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Violations of Lorentz (and specifically boost) invariance can make gravity renormalizable in the
ultraviolet, as initially noted by Hofava, but are increasingly constrained in the infrared. At low energies,
Horava gravity is characterized by three dimensionless couplings, @, f and A, which vanish in the
general relativistic limit. Solar system and gravitational wave experiments bound two of these couplings
(a and p) to tiny values, but the third remains relatively unconstrained (0 <1 < 0.01-0.1). Moreover,
demanding that (slowly moving) black-hole solutions are regular away from the central singularity
requires @ and f to vanish exactly. Although a canonical constraint analysis shows that the class of
khronometric theories resulting from these constraints (¢ = f# = 0 and 1 # 0) cannot be equivalent to
General Relativity, even in vacuum, previous calculations of the dynamics of the solar system, binary
pulsars and gravitational-wave generation show perfect agreement with general relativity. Here, we
analyze spherical collapse and compute black-hole quasinormal modes, and find again that they behave
exactly as in general relativity, as far as observational predictions are concerned. Nevertheless, we find
that spherical collapse leads to the formation of a regular universal horizon, i.e., a causal boundary for
signals of arbitrary propagation speeds, inside the usual event horizon for matter and tensor gravitons.
Our analysis also confirms that the additional scalar degree of freedom present alongside the spin-2
graviton of general relativity remains strongly coupled at low energies, even on curved backgrounds.
These puzzling results suggest that any further bounds on Hofava gravity will probably come from

cosmology.
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I. INTRODUCTION

Lorentz symmetry is one of the cornerstone of our
understanding of theoretical physics, and has been tested
to exquisite precision in particle physics experiments [1-4].
Bounds on Lorentz violations (LVs) in gravity are however
much weaker [5-7]. This is particularly interesting because
violations of boost symmetry in gravity may allow for
constructing a theory of quantum gravity that is power
counting (or even perturbatively) renormalizable in the
ultraviolet [8,9]. This proposal, initially put forward by
Horava [8], may still pass particle physics tests of Lorentz
symmetry if a mechanism is included to prevent “perco-
lation” of large LVs from gravity to matter. Among such
putative mechanisms are renormalization group flows
(whereby Lorentz invariance may be recovered, at least
in matter, in the infrared) [10-13], accidental symmetries
allowing for different degrees of LVs in gravity and matter
[14], or the suppression of LVs in matter via a large energy
scale [15].

The infrared limit of Hofava gravity, also known as
khronometric theory, is characterized by three dimension-
less coupling parameters «, £ and 4, in terms of which the
theory’s action is [8,16,17]
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in units where ¢ =1 (used throughout this article), and
where the bare gravitational constant G is related to the one
measured on Earth and in the solar system (Gy) by

G

The action is written in terms of a preferred spacetime
foliation described by T = const, and the metric has been
decomposed in the 3 + 1 form'

ds? = N2dT? — y;;(dx’ + N'dT)(dx/ + N7dT), (3)

where we recognize a lapse function N, a shift three-vector
N; and the spatial three-metric y;;. Also defined in terms of

1 . .. .
From now on, Latin indices will run only over space
directions, while Greek indices will also include time.
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this decomposition are the other quantities appearing in the
action, e.g., the determinant of the three-metric y; the
extrinsic curvature of the foliation,

1
ICij = _ﬁ(aTyij_DiNj _DjNi)’ 4)
where the covariant derivative D; is defined with respect to
7i; the three-dimensional Ricci scalar ®)R; K = K'y;;; and
a; = 0;In N. With ¥ we refer here to standard matter fields,
which couple to the full four-dimensional metric g,,. This
action can be obtained from that of nonprojectable Horava
Gravity [16] by neglecting operators with more than two
derivatives, relevant only at high energies. Note that by
introducing a preferred foliation, Lorentz symmetry is broken
at the local level. The action is invariant under foliation-
preserving diffeomorphisms (7 — T(T), x' — ¥'(x, T)) but
not under full four-dimensional diffeomorphisms.

