [27] is
the addition of a square-root quadratic term to the canonical
kinetic term, G,(X) = X + 28vV-X, G, = 1 M3}, where
is an arbitrary constant. As we can see, in this case G, x
does contain negative powers of X and thus hairy black
holes may appear.

First, we require the scalar field to be cosmologically
relevant, and thus

-X
Now, assuming a spherically symmetric and static ansatz
for the metric and scalar field,

1

ds> = —h(r)dt* +f(r)

dr +2dQ2, ¢ =¢(r) (14)

and requiring that the radial component of the Noether

current J" = \/%_g% = 0 [to ensure a regular current on

the horizon, as required in assumption (ii) above] we find
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x =310 (%) = (15)

We can then solve the field equations (provided in [27]) for
the metric function f(r) to find

Thus, we find a stealth Schwarzschild-AdS black hole of
mass m with an effective negative cosmological constant
Aoy = —f*/M?3 (assuming real 8 and hence > > 0). If we
required asymptotic flatness then this model would have
the same solution as GR, and there would be no hair.
Relaxing that assumption, we note that cosmologically
relevant scalar fields satisfy Eq. (13) and we then expect
Ay ~ H}. Therefore, hair would be negligible near the
black hole.

2. Cubic term

A second possibility analyzed in [27] is the introduc-
tion of a logarithmic cubic term with G, =X, G; =
aMplog(—X), G4 = M3%/2, where a is an arbitrary dimen-
sionless constant. Again, we see that in this example, G5
has negative powers of X. If the scalar field is to have
cosmological relevance, we need

X+ 6¢pHoaMp

Q= o(1). 17

Again, using the ansatz given by Eq. (14) we find the
following expression for d¢p/dr by requiring J" = O:

dg 1 dh(r) 4
E_—aMp<W - +;). (18)

To proceed we assume that 4(r) = f(r). Making use of the
field equations calculated in [28] (translating from a vector-
tensor theory to a shift-symmetric scalar-tensor theory such
that A, — 0,¢, i.e. Ag =Xy, =0, Ay = d¢/dr), we find
the following hairy solution:

2 2 -1
ds2:—<1——m+ Cl)dt2—|-<1——m+ C) dr
r 2 r

1
r4+a2 r4+a2

r2

1 +4a?

+ dQ?, (19)

where we have rescaled r and ¢ by constant prefactors to
obtain a Schwarzschild-like solution. If we imposed
asymptotic flatness, we would find that the solution cannot
have hair as the metric line element does not approach
Minkowski when r — co due to the factor of 1/(1 + 4a?)
in the angular part. Thus, we cannot construct a static,
spherically symmetric, asymptotically flat solution with

scalar hair in this theory [under the assumption that
h(r) = f(r)]. Furthermore, the fact that G5 generically
diverges for X = 0 is suggestive that Minkowski space is
not a solution for this theory, and therefore this model does
not seem to be viable.

3. Conformally shift-symmetric theories

We now proceed to discuss models that depend explicitly
on ¢, and hence break the assumptions of the shift-
symmetric no-hair theorem. While such models could
generically lead to hairy black holes, here we analyze a
special class that is conformally related to shift-symmetric
theories, and thus avoids scalar hair.

In the prototypical scalar-tensor theory of gravity, Brans-
Dicke theory, it is well known that the theory can be recast
from the “Jordan frame” (in which a nonminimal coupling
between the scalar and curvature exists) into that of GR
with a minimally coupled scalar field through the use of a
conformal transformation [29,50]. The trade-off is that, in
this so-called “Einstein frame” where the nonminimal
coupling between the scalar field and curvature has been
eliminated, any additional matter fields no longer couple
solely to the metric but also to the gravitational scalar field.
However, if we work in a vacuum then both Jordan and
Einstein frames are entirely physically equivalent. We can
use this same analysis to show that theories in the Jordan
frame of the type

2
5= [ demgioR + #F(/)
~ $F(X/ )0 = V($) (20)

can be transformed from the Jordan frame into the Einstein
frame through the conformal transformation g,, = ¢g,,.
Here, F; are arbitrary functions of X/¢ and V is a potential
for the scalar field. Equation (20) leads to the following
action in the Einstein frame:

M> . - o .
Sp = TP / d*x\/=3[R + F5(X) + 2XF5(X) — F5(X)C0¢p

—¢~*V(9)]- (21)

In the case of vanishing potential V = 0, the Einstein frame
action Sg is clearly shift symmetric in the scalar field ¢.
Thus, via the no-hair theorem in [54], static black hole
solutions for g, should be the same as in GR with no scalar
hair. As a consequence, solutions for g, from S; will not
have hair either.

For cosmologically relevant models, ¢ will have a
fractional energy density given by
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V — ¢?Fy + 2X(p*Fr x —
Q¢ - .

— §F, ) + 3¢Ho(2XF3x

- M3)

SMLH

~0(1). (22)

Generalizing to the case with V # 0, it is known that if F; = 0 we then have a K-essence model and static black hole
solutions will not have hair provided that V ,, > 0 and F, x > 0O (these conditions can be interpreted as constraining the
scalar field to be stable and to satisfy the null energy condition [29,53]).

For nonzero V and F3, the no-hair condition can be shown to be [through integrating (¢~2V) »€¢ from the horizon to
spatial infinity, with £, being the equation of motion for the scalar field in the Einstein frame [55]]

(Fy + 2KF5) g + () 52

(
1
(

or (F2+25(F3),X

where h(r),

B. Beyond Horndeski

Horndeski gravity can be extended by the addition of
terms which lead to higher order derivative equations of
motion, but without an extra propagating d.o.f. [39,40]. The
Beyond Horndeski terms are given by

1
X <2h ) dr

d
10 P (5

dh(r) _%) >0 and (¢_2V)¢¢ >0

r

dh(i’) _%) <0 and (¢_2V>r/)f/1 <0.

r

(23)

f(r) are the metric functions in the spherically symmetric ansatz given by Eq. (14).

Note that by setting F, =0 in the above equation (i.e.
recovering Horndeski theory), the condition for ¢y =1
appears to be G4y = Gs, rather than G,y = Gs 4 =0
as stated in Sec. III A. This is not inconsistent, as
Horndeski theories with G, x = G5, will indeed result
in cp =1 [9-12]. As discussed in [9], however, in the
Horndeski case we require both G4 x and Gs 4 to vanish

BH _ v WV p'e
L3" = Fuy(¢, X)eg"e"™7 Puu Puv byt (24) independently rather than relying on any finely tuned
cancellation between the two terms. On the other hand,
- o for Beyond Horndeski theories we can make use of the
L3™ = F5s (¢, X)eiroeivr Dby b Py Poo - (25) presence of the additional free function F, to cancel the
contributions of G,y and Gs, in ¢y, thus preserving a
The condition ¢; = 1 generalizes to rich.er .landscape of viable the_ories with ¢y = 1. .
Similarly to the Horndeski case, we first require the
scalar energy density parameter to be cosmologically
Fs =0, Gsx =0, Gix —Gsy =2XFy.  (26)  relevant, ie. Q4 ~ O(1), with Qj given by
|
Q. — —G,4+2X(Gox—Gs4) + 6H0g'{)(XG3,X =Gy —2XGy yx) +24H3X?(F4+ Gy xx) —48HZX*(2F 4+ XF4 x) (27)
4 6H3(G4—2XGyx + XGsy) '
|
In [56], it is shown that shift-symmetric Horndeski and B Lo = 4
Beyond Horndeski have no hair for a regular, asymptoti- Gr=X,  Gi= 2MP trv=X. Fu= 4(=x): (28)

cally flat spacetime, with canonical kinetic term X in action
and positive powers of G; x and F; x. In what follows, we
focus again on models that break the last assumption. We
investigate two terms given in [27] that respect the
constraint ¢y = 1.