The same action can be recast in covariant form by
promoting the coordinate 7 to a (timelike) scalar field (the
“khronon”) and defining a unit-norm, timelike “ether”
vector field orthogonal to the hypersurfaces of 7 = const,

v, T
u, = #5 (5)
V' V*TV, T
where we assume a +——— metric signature (as in the

following). This allows for writing the action as [18]

- 4 —alR v )2
6nG | 4oVTIRT AV
+ ﬁvyuyvuuﬂ + aaﬂa"] + Smatter [gﬂl/’ \P]’ (6)

where a# = u*V, u". Here, LVs are made apparent by the
fact that the vector field u is timelike, i.e., according to the
definition (5),

uut = 1. (7)

Although still weaker than in matter, LVs in gravity are
becoming increasingly constrained, especially by gravita-
tional wave (GW) experiments. Bounds on the propagation
speed of GWs from GW170817 constrain || <1071
[19,20], which paired with bounds from solar system
experiments also allows for constraining |a| < 1077 (with
A left unconstrained), or || <0.25x 10~ and A~ a/ (1-2a)
[21-25]. Measurements of the abundance of primordial
elements produced by big bang nucleosynthesis (BBN)
constrain 4 < 0.1 [26-28], with 4 > 0 required to ensure
absence of ghosts [16,20]. These bounds therefore seem to
suggest that @ and f should be tiny, while A could still be
sizeable. Indeed, an additional theoretical constraint—
namely that black holes moving slowly relative to the
preferred foliation remain regular except for their central
singularity—would require a and f to vanish exactly [25].

We will refer to the theory with @ = f =0 and 4 # 0 as
minimal HoFava gravity (mHG) in the following.
Remarkably, all noncosmological observables that have
been computed in Horava gravity reduce to their GR
counterparts in the mHG case. For instance, the dynamics
in the solar system (i.e., at first post-Newtonian order)
exactly matches that of GR [23,24]. GWs also propagate
exactly at the speed of light [23]. Moreover, static
spherically symmetric black holes are described by the
Schwarzschild metric [29], and so are those moving slowly
relative to the preferred foliation [25]. The same applies to
stars, for which both static spherically symmetric solutions
and ones describing slowly moving bodies are character-
ized by the same (GR) geometry [30]. Note that for both
stars and black holes the khronon configuration is non-
trivial, but does not backreact on the geometry in mHG.
This is quite surprising—because objects at rest and in
motion are expected to be described by the same metric
only in a Lorentz-symmetric theory such as GR, and not
(a priori) in a theory with LVs—and has implications also
for the dynamics of binaries of compact objects and for GW
generation.

Indeed, since the geometry of slowly moving stars and
black holes is the same as in GR, the “sensitivities”—which
parametrize violations of the strong equivalence principle at
the leading post-Newtonian (PN) order [27,28,31]—can be
shown to vanish exactly in mHG [25,30]. Therefore, no
dipole GW emission from binaries of compact objects is
expected in mHG [25,30], unlike for generic a, f
(where this effect was used to test the theory with binary
pulsars [27,28]).

A possible caveat regarding these experimental bounds is
that the khronon becomes strongly coupled around the
Minkowski and Robertson-Walker geometries in the mHG
limit, since the scalar field 7 becomes non-propagating
(i.e., its speed diverges) when «, # — 0 and 4 # 0 [23,32].
We stress that strong coupling does not mean that the
theory is not viable, but simply that the linearized calcu-
lations on the simple backgrounds mentioned above may
provide incorrect results. However, since the strong cou-
pling affects the khronon and not the tensor sector, the
linear calculation of the speed of GWs (used to compare to
the GW170817 observations) is expected to provide trust-
worthy results.

As for the PN calculations of the solar system dynamics
and GW generation, it should be noted that (i) the PN
scheme is an expansion in powers of 1/¢, and it thus
includes nonlinear terms; and (ii) the Newtonian/PN
dynamics is strongly coupled in GR as well, and yet it
gives meaningful results. Indeed, at leading (Newtonian)
order the gravitational field does not propagate in GR (i.e.,
the equation describing it is elliptic), and propagation only
appears at higher PN orders [21,33]. We therefore expect
the results from a PN expansion of the field equations to
remain valid also in the mHG limit.
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Given this wealth of (noncosmological) observables for
which mHG provides the same predictions as GR, it is
natural to wonder whether mHG and GR may be equiv-
alent, at least in some regimes. Obviously, a full equiv-
alence between GR and mHG can be excluded, since the
cosmological expansion history is different in the two
theories (a fact that is used to constrain 4 with BBN data
[27,28]), but it may hold in more specific settings. For
instance Refs. [34,35], based on a constraint analysis of
mHG, claimed that the theory may be equivalent to GR in
vacuum and under asymptotically flat boundary conditions.
While suggestive in the light of the “coincidences” pre-
sented above, this conclusion disagrees with that of
Ref. [36], which solved the (tertiary) constraint equation
of mHG and showed explicitly that the theory cannot be
equivalent to GR unless N = 0 (in which case the metric is
degenerate).