1. Square root Quartic models

We first consider including a v/—X term in G4 (with the
choice of F, corresponding to the above conditions that
lead to ¢y = 1):

where y is an arbitrary constant.
For this choice of G, F;, the condition for the scalar field
to be cosmologically relevant is given by

X — 6H3yv/-X

Q
b — 3H2M2

~0(1). (29)

Assuming a spherically symmetric ansatz for the metric as
in Eq. (14), we find two branches of solutions for X:
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X()—O:>E:O, (30)

or

497 + M3P\?  dg 2 4y + Mpr?
X(r)=- 421’ = _ _421”
3yr dr f(r)y  3yr

(31)

respectively. We see that the first branch results in a
solution with a constant scalar field, i.e. no-scalar hair,
resulting in regular GR black holes. We thus try to find
solutions for the metric functions f(r) and h(r) for the
second branch of solutions for X(r). We find the following

for f(r):

64y° +9y%c, 1’ — M?,r6 —1—457/2M}1,r4 + 144}/4M1%r2

f(r): 9(yM%, 2—8;/3)2

(32)

For large r, f(r) ~ r?, this solution is clearly not asymp-
totically flat. Thus we have not been able to construct an
asymptotically flat spherically symmetric black hole sol-
ution with scalar hair for this model.

2. Purely quartic models

Purely quartic models are proposed in [27] (i.e. only G,
and F, nonzero and with no canonical kinetic term for the
scalar field). One such model that obeys the c;y =1
constraint is given by

—M2 + Zz L")}:12)[(;1 + 1)X + X
(33)
Fy=> a,(X - X,)", (34)
n>2

where X = X, is the constant value of the background
scalar field kinetic term around the black hole:

d 2X
@ _, [-2Xo (35)
dr f(r)

thus leading to nontrivial scalar field profile for X, # 0.

The cosmological density parameter for the scalar field
in this case is

—8X23 1520, (X —Xo)"
M3 443,505 (32X =1 X (nX + X )]
(36)

Q,=

and we expect it to be of order 1.

The black hole solution of this model is a stealth black
hole, where the spacetime geometry is given by the appro-
priate GR solution, but the scalar field takes a nontrivial
profile (as shown above). For a stealth Schwarzschild black
hole, the scalar field is thus given by [27]

d(r)=+/—2X, [\/ r> —=2mr+mlog (r—m—l— r? —2mr)} .

(37)

The above profile for the scalar field is regular everywhere
outside the horizon of the black hole, with ¢p ~ r as r — 0.

Since the spacetime geometry is the same as that of GR,
we do not expect to be able to distinguish this model
through nondynamical tests such as analyses on orbits of
stars or electromagnetic imaging of the accretion flow
around the black hole. Nevertheless, we do expect to see a
difference in dynamical situations. In particular, it has
been suggested that while scalar-tensor theories with ¢ =
constant may not lead to any new signature during the
inspiral of two black holes, the no-hair theorem can be
pierced if the scalar field has some dynamics [57]. In the
case of stealth black holes, the scalar field will have a
nontrivial initial profile as in Eq. (37) which may trigger a
subsequent dynamical evolution which may lead to dipole
gravitational wave radiation which in turn will change the
evolution of the emitted GW waveform phasing compared
to that of GR.

C. Einstein-scalar-Gauss-Bonnet

In four dimensions, the Gauss-Bonnet (GB) term is a
topological invariant, and as such the addition of the GB term
to the usual Einstein-Hilbert action of GR does not affect the
equations of motion. If, however, the GB term is non-
minimally coupled to a dynamical scalar field in the action,
the dynamics are significantly altered. Consider the action of
Einstein-scalar-Gauss-Bonnet (ESGB) gravity [46]:

Son= [ /3 R~V (D) 55D R |
(38)

where we have introduced a scalar field ¢ with potential
V(¢), which for simplicity we will neglect from now on, and a
coupling function £(¢). In addition, we have defined R% =
R,opR*™™ — 4R, R* + R* as the Gauss-Bonnet term.
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It is well known that models given by Eq. (38) can
produce scalar hair on black hole backgrounds in both the
static [46,58,59] and slowly rotating [60-65] regimes.
However, on a cosmological background they lead to a
modified speed of gravity waves. Indeed, we find that

12 g1
o1 <H¢ he-ie o
4H¢§'

where a prime denotes a derivative with respect to ¢ (see
also [66]). Equivalently, Eq. (38) can be recast into the
form of Horndeski gravity with the following choice of
functions G;:

|

G, =X-V+4&"X?*(logX - 3)

G; =28"X(3logX —17)
2

M
= 7” +2&"X(log X —2)

Gs = 2¢'log X. (40)

Gy

In this form, it is clear the ESGB gravity does not conform to
the constraints of [9-12] that G, y = 0 = G5 to ensure that
c¢r = 1. Furthermore, it is well known that the case of
coupling to the GB term is a loophole in the no-hair theorems
for shift-symmetric Horndeski theories [29,46,55].

Assuming that the scalar field is cosmologically relevant, we find that Q4 ~ O(1) where

V+X+4(€//// él//)Xz(

—logX) + 24HX(Hy&" + 34)5”’)

Q¢:

We then impose ¢y = 1 for a generic background evolu-
tion. Therefore, from Eq. (39) we get & = &’ = 0, in which
case the GB term decouples from the scalar field ¢ and we
obtain GR with a minimally coupled scalar field plus a GB
term. In this case, as mentioned above, the addition of the
GB term to the usual Einstein-Hilbert term represents
nothing more than the addition of a total divergence that
leaves the equations of motion unaffected. Thus the
constraint on ¢y rules out the possibility of ESGB gravity
having any cosmological relevance. As discussed above,
the scalar field ¢ could avoid modifying c; at an observable
level only if it is assumed to be incredibly subdominant on
cosmological scales, i.e. if Q, < 1.

As a counterexample to the above discussion of the
cosmological impact of ESGB gravity, the following theory
is studied in [67]:

/ x5 [ LR~ b~ V(D)

(¢)Gﬂy¢y¢v F2(¢)RGB ’ (42)

with string-inspired exponential forms for Fy, F,, and V. It
is shown in [67] that this theory, including both scalar
coupling to the GB term and scalar derivative coupling to
the Einstein tensor, can admit de-Sitter-like and power-law
cosmological solutions whilst maintaining ¢y = 1. This
theory is clearly not shift symmetric and so the no-hair
theorem of [54] is not applicable, whilst a coupling to the
GB term is known to produce black holes with scalar hair
[46,58,59], or at least that are unstable to spontaneous
scalarization [68,69]. Thus we expect that, in general, black

3H2(M3 + 4£"X log X — 48 Hy)

(41)

holes in this string-inspired theory can possess scalar hair
and satisfy current constraints on the speed of gravity
waves, although with no cosmological effects.

D. Chern-Simons

Chern-Simons (CS) gravity [45] is characterized by the
addition of the Pontryagin invariant, “RR = § e"”“ﬂR;laﬁRj{W
to the standard Einstein-Hilbert term of the action. The
Pontryagin invariant can be coupled to either a dynamical
or nondynamical scalar field, leading to two different
formulations of the theory. For concreteness, consider

the dynamical formulation of CS gravity,

Ses= / dw—{ PR—lgﬂ”r/),,qsﬁaf(cb) RR|. (43)

where « is a constant coupling parameter and f(¢) is an
arbitrary function of the scalar field.

In [70-72] it is shown that in CS gravity, gravitational
waves propagate at the speed of light on conformally flat
background spacetimes such as FRW. As such, [70]
postulates that it is not possible to constrain CS gravity
purely through the propagation speed of gravitational
waves. Regardless, static and spherically symmetric black
holes in CS gravity do not have hair and admit the same
solutions as in GR [73].

IV. OTHER THEORIES

We now consider other theories which go beyond the
broad span of scalar-tensor theories. As one expects, the
moment one considers fields with more “structure” (i.e.
more indices), there is a greater possibility of nontrivial
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coupling with the metric which, in turn, can lead to black
hole hair.

A. Einstein gravity with Maxwell,
Yang-Mills and Skyrme fields

The simplest theory with a vector field corresponds to an
Einstein-Maxwell system. In this case, the black hole
solution is Kerr-Newman which, besides mass and spin,
is characterized by an electric charge. While this black hole
solution is not considered hairy, we will start by mentioning
this case (and its non-Abelian extensions) to get a flavor of
what to expect in the case of fields with more structure.

The Einstein-Maxwell theory is given by

o fol

where F,, = 0,A, — 0,A, is the Maxwell tensor associated
with a vector field A%. In this model, we have that the FRW
cosmological fractional energy density of the vector field is

1
PR Fa/;F"/’} (44)

FouF§ +1F,F%  |B|?
3MEH; HMy,

Q, = (45)

where B is the associated magnetic field. In this isotropic

background, one has that A* = (Ay(r), 6) and gravity wave
propagation will be direction independent with exactly
cr = 1. Furthermore, in this case, the cosmological evo-
lution is exactly the same as that of GR as the magnetic

field vanishes (E = 0) in this homogeneous background,
and hence Q4 = 0 from Eq. (45).

If the vector field is cosmologically relevant, taking into
account the fact that the electrical conductivity of the
Universe is large, we expect the presence of magnetic fields
which will lead to anisotropies. On the one hand, in the case
of stochastic magnetic fields, the metric may be locally
anisotropic but too weak to affect local gravitational wave
propagation.

On the other hand, in the case of a global magnetic
component, the vector field will have a spatial dependence

A # 0 and the Universe will be anisotropic. Therefore, the
propagation of gravitational waves will be direction de-
pendent [74]. Current constraints on global anisotropy (and
homogeneous magnetic fields) from the cosmic microwave
background are remarkably tight [75-77] and we will
enforce strict isotropy in what follows (although it is
conceivable that multiple measurements of c; in different
directions might improve these constraint).

The black hole solutions for the Einstein-Maxwell
system are Kerr-Newman, which are fully characterized
by three charges—mass m, spin a and electric charge OQ—
and with a nontrivial profile for the vector potential A%. In
the spherically symmetric case (where a = 0), one has the
Reissner-Nordstrom solution given by

2m 0?

h(r)=1-—+ g

and Ay(r) = o (46)

dzegr?
where g, is the vacuum permittivity constant. Here, we
have again used a metric of the form of Eq. (14) and
A* = (Ag(r),A((r),0,0), with A; being an unphysical
gauge mode.

The above description can be extended to the case where
the gauge field is non-Abelian—the Einstein-Yang-Mills
system—or the vector field has a stronger nonlinear self
coupling—the Einstein-Skyrme system; in this case we are
considering genuine hair. In both of these cases, new
phenomena can come into play. While, on the whole,
the energy density of the fields can remain subdominant at
cosmological scales, nonperturbative structures (topologi-
cal and nontopological defects) can in principle make a
nontrivial contribution to the overall energy density and to
the global isotropy of space (although, generally, these
effects are expected to be weak). Again, we can enforce
cr =1 yet still allow for non-Abelian hair. Notable
examples can be found in the Einstein-Yang-Mills case
[78,79] which combine solitonic cores with long range
forces; in the Einstein-Skyrme cases there is a range of
solutions combined with solitonic states [80-82].

B. Einstein-Aether

Generalized Einstein-Aether is a gravity theory where
the metric is coupled to a unit timelike vector field, dubbed
the aether. This model provides a simple scenario for
studying effects of local Lorentz symmetry violation. In
particular, the vector field defines a preferred frame where
boosts symmetry is broken but rotational symmetry is still
preserved. The action describing this model is given by

/d“x\/_{ —LR+F(K)+AA*A, +1)|,  (47)

where 1 is a Lagrange multiplier that forces the vector field
to be unit timelike. Also, F(K) is an arbitrary function of
the kinetic term K given by K =c¢,;V,A VFA -
c2(V,A*)* + ¢3V,A, V¥A* (with ¢; constants) (an addi-
tional quartic term in A* contributing to K is sometimes
considered).

The cosmological consequences of Einstein-Aether have
been extensively explored in [83—85]. The case where the
aether field can play the role of either dark matter or dark
energy was explored in [84] where the existing cosmological
constraints ruled it out as an alternative to a cosmological
constant. In the case of the standard Einstein-Aether case
[with F(K) ~ K], current Solar System constraints [86]
combined with binary pulsar constraints [87,88] place |c,],
lcs| <1072 and ¢, < 1. Cosmological constraints allow
Q4 ~ 0.3 so the aether field can still have a non-negligible
contribution to the cosmological evolution [89].
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The propagation speed of gravitational waves on a cosmo-
logical background is such that ¢z = 1/[1 + (¢; + ¢3)F k),
and thus the constraint on ¢y implies ¢; = —c3. This means
that K is reduced to a canonical kinetic term (an “F2” term)
supplemented by a (V,A*)* term.

For models which respect c; = 1, the condition that the
aether field A* has cosmological relevance is thus given by

B -F
a 3M%H%(1 - 3C2f'K)

Q ~0(1), (48)

where F x denotes the derivative F with respect to K.

Little has been done on black hole solutions for general
F(K) and thus we will restrict ourselves to the standard
Einstein-Aether case. Black hole solutions with hair have
been found in such a case, that are regular, asymptotically
flat and depend on only one free parameter [90-94]. For
instance, in the case where c; =0, ¢, must satisfy the
condition

3
A

a 49
2—4c; + 3¢} (49)

Cy =

where ¢, is the only free parameter of the black hole
solution. We can use a spherically symmetric ansatz for the
line element as in Eq. (14). The full solution must be found
numerically, but an analytical perturbative solution can be
given when x =2m/r < 1:

hr)=1+x+(1+c¢/8)2 4,  (50)
fr) Tt =1—-x—c/48x> +---. (51)

We note that this is an example of primary hair, where the
spacetime geometry is different to that of GR and,
furthermore, the solution depends on an additional inde-
pendent free parameter c.

More general solutions satisfying c¢; = —c; (and hence
cr = 1) are expected to have the same behavior [90]. This
shows that black hole solutions always have hair, regardless
of additional cosmological constraints. While in static
black holes deviations from GR are typically of a few
percent (only exceeding 10% for some region of the viable
parameter space) [94], generalizations to spinning black
holes may offer better prospects for observing hair in these
models.

C. Generalized Proca
The generalized Proca theory [95-99] is given by

5= / d4x¢——g{F+i§6;ci[Aa,gW1}, (52)

where L; are gravitational vector-tensor Lagrangians
given by

G,(X,F.,Y),

G; (X)VﬂAﬂ,

Gy(X)R + Gux[(V,A")? = VA"V, A¥],
— G(X)G,, VFA¥

1
- 8 GSXKvyA”)3 - 3(vaAa)(vﬂAyvaﬂ)

Ly
L3
Ly
Ls

+2V,A°V, AV AY] — g5(X)F*¥F 4,V AP,
1 .
Le = Go(X)LM*N AV ,Ag + 3 Gex FPFV ,A,V4A,.

(53)

which are written in terms of six free functions G,, Gs, Gy,
Gs, g5, and G¢. We can define the following tensors:

F,=V,A -VA, (54)
v = ! Hap 55
) € aps (55)
1
Lm/a/} — Z ehvpo 8(1[)’;/5 R/)o'yﬁv ( 56)
where R ;s is the Riemann tensor and e is the Levi-

Civita antisymmetric tensor. The five free parameters G, are
free functions of the following scalar quantities of the
previously defined tensors:

1

X=—Z AN, (57)
1 v

F=—_F"F, (58)

Y = AFAYF,°F,,. (59)

The conditions to have c; = 1 are G, x = G5 x = 0 (with
the term proportional to G,,V#A* vanishing due to the
Bianchi identity). In this case, the condition for cosmological
relevance of the vector field A# is given by [100]

=Gy + G, xAG + 3G; xHoA}
B 6G,H}

Q, o(1). (60)

where A# = (Ay(1).0).