In this work, we will therefore attempt to identify
(noncosmological) astrophysical observables for which
mHG may differ from GR, focusing on fully nonperturba-
tive calculations, or on ones that involve perturbations over
backgrounds different from the Minkowski and Robertson-
Walker geometries (on which the khronon is strongly
coupled). In more detail, in Sec. II we will review linear
perturbations of mHG on flat space. We will then study the
non-linear dynamics of spherically symmetric collapse (in
Sec. III), showing that a universal horizon (i.e., a boundary
for signals of arbitrary speeds) [37,38] naturally forms
inside the usual horizon for tensor gravitons and matter.
Nevertheless, the collapse is completely indistinguishable
from GR as far as observable quantities are concerned. In
Sec. IV we will then derive the equations for linear metric
perturbations over static spherically symmetric black holes,
and show that they also coincide with the GR ones, when
focusing on the tensor modes. The scalar mode remains
instead strongly coupled (like in flat space), but decouples
from the tensor sector. Our conclusions are finally pre-
sented in Sec. V.

II. KHRONOMETRIC THEORY
AROUND FLAT SPACE

The dynamics of the action (6) is described in terms
of the metric g,, and the @®ther vector u. The latter is
constrained to be unit-norm and timelike [cf. Eq. (5)] and
hypersurface orthogonal, i.e., it must have, from the
Frobenius theorem, zero vorticity

u[ﬂVyu(,] = 0. (8)

Since the theory breaks boost invariance at the local
level, it should propagate additional degrees of freedom
besides the usual spin-2 graviton field 4, of GR. Indeed, a
generic four-dimensional vector u contains four degrees of
freedom—which can be arranged into a three-dimensional
divergence-less vector and two scalars. However, the unit

norm (7) and vorticity (8) conditions eliminate three of
these degrees of freedom, leaving a single scalar behind
(corresponding obviously to the khronon scalar field T
defining the preferred foliation).

This can be seen directly at the level of the action by
perturbing both the metric and @ther around flat space:

G = M + Py w = (1,0) + v*. 9)

Replacing this into the action (6), we first go to
momentum space—where 0, = iw and D; = ig;, with ®
and g; the frequency and three-momentum respectively—
and perform a 3 + 1 decomposition adapted to the foliation
orthogonal to the background ther (1,0), i.e., we decom-
pose the metric perturbation and @ther as

hOO hOi

We then split the various quantities in modes that transform
as scalars, vectors and tensors under rotations

iy 4. 44 44,
hij:é‘ij—‘,—ij—i—jX,-—i- Ll]zjsl‘i‘ (51']'_#)52’ (11)
v; = Y,‘+@S3, (12)
q

ho; = Z; +&S4’ (13)
q

where X;, Y; and Z; are divergenceless vectors—i.e.,
D X'=D;Y' =D,Z' =0; s;, vy and hy, are scalars;
and {;; is a transverse-traceless tensor—thus satisfying
DT =D = =0,

The two constraints (7) and (8) kill three of these degrees
of freedom, as previously mentioned. At the linear level,
they impose

hoo + 2v9 = 0, g’ Y* =0, (14)
where the second of these conditions is satisfied by setting
Y*¥ = 0. Once these conditions are enforced, the momen-

tum space Lagrangian for the perturbations, retaining only
quadratic terms, becomes

1
8

1 1
+Z(—q2 —(1+4+20)0?)s? —§(l+ﬂ)qws1s3

1
(A+B)@*st = (1 +A)w’s] — Aqos, 53

£ 2

1
-I—E(—(ﬂ +B)q* — aw?)s3 + qws s, —aw’s3sy  (15)
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1 1 1
= 500’53 + 2 (47 + (1= B)o*) el = 5 qoX 2,
1 1
+ 1 (1- ﬁ)a)zXaX“ —aqws,vy — anzv% — aqwsz v
1 2 2 2
5 (1= P)a? = 2a0") 2,7 + 5100, (16)

where we have omitted a global factor of G.