Most of the theories that satisfy ¢y = 1 are of the form of
GR with a minimally coupled vector field possessing
“exotic” kinetic terms, in which case hairy black holes
are to be expected. It can be easily shown that spherically
symmetric black holes can indeed have hair. For instance,
[28] shows the solution when G; #0, G4 = M% /2, in
which case
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f(r)-(l—%)z, AO_\szpl<1—$>, A =0,
(61)

where we have again assumed a metric ansatz given by
Eq. (14) [with A(r)=f(r)], and that A* = (A, (r),A,(r),0,0).
This resembles an extremal Reissner-Nordstrom black hole
with a “charge” that depends on mass. This is an example of
secondary hair, where the spacetime metric is different to that
of GR, but both theories depend on the same number of
independent free parameters.

In contrast, since the Lagrangian L couples the
vector field nonminimally to curvature through L% this
Lagrangian corresponds to an intrinsic vector mode, and as
such does not contribute to the background equations of
motion for a homogenous and isotropic cosmological

background [where A# = (Ao(t),G)] [101]. In this case,
with nonminimal coupling to curvature, one solution is that
of a stealth Schwarzschild black hole with a nontrivial
profile for the background vector field [28]:

2 AZ_2X
f(r):1‘7m7 Ag=const, A, ZO—Of(r)’

f(r)
(62)

where X = X, = const. As shown in [23], the QNMs of
this stealth Schwarzschild black hole will be unaffected
from the usual GR spectrum due to F,, = 0 for the above
vector profile.

D. Scalar-vector-tensor

We now consider theories in which there are two
additional fields to the metric: a scalar and a vector. A
specific model was analyzed in [102], where a shift-
symmetric scalar field ¢ and a U(1) gauge invariant vector
field A* are coupled [103]. Specifically, the action of
interest is given by

M> e
S—/d“xw/_—g [TPR+X+F+ﬂ3FﬁF”P¢”¢D
n ~ ~
+ B X! (XL””“ﬁFMDFaﬂ +§FWF<1/’¢W¢D,;H . (63)

where f3; and 4 are arbitrary constants, X = —¢,¢*/2 is
the scalar kinetic term as in scalar-tensor theories, and with
all other terms being defined as in Sec. IV C.

Given that the vector field strength F,,, vanishes on iso-

-

tropic cosmological backgrounds [with A* = (A((7), 0)], the
action given by Eq. (63) reduces to that of GR with a
minimally coupled, massless scalar field in cosmological
settings. The speed of gravitational waves cy will, therefore,
be equal to unity in these theories, thus satisfying the
constraint determined by GRB 170817A and GW170817.

Black hole solutions in this model were studied in [102],
where asymptotically flat, static and spherically symmetric
black holes with hair are found for #, = 0 and for 84 # 0 in
the cases of n = 0 or 1. In all of the cases studied, modified
Reissner-Nordstrom-like solutions with global charges m
and Q are found, with the black hole further endowed with
a secondary scalar hair sourced by the vector charge Q.

E. Bigravity

We now consider bimetric theories. The only nonlinear
Lorentz invariant ghost-free model is given by the deRham-
Gabadadze-Tolley (dRGT) [104—106] massive (bi)gravity
action:

S—M72/d4x\/—_gRg+M7}2c/d4x\/—_fRf
wats [ a5 pe(yfo's). o4
n=0

where we have two dynamical metrics g, and f,, with their
associated Ricci scalars R, and Ry, and constant mass scales
M, and M, respectively. Here, f3, are free dimensionless
coefficients, while m is an arbitrary constant mass scale. The
interactions between the two metrics are defined in terms of
the functions e, (X), which correspond to the elementary

symmetric polynomials of the matrix X = /g7 f.

This bigravity action generally propagates one massive
and one massless graviton, with the field g, being a
combination of both modes. There is one special case
where M /M, — oo, and only the massive graviton prop-
agates (while the metric f,, becomes a frozen reference
metric). As discussed in [9], constraints on the speed of
gravity waves lead to bounds on the graviton mass of the
order m <1072 eV, which are weak compared Solar
System fifth force constraints of order m < 10730 eV. As
long as m ~ H, we expect the massive graviton to have
some cosmological relevance.

Regarding black hole solutions, massive gravity (with
one dynamical metric) has some static solutions, although
they have been found to be problematic as they can describe
infinitely strongly coupled regimes or have singular hori-
zons. One well-behaved solution was proposed recently in
[107], for a time-dependent black hole.

On the other hand, massive bigravity has a much more
rich phenomenology with a number of possible stationary
solutions (static, rotating, and with or without charge) (see a
review in [108]). Focusing on asymptotically flat solutions,
it is possible to have Schwarzschild or Kerr solutions for
both metrics [109]. However, these solutions are generi-
cally unstable, although they can still fit data as long as
m <5 x 10723 eV [110]. Hairy static solutions can also be
found for some parameter space [111]. Using the ansatz in
Eq. (14) for the metric g, and the following ansatz for f,,:
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1
2 2 2 2 2

Here, there are five independent functions {#, f, P,B,U}
to be determined by the equations of motion. However, due
to the presence of a Bianchi constraint, there are only three
independent functions {f,B,U} satisfying first-order
differential equations. The complete solution must be
found numerically, but an expansion can be made for
r— oo [111]:

1+ ru)
p_q G eltm ,
f(r) 2r+ 2r e
ci o+ _
Y(r)=1—-Lt_222 T " -
(r) 2r 2r ¢«
1 2,2
U(r):r+C2( +’;ﬂjrﬂ )e—rﬂ7 (66)
ru

where ¢, are integration constants, y = my/1+ M2/M%,

and Y is a proxy function for B given by Y = U’/B'/%.

While the constant ¢; may be identified with the mass of
the black hole, ¢, is a new charge that adds a Yukawa-type
suppression to the metric due to the massive graviton.

Here we have mentioned some possible black hole
solutions for bimetric theories, but we note that since these
solutions are not unique, it is not clear what the physical
spacetime and the outcome of gravitation collapse will be.
Future simulations on nonlinear gravitational collapse
should allow us to find the physical solution.

V. CONCLUSION

Modifications to general relativity may affect the evo-
lution of the Universe and lead to cosmologically observ-
able effects. The range of possible modifications has been
drastically reduced with the discovery of GW170817 and
the resulting constraint on the speed of gravitational waves.
We have looked at the reduced space of theories to see
which of them will lead to distinctive signatures around
black holes, specifically black hole hair. By looking for
observable signatures of that hair and combining them with
constraints from current and future cosmological surveys, it
should be possible to further narrow down the span of
allowed modifications to general relativity and, if the data
points that way, single out new physics.

We have focused on scalar-tensor theories. Of all
theories, these are the most thoroughly understood and,
furthermore, emerge as low energy limits of other, more
intricate theories. Not only is there a reasonably general
classification of scalar-tensor theories, but there is also a
comprehensive body of work on black holes and black hole
hair arising in them. As was shown in [9-12], the discovery
of GW170817 places severe constraints on these models.
We have found that, generally, and in the cases where they

have been studied more carefully, these theories do not
have hair for static, spherically symmetric, and asymptoti-
cally flat black holes. Specific examples that were con-
structed to have hair (as suggested in [27]), in the case
where they contribute cosmologically and satisfy c; = 1, do
not have hair. We found that the case where Einstein-scalar-
Gauss-Bonnet gravity is cosmologically relevant, it is ruled
out by the GW170817 constraint, while Chern-Simons
gravity is left unconstrained (and furthermore, known to
have hair in the slowly rotating regime [112—117]). We also
looked at other theories, primarily involving vectors, and
found that in that case it is possible for them to satisfy the
various cosmological conditions and still have black holes
with hair for spherically symmetric and rotating black holes.
We also discussed bimetric theories, which allow for hairy
and nonhairy asymptotically flat black holes, and under-
standing which solution describes physical setups requires
further work on gravitational collapse.

Our analysis is limited in scope in the sense that we
have not considered the most general actions allowed. For
example we have not considered combinations of the
Beyond Horndeski models studied in [27]. We have done
this for two reasons. The first reason is that these models
were constructed as proofs of concept without any strong
underlying physical motivation—questions of analyticity
arise in the limit where X — 0. The second reason is that
the equations of motion become vastly more complicated
with multiple nonanalytic leading terms which means it is
difficult to obtain solutions which can be easily interpreted
and classified. Lacking more general results (such as the
Galileon no-hair theorem of [54]) it is always plausible that
theories, which satisfy the constraints we impose and lead
to hair, exist.

Nevertheless, our analysis is useful for determining how
to move forward with the theories we looked at. Given
their cosmological relevance, we take for granted that they
will be thoroughly tested when the next generation of
cosmological data is made available. What we can now do
is determine how to combine these cosmological tests with
nondynamical tests in the strong-field regime. In the cases
where the black holes do have hair, one would look for
evidence of a fifth force for example in the accreting
material or nearby objects.

For theories where black holes have no hair the situation
is more complex. In that case, the only observations that
might lead to data which allow us to constrain the extra
fields are dynamical tests which include inspirals of binary
black holes, extreme mass-ratio inspirals (EMRI) or ring-
down of single black holes. In GR, due to the strong
equivalence principle, the orbital motion and the gravita-
tional wave signal of binary inspirals or EMRI only depend
on the masses and spins of the objects involved. On
the contrary, in modified gravity theories this principle
is violated, and the additional d.o.f. will determine the
effective gravitational coupling constant which will depend

084005-12



SPEED OF GRAVITATIONAL WAVES AND BLACK HOLE HAIR

PHYS. REV. D 97, 084005 (2018)

on the new field or its derivatives at the location of the
relevant object (e.g. see [57,118-120] for binary inspirals in
scalar-tensor theories and a general analysis in [121,122],
as well as [123,124] for EMRI in scalar-tensor theories). In
the case of ringdown, one would expect that the violent
event would have excited any putative extra d.o.f. (such
as a scalar or a vector). While the end state might be a
Kerr-Newman solution, the perturbations around this back-
ground (i.e. the quasinormal modes) should contain infor-
mation about the extra d.o.f. [23]. It would be interesting
further work to study the specific quasinormal-mode
signatures of the theories investigated here that do not
exhibit hairy black hole solutions (yet still abide by the ¢y
constraint).

Finally, given that we have found that most scalar-tensor
theories abide to the no-hair theorem and present trivial
constant profiles around black holes, it would be interesting
to explore black hole solutions in the presence of screening. It
has been argued that models satisfying Solar System con-
straints (i.e. which hide the presence of fifth forces in the
weak-field limit) do so through screening. The main screen-
ing mechanisms which have been advocated are the
Vainshtein [125], chameleon [126] and symmetron [127]
mechanisms, all of which suppress the fifth force compared
to the Newtonian force, depending on the local environment.
The current approach is to assume that the self-gravity of
compact objects is sufficiently substantial that it decouples
the scalar charge from the mass—in the limit of a black hole,
the scalar charge is set to zero [128]. However, little has been
done to construct screened black hole solutions by, for
example, violating the condition of asymptotic flatness.
Such an analysis might give us insight on the presence of
hair in more realistic setups. A particularly interesting

scenario might arise in the case of a binary neutron star
merger, such as GWI170817. There, screened compact
objects (neutron stars) end up forming a black hole; if indeed
the black hole has no hair (and no screening) one might
expect that the process of shedding the scalar field could lead
to an observable effect. Alternatively, if the black hole adopts
the screening mechanism, it would be useful to understand
what is the final, stable, solution and how it jibes with the no-
hair theorem.

We have entered a new era in gravitational physics in
which multiple regimes can be tested with high precision.
While multimessenger gravitational wave physics has
grown to prominence, we believe it should now also
include other, significantly different, arenas; from the
cosmological, through the galactic all the way down to
astrophysical and compact objects, a wide range of obser-
vations can be brought together to construct a highly
precise understanding of gravity.

ACKNOWLEDGMENTS

We are grateful to E. Bellini, V. Cardoso, R. Rosen, and
N. Sennett for useful discussions. O.J. T. was supported by
the Science and Technology Facilities Council (STFC)
Project Reference No. 1804725. O.J.T. also thanks the
Max Planck Institute for Gravitational Physics (Albert
Einstein Institute) for hosting him whilst part of this work
was completed, funded by an STFC LTA grant. P.G.F.
acknowledges support from STFC, the Beecroft Trust and
the European Research Council. M. L. is supported at the
University of Chicago by the Kavli Institute for
Cosmological Physics through an endowment from the
Kavli Foundation and its founder Fred Kavli.

[1] T. Clifton, P. G. Ferreira, A. Padilla, and C. Skordis, Phys.
Rep. 513, 1 (2012).
[2] B.P. Abbott er al. (LIGO Scientific Collaboration and
Virgo Collaboration), Phys. Rev. Lett. 119, 161101 (2017).
[3] B.P. Abbott et al., Astrophys. J. Lett. 848, L12 (2017).
[4] B.P. Abbott et al., Astrophys. J. Lett. 848, L13 (2017).
[5] A. Goldstein et al., Astrophys. J. Lett. 848, L.14 (2017).
[6] V. Savchenko et al., Astrophys. J. Lett. 848, L15 (2017).
[7] L. Lombriser and A. Taylor, J. Cosmol. Astropart. Phys. 03
(2016) 031.
[8] L. Lombriser and N. A. Lima, Phys. Lett. B 765, 382
(2017).
[9] T. Baker, E. Bellini, P. G. Ferreira, M. Lagos, J. Noller, and
I. Sawicki, Phys. Rev. Lett. 119, 251301 (2017).
[10] P. Creminelli and F. Vernizzi, Phys. Rev. Lett. 119, 251302
(2017).
[11] J. Sakstein and B. Jain, Phys. Rev. Lett. 119, 251303
(2017).

[12] J. M. Ezquiaga and M. Zumalac Arregui, Phys. Rev. Lett.
119, 251304 (2017).

[13] E. Berti et al., Classical Quantum Gravity 32, 243001
(2015).

[14] V. Cardoso and L. Gualtieri, Classical Quantum Gravity
33, 174001 (2016).

[15] T. Johannsen, Classical Quantum Gravity 33, 113001
(2016).

[16] C.M. Will, Astrophys. J. 674, L25 (2008).

[17] D. Psaltis, N. Wex, and M. Kramer, Astrophys. J. 818, 121
(2016).

[18] A. Hees et al., Phys. Rev. Lett. 118, 211101 (2017).

[19] D. Psaltis and T. Johannsen, in Proceedings of the 14th
Conference on Recent Developments in Gravity (NEB 14):
loannina, Greece, 2010 [J. Phys. Conf. Ser. 283, 012030
(2011)].

[20] A.E. Broderick, T. Johannsen, A. Loeb, and D. Psaltis,
Astrophys. J. 784, 7 (2014).

084005-13


https://doi.org/10.1016/j.physrep.2012.01.001
https://doi.org/10.1016/j.physrep.2012.01.001
https://doi.org/10.1103/PhysRevLett.119.161101
https://doi.org/10.3847/2041-8213/aa91c9
https://doi.org/10.3847/2041-8213/aa920c
https://doi.org/10.3847/2041-8213/aa8f41
https://doi.org/10.3847/2041-8213/aa8f94
https://doi.org/10.1088/1475-7516/2016/03/031
https://doi.org/10.1088/1475-7516/2016/03/031
https://doi.org/10.1016/j.physletb.2016.12.048
https://doi.org/10.1016/j.physletb.2016.12.048
https://doi.org/10.1103/PhysRevLett.119.251301
https://doi.org/10.1103/PhysRevLett.119.251302
https://doi.org/10.1103/PhysRevLett.119.251302
https://doi.org/10.1103/PhysRevLett.119.251303
https://doi.org/10.1103/PhysRevLett.119.251303
https://doi.org/10.1103/PhysRevLett.119.251304
https://doi.org/10.1103/PhysRevLett.119.251304
https://doi.org/10.1088/0264-9381/32/24/243001
https://doi.org/10.1088/0264-9381/32/24/243001
https://doi.org/10.1088/0264-9381/33/17/174001
https://doi.org/10.1088/0264-9381/33/17/174001
https://doi.org/10.1088/0264-9381/33/11/113001
https://doi.org/10.1088/0264-9381/33/11/113001
https://doi.org/10.1086/528847
https://doi.org/10.3847/0004-637X/818/2/121
https://doi.org/10.3847/0004-637X/818/2/121
https://doi.org/10.1103/PhysRevLett.118.211101
https://doi.org/10.1088/0004-637X/784/1/7

TATTERSALL, FERREIRA, and LAGOS

PHYS. REV. D 97, 084005 (2018)

[21] T. Johannsen, C. Wang, A. E. Broderick, S. S. Doeleman,
V. L. Fish, A. Loeb, and D. Psaltis, Phys. Rev. Lett. 117,
091101 (2016).

[22] E. Barausse and T.P. Sotiriou, Phys. Rev. Lett. 101,
099001 (2008).

[23] O.J. Tattersall, P. G. Ferreira, and M. Lagos, Phys. Rev. D
97, 044021 (2018).

[24] E. Berti, K. Yagi, H. Yang, and N. Yunes, arXiv:
1801.03587.

[25] C. A.R. Herdeiro and E. Radu, in Proceedings of the 7th
Black Holes Workshop 2014: Aveiro, Portugal, 2014 [Int.
J. Mod. Phys. D 24, 1542014 (2015)].

[26] C. Bambi, Black Holes: A Laboratory for Testing Strong
Gravity (Springer, Singapore, 2017).

[27] E. Babichev, C. Charmousis, and A. Lehébel, J. Cosmol.
Astropart. Phys. 04 (2017) 027.

[28] L. Heisenberg, R. Kase, M. Minamitsuji, and S. Tsujikawa,
J. Cosmol. Astropart. Phys. 08 (2017) 024.

[29] T.P. Sotiriou, Classical Quantum Gravity 32, 214002
(2015).

[30] T. Jacobson, Phys. Rev. Lett. 83, 2699 (1999).

[31] E. W. Hirschmann, L. Lehner, S.L. Liebling, and C.
Palenzuela, Phys. Rev. D 97, 064032 (2018).

[32] V. Cardoso, S. Chakrabarti, P. Pani, E. Berti, and L.
Gualtieri, Phys. Rev. Lett. 107, 241101 (2011).

[33] R. Tso, M. Isi, Y. Chen, and L. Stein, in Proceedings of the
7th Meeting on CPT and Lorentz Symmetry (CPT 16):
Bloomington, Indiana, USA, 2016 (World Scientific,
Singapore, 2017), pp. 205-208.

[34] G. W. Horndeski, Int. J. Theor. Phys. 10, 363 (1974).

[35] C. Deffayet, G. Esposito-Farese, and A. Vikman, Phys.
Rev. D 79, 084003 (2009).

[36] P. Jordan, Z. Phys. 157, 112 (1959).

[37] C. Brans and R. H. Dicke, Phys. Rev. 124, 925 (1961).

[38] G. W. Horndeski, Int. J. Theor. Phys. 10, 363 (1974).

[39] J. Gleyzes, D. Langlois, F. Piazza, and F. Vernizzi, Phys.
Rev. Lett. 114, 211101 (2015).

[40] M. Zumalacarregui and J. Garcia-Bellido, Phys. Rev. D 89,
064046 (2014).

[41] D. Langlois, in Proceedings of the 52nd Rencontres de
Moriond on Gravitation (Moriond Gravitation 2017): La
Thuile, Italy, 2017 (ARISF, 2017), pp. 221-228.

[42] C. de Rham and L. Heisenberg, Phys. Rev. D 84, 043503
(2011).

[43] G. Papallo and H.S. Reall, Phys. Rev. D 96, 044019
(2017).

[44] G. Papallo, Phys. Rev. D 96, 124036 (2017).

[45] S. Alexander and N. Yunes, Phys. Rep. 480, 1 (2009).

[46] T.P. Sotiriou and S.-Y. Zhou, Phys. Rev. D 90, 124063
(2014).

[47] D. Langlois, R. Saito, D. Yamauchi, and K. Noui, Phys.
Rev. D 97, 061501 (2018).

[48] M. Crisostomi and K. Koyama, Phys. Rev. D 97, 021301
(2018).

[49] E. Bellini and I. Sawicki, J. Cosmol. Astropart. Phys. 07
(2014) 050.

[50] D. Bettoni and S. Liberati, Phys. Rev. D 88, 084020
(2013).

[51] C. Deffayet, O. Pujolas, I. Sawicki, and A. Vikman, J.
Cosmol. Astropart. Phys. 10 (2010) 026.

[52] C. Brans and R. H. Dicke, Phys. Rev. 124, 925 (1961).

[53] A. A.H. Graham and R. Jha, Phys. Rev. D 89, 084056
(2014).

[54] L. Hui and A. Nicolis, Phys. Rev. Lett. 110, 241104
(2013).

[55] A. Maselli, H. O. Silva, M. Minamitsuji, and E. Berti,
Phys. Rev. D 92, 104049 (2015).

[56] A. Lehébel, E. Babichev, and C. Charmousis, J. Cosmol.
Astropart. Phys. 07 (2017) 037.

[57] J. Healy, T. Bode, R. Haas, E. Pazos, P. Laguna, D. M.
Shoemaker, and N. Yunes, Classical Quantum Gravity 29,
232002 (2012).

[58] R. Benkel, T. P. Sotiriou, and H. Witek, Classical Quantum
Gravity 34, 064001 (2017).

[59] G. Antoniou, A. Bakopoulos, and P. Kanti, arXiv:
1711.07431.

[60] P. Pani and V. Cardoso, Phys. Rev. D 79, 084031 (2009).

[61] A. Maselli, L. Gualtieri, P. Pani, L. Stella, and V. Ferrari,
Astrophys. J. 801, 115 (2015).

[62] A. Maselli, P. Pani, L. Gualtieri, and V. Ferrari, Phys. Rev.
D 92, 083014 (2015).

[63] B. Kleihaus, J. Kunz, and S. Mojica, Phys. Rev. D 90,
061501 (2014).

[64] B. Kleihaus, J. Kunz, and E. Radu, Phys. Rev. Lett. 106,
151104 (2011).

[65] D. Ayzenberg and N. Yunes, Phys. Rev. D 90, 044066
(2014); 91, 069905(E) (2015).

[66] Y. Gong, E. Papantonopoulos, and Z. Yi, arXiv:1711.04102.

[67] L.N. Granda and D. F. Jimenez, arXiv:1802.03781.

[68] D.D. Doneva and S.S. Yazadjiev, arXiv:1711.01187.

[69] H. O. Silva, J. Sakstein, L. Gualtieri, T. P. Sotiriou, and E.
Berti, arXiv:1711.02080.

[70] K. Yagi and L. C. Stein, Classical Quantum Gravity 33,
054001 (2016).

[71] D. Garfinkle, F. Pretorius, and N. Yunes, Phys. Rev. D 82,
041501 (2010).

[72] S. Alexander and J. Martin, Phys. Rev. D 71, 063526
(2005).

[73] C. Molina, P. Pani, V. Cardoso, and L. Gualtieri, Phys. Rev.
D 81, 124021 (2010).

[74] B. L. Hu, Phys. Rev. D 18, 969 (1978).

[75] E.F. Bunn, P. Ferreira, and J. Silk, Phys. Rev. Lett. 77,
2883 (1996).

[76] J. D. Barrow, P. G. Ferreira, and J. Silk, Phys. Rev. Lett. 78,
3610 (1997).

[771 P.A.R. Ade et al. (Planck Collaboration), Astron.
Astrophys. 594, A18 (2016).

[78] R. Bartnik and J. Mckinnon, Phys. Rev. Lett. 61, 141
(1988).

[79] M. S. Volkov and D. V. Galtsov, Pis’ma Zh. Eksp. Teor.
Fiz. 50, 312 (1989) [JETP Lett. 50, 346 (1989)].

[80] N. Shiiki and N. Sawado, arXiv:gr-qc/0501025.

[81] S.B. Gudnason, M. Nitta, and N. Sawado, J. High Energy
Phys. 09 (2016) 055.

[82] C. Adam, O. Kichakova, Ya. Shnir, and A. Wereszczynski,
Phys. Rev. D 94, 024060 (2016).

[83] T. G. Zlosnik, P.G. Ferreira, and G.D. Starkman, Phys.
Rev. D 75, 044017 (2007).

[84] J. Zuntz, T.G. Zlosnik, F. Bourliot, P. G. Ferreira, and
G. D. Starkman, Phys. Rev. D 81, 104015 (2010).

084005-14


https://doi.org/10.1103/PhysRevLett.117.091101
https://doi.org/10.1103/PhysRevLett.117.091101
https://doi.org/10.1103/PhysRevLett.101.099001
https://doi.org/10.1103/PhysRevLett.101.099001
https://doi.org/10.1103/PhysRevD.97.044021
https://doi.org/10.1103/PhysRevD.97.044021
http://arXiv.org/abs/1801.03587
http://arXiv.org/abs/1801.03587
https://doi.org/10.1088/1475-7516/2017/04/027
https://doi.org/10.1088/1475-7516/2017/04/027
https://doi.org/10.1088/1475-7516/2017/08/024
https://doi.org/10.1088/0264-9381/32/21/214002
https://doi.org/10.1088/0264-9381/32/21/214002
https://doi.org/10.1103/PhysRevLett.83.2699
https://doi.org/10.1103/PhysRevD.97.064032
https://doi.org/10.1103/PhysRevLett.107.241101
https://doi.org/10.1007/BF01807638
https://doi.org/10.1103/PhysRevD.79.084003
https://doi.org/10.1103/PhysRevD.79.084003
https://doi.org/10.1007/BF01375155
https://doi.org/10.1103/PhysRev.124.925
https://doi.org/10.1007/BF01807638
https://doi.org/10.1103/PhysRevLett.114.211101
https://doi.org/10.1103/PhysRevLett.114.211101
https://doi.org/10.1103/PhysRevD.89.064046
https://doi.org/10.1103/PhysRevD.89.064046
https://doi.org/10.1103/PhysRevD.84.043503
https://doi.org/10.1103/PhysRevD.84.043503
https://doi.org/10.1103/PhysRevD.96.044019
https://doi.org/10.1103/PhysRevD.96.044019
https://doi.org/10.1103/PhysRevD.96.124036
https://doi.org/10.1016/j.physrep.2009.07.002
https://doi.org/10.1103/PhysRevD.90.124063
https://doi.org/10.1103/PhysRevD.90.124063
https://doi.org/10.1103/PhysRevD.97.061501
https://doi.org/10.1103/PhysRevD.97.061501
https://doi.org/10.1103/PhysRevD.97.021301
https://doi.org/10.1103/PhysRevD.97.021301
https://doi.org/10.1088/1475-7516/2014/07/050
https://doi.org/10.1088/1475-7516/2014/07/050
https://doi.org/10.1103/PhysRevD.88.084020
https://doi.org/10.1103/PhysRevD.88.084020
https://doi.org/10.1088/1475-7516/2010/10/026
https://doi.org/10.1088/1475-7516/2010/10/026
https://doi.org/10.1103/PhysRev.124.925
https://doi.org/10.1103/PhysRevD.89.084056
https://doi.org/10.1103/PhysRevD.89.084056
https://doi.org/10.1103/PhysRevLett.110.241104
https://doi.org/10.1103/PhysRevLett.110.241104
https://doi.org/10.1103/PhysRevD.92.104049
https://doi.org/10.1088/1475-7516/2017/07/037
https://doi.org/10.1088/1475-7516/2017/07/037
https://doi.org/10.1088/0264-9381/29/23/232002
https://doi.org/10.1088/0264-9381/29/23/232002
https://doi.org/10.1088/1361-6382/aa5ce7
https://doi.org/10.1088/1361-6382/aa5ce7
http://arXiv.org/abs/1711.07431
http://arXiv.org/abs/1711.07431
https://doi.org/10.1103/PhysRevD.79.084031
https://doi.org/10.1088/0004-637X/801/2/115
https://doi.org/10.1103/PhysRevD.92.083014
https://doi.org/10.1103/PhysRevD.92.083014
https://doi.org/10.1103/PhysRevD.90.061501
https://doi.org/10.1103/PhysRevD.90.061501
https://doi.org/10.1103/PhysRevLett.106.151104
https://doi.org/10.1103/PhysRevLett.106.151104
https://doi.org/10.1103/PhysRevD.90.044066
https://doi.org/10.1103/PhysRevD.90.044066
https://doi.org/10.1103/PhysRevD.91.069905
http://arXiv.org/abs/1711.04102
http://arXiv.org/abs/1802.03781
http://arXiv.org/abs/1711.01187
http://arXiv.org/abs/1711.02080
https://doi.org/10.1088/0264-9381/33/5/054001
https://doi.org/10.1088/0264-9381/33/5/054001
https://doi.org/10.1103/PhysRevD.82.041501
https://doi.org/10.1103/PhysRevD.82.041501
https://doi.org/10.1103/PhysRevD.71.063526
https://doi.org/10.1103/PhysRevD.71.063526
https://doi.org/10.1103/PhysRevD.81.124021
https://doi.org/10.1103/PhysRevD.81.124021
https://doi.org/10.1103/PhysRevD.18.969
https://doi.org/10.1103/PhysRevLett.77.2883
https://doi.org/10.1103/PhysRevLett.77.2883
https://doi.org/10.1103/PhysRevLett.78.3610
https://doi.org/10.1103/PhysRevLett.78.3610
https://doi.org/10.1051/0004-6361/201525829
https://doi.org/10.1051/0004-6361/201525829
https://doi.org/10.1103/PhysRevLett.61.141
https://doi.org/10.1103/PhysRevLett.61.141
http://arXiv.org/abs/gr-qc/0501025
https://doi.org/10.1007/JHEP09(2016)055
https://doi.org/10.1007/JHEP09(2016)055
https://doi.org/10.1103/PhysRevD.94.024060
https://doi.org/10.1103/PhysRevD.75.044017
https://doi.org/10.1103/PhysRevD.75.044017
https://doi.org/10.1103/PhysRevD.81.104015

SPEED OF GRAVITATIONAL WAVES AND BLACK HOLE HAIR

PHYS. REV. D 97, 084005 (2018)

[85] B. Audren, D. Blas, M. M. Ivanov, J. Lesgourgues, and S.
Sibiryakov, J. Cosmol. Astropart. Phys. 03 (2015) 016.

[86] T. Jacobson, Proc. Sci., QG-PH2007 (2007) 020
[arXiv:0801.1547].

[87] K. Yagi, D. Blas, N. Yunes, and E. Barausse, Phys. Rev.
Lett. 112, 161101 (2014).

[88] K. Yagi, D. Blas, E. Barausse, and N. Yunes, Phys. Rev. D
89, 084067 (2014); 90, 069901(E) (2014).

[89] J. A. Zuntz, P. G. Ferreira, and T. G. Zlosnik, Phys. Rev.
Lett. 101, 261102 (2008).

[90] C. Eling and T. Jacobson, Classical Quantum Gravity 23,
5643 (2006); 27, 049802(E) (2010).

[91] C. Eling and T. Jacobson, Classical Quantum Gravity 23,
5625 (2006); 27, 049801(E) (2010).

[92] R. A. Konoplya and A. Zhidenko, Phys. Lett. B 648, 236
(2007).

[93] E. Barausse, T. Jacobson, and T. P. Sotiriou, Phys. Rev. D
83, 124043 (2011).

[94] E. Barausse and T. P. Sotiriou, Classical Quantum Gravity
30, 244010 (2013).

[95] L. Heisenberg, J. Cosmol. Astropart. Phys. 05 (2014) 015.

[96] G. Tasinato, J. High Energy Phys. 04 (2014) 067.

[97] E. Allys, P. Peter, and Y. Rodriguez, J. Cosmol. Astropart.
Phys. 02 (2016) 004.

[98] E. Allys, J. P. Beltran Almeida, P. Peter, and Y. Rodriguez,
J. Cosmol. Astropart. Phys. 09 (2016) 026.

[99] J. Beltran Jimenez and L. Heisenberg, Phys. Lett. B 757,
405 (2016).

[100] A. De Felice, L. Heisenberg, R. Kase, S. Mukohyama, S.
Tsujikawa, and Y.-1. Zhang, J. Cosmol. Astropart. Phys. 06
(2016) 048.

[101] S. Nakamura, R. Kase, and S. Tsujikawa, Phys. Rev. D 95,
104001 (2017).

[102] L. Heisenberg and S. Tsujikawa, arXiv:1802.07035.

[103] L. Heisenberg, arXiv:1801.01523.

[104] C. de Rham, G. Gabadadze, and A.J. Tolley, Phys. Rev.
Lett. 106, 231101 (2011).

[105] C. de Rham and G. Gabadadze, Phys. Rev. D 82, 044020
(2010).

[106] S. Hassan and R.A. Rosen, J. High Energy Phys. 02
(2012) 126.

[107] R. A. Rosen, J. High Energy Phys. 10 (2017) 206.

[108] E. Babichev and R. Brito, Classical Quantum Gravity 32,
154001 (2015).

[109] E. Babichev and A. Fabbri, Phys. Rev. D 90, 084019
(2014).

[110] R. Brito, V. Cardoso, and P. Pani, Phys. Rev. D 88, 023514
(2013).

[111] R. Brito, V. Cardoso, and P. Pani, Phys. Rev. D 88, 064006
(2013).

[112] N. Yunes and F. Pretorius, Phys. Rev. D 79, 084043
(2009).

[113] K. Konno, T. Matsuyama, and S. Tanda, Prog. Theor. Phys.
122, 561 (2009).

[114] K. Yagi, N. Yunes, and T. Tanaka, Phys. Rev. D 86, 044037
(2012); 89, 049902(E) (2014).

[115] K. Konno and R. Takahashi, Phys. Rev. D 90, 064011
(2014).

[116] L.C. Stein, Phys. Rev. D 90, 044061 (2014).

[117] R. McNees, L. C. Stein, and N. Yunes, Classical Quantum
Gravity 33, 235013 (2016).

[118] C.M. Will and N. Yunes, Classical Quantum Gravity 21,
4367 (2004).

[119] S. Mirshekari and C. M. Will, Phys. Rev. D 87, 084070
(2013).

[120] M. W. Horbatsch and C. P. Burgess, J. Cosmol. Astropart.
Phys. 05 (2012) 010.

[121] N. Yunes and F. Pretorius, Phys. Rev. D 80, 122003
(2009).

[122] E. Berti, A. Buonanno, and C. M. Will, in Proceedings of
the 9th Workshop, GWDAW 2004, Annecy, France, 2004
[Classical Quantum Gravity 22, S943 (2005)].

[123] N. Yunes, P. Pani, and V. Cardoso, Phys. Rev. D 85,
102003 (2012).

[124] C.F. Sopuerta and N. Yunes, Phys. Rev. D 80, 064006
(2009).

[125] A.I Vainshtein, Phys. Lett. 39B, 393 (1972).

[126] J. Khoury and A. Weltman, Phys. Rev. D 69, 044026
(2004).

[127] K. Hinterbichler and J. Khoury, Phys. Rev. Lett. 104,
231301 (2010).

[128] L. Hui and A. Nicolis, Phys. Rev. Lett. 109, 051304 (2012).

084005-15


https://doi.org/10.1088/1475-7516/2015/03/016
http://arXiv.org/abs/0801.1547
https://doi.org/10.1103/PhysRevLett.112.161101
https://doi.org/10.1103/PhysRevLett.112.161101
https://doi.org/10.1103/PhysRevD.89.084067
https://doi.org/10.1103/PhysRevD.89.084067
https://doi.org/10.1103/PhysRevD.90.069901
https://doi.org/10.1103/PhysRevLett.101.261102
https://doi.org/10.1103/PhysRevLett.101.261102
https://doi.org/10.1088/0264-9381/23/18/009
https://doi.org/10.1088/0264-9381/23/18/009
https://doi.org/10.1088/0264-9381/27/4/049802
https://doi.org/10.1088/0264-9381/23/18/008
https://doi.org/10.1088/0264-9381/23/18/008
https://doi.org/10.1088/0264-9381/27/4/049801
https://doi.org/10.1016/j.physletb.2007.03.018
https://doi.org/10.1016/j.physletb.2007.03.018
https://doi.org/10.1103/PhysRevD.83.124043
https://doi.org/10.1103/PhysRevD.83.124043
https://doi.org/10.1088/0264-9381/30/24/244010
https://doi.org/10.1088/0264-9381/30/24/244010
https://doi.org/10.1088/1475-7516/2014/05/015
https://doi.org/10.1007/JHEP04(2014)067
https://doi.org/10.1088/1475-7516/2016/02/004
https://doi.org/10.1088/1475-7516/2016/02/004
https://doi.org/10.1088/1475-7516/2016/09/026
https://doi.org/10.1016/j.physletb.2016.04.017
https://doi.org/10.1016/j.physletb.2016.04.017
https://doi.org/10.1088/1475-7516/2016/06/048
https://doi.org/10.1088/1475-7516/2016/06/048
https://doi.org/10.1103/PhysRevD.95.104001
https://doi.org/10.1103/PhysRevD.95.104001
http://arXiv.org/abs/1802.07035
http://arXiv.org/abs/1801.01523
https://doi.org/10.1103/PhysRevLett.106.231101
https://doi.org/10.1103/PhysRevLett.106.231101
https://doi.org/10.1103/PhysRevD.82.044020
https://doi.org/10.1103/PhysRevD.82.044020
https://doi.org/10.1007/JHEP02(2012)126
https://doi.org/10.1007/JHEP02(2012)126
https://doi.org/10.1007/JHEP10(2017)206
https://doi.org/10.1088/0264-9381/32/15/154001
https://doi.org/10.1088/0264-9381/32/15/154001
https://doi.org/10.1103/PhysRevD.90.084019
https://doi.org/10.1103/PhysRevD.90.084019
https://doi.org/10.1103/PhysRevD.88.023514
https://doi.org/10.1103/PhysRevD.88.023514
https://doi.org/10.1103/PhysRevD.88.064006
https://doi.org/10.1103/PhysRevD.88.064006
https://doi.org/10.1103/PhysRevD.79.084043
https://doi.org/10.1103/PhysRevD.79.084043
https://doi.org/10.1143/PTP.122.561
https://doi.org/10.1143/PTP.122.561
https://doi.org/10.1103/PhysRevD.86.044037
https://doi.org/10.1103/PhysRevD.86.044037
https://doi.org/10.1103/PhysRevD.89.049902
https://doi.org/10.1103/PhysRevD.90.064011
https://doi.org/10.1103/PhysRevD.90.064011
https://doi.org/10.1103/PhysRevD.90.044061
https://doi.org/10.1088/0264-9381/33/23/235013
https://doi.org/10.1088/0264-9381/33/23/235013
https://doi.org/10.1088/0264-9381/21/18/006
https://doi.org/10.1088/0264-9381/21/18/006
https://doi.org/10.1103/PhysRevD.87.084070
https://doi.org/10.1103/PhysRevD.87.084070
https://doi.org/10.1088/1475-7516/2012/05/010
https://doi.org/10.1088/1475-7516/2012/05/010
https://doi.org/10.1103/PhysRevD.80.122003
https://doi.org/10.1103/PhysRevD.80.122003
https://doi.org/10.1103/PhysRevD.85.102003
https://doi.org/10.1103/PhysRevD.85.102003
https://doi.org/10.1103/PhysRevD.80.064006
https://doi.org/10.1103/PhysRevD.80.064006
https://doi.org/10.1016/0370-2693(72)90147-5
https://doi.org/10.1103/PhysRevD.69.044026
https://doi.org/10.1103/PhysRevD.69.044026
https://doi.org/10.1103/PhysRevLett.104.231301
https://doi.org/10.1103/PhysRevLett.104.231301
https://doi.org/10.1103/PhysRevLett.109.051304