We are left with the task of choosing a suitable gauge.
Since the action (6) from which we started is covariant
(being related to the “unitary gauge” action (1) by a
Stuckelberg transformation), we need to choose four gauge
conditions. These can be given as the requirement that two
scalars and one of the three-dimensional divergenceless
vectors vanish. We choose s; = vy = X¢ = 0, and replac-
ing these conditions (as well as those that follow from
the equations of motion of these fields) back in the action,
we obtain

1-—
L=l - e

" B-1DA+B)2+22+p)
4(1+ 2)?

5(@? - c3q®)s,  (17)

where we have also rescaled the remaining scalar as

§ = Z55. This is the Lagrangian of two modes propagating
with speeds [23,39]

1
C% = m N (18)
G+ PpR2-qa
5= .
a(l = p)(2+321+p)

(19)

As previously mentioned, we find an extra propagating
scalar field with velocity ¢, besides the usual transverse-
traceless graviton with velocity c¢,. Both propagation
velocities can be different from the speed of light, although
the coincident observation of GW170817 and GRB
170817A constrains ¢, to match ¢ to within about 1071
(which in turn bounds || < 1071%). As for the scalar mode,
cosmic ray observations require ¢y = 1, because otherwise
ultrahigh energy particles would lose energy to the khronon
in a Cherenkov-like cascade [40].

Superluminality is of course not surprising, since the
theory is not boost-invariant, and thus ¢ =1 is not a
universal maximum speed. However, although in general
the scalar velocity (19) is finite, it diverges in the mHG
limit, if 4 # 0. This is a signal that the linearized expansion
breaks down for the dynamics of the scalar field, which is
then out of reach of perturbative techniques, while the
tensor mode remains healthy. The same conclusion is
achieved by performing an identical expansion around
FRW space-times or around any maximally symmetric
spacetime [41]. Note also that this potentially problematic

behavior of the scalar field only appears at low energies. At
higher energies the action must be extended by operators
with higher number of derivatives, which deform the
dispersion relations and lead to a healthy propagating
scalar mode.

In light of this “strong-coupling problem” for the
khronon on flat space, we pursue in the following two
distinct calculations in mHG, namely spherically symmet-
ric gravitational collapse and linear perturbations over
spherically symmetric static black hole spacetimes. We
will aim to assess whether the khronon dynamics remains
strongly coupled when nonlinearities are included in the
equations of motion, or when spacetimes more general than
Minkowski space are considered.

III. SPHERICAL COLLAPSE

Unlike in GR, Birkhoff’s theorem does not hold in
khronometric theories, and vacuum spherically symmetric
solutions (even when one imposes that they are static and
asymptotically flat) are not unique [37,38,42—44]. In more
detail, in a given khronometric theory, there exists a two-
parameter family of static, spherically symmetric and
asymptotically flat vacuum solutions. One of the param-
eters characterizing these solutions is (like in GR) their
mass, while the second parameter regulates the radial tilt of
the @ ther near spatial infinity [37,38,42—44]. In particular,
for a given mass, only a specific value of this second
parameter yields solutions that are regular everywhere
except for the central » = 0 curvature singularity. These
are the solutions that are expected to form in gravitational
collapse [45] and which are usually referred to as “black
holes” in the literature [37,38,42].

Although the geometry of these black holes is similar to
that of the Schwarzschild solution of GR (with which it
actually coincides exactly in the mHG limit), the existence
of the khronon mode has profound implications for their
causal structure. As shown in Sec. II, at low energies
Horava gravity propagates both spin-2 and spin-0 grav-
itons, whose speeds are generally different from c (i.e., the
limiting speed for matter modes). As a result, different
causal boundaries exist for spin-0, spin-2 and matter
modes, i.e., black holes in khronometric theories present
spin-0, spin-2 and matter horizons at (generally) distinct
locations.

Even more worryingly, when terms of higher order in the
(spatial) derivatives are included in the infrared action (1),
Horava gravity predicts that the dispersion relations (for
both the gravitons and matter) will take the form
w? = c}¢*> + Agq* + Bq®, with A and B constant coeffi-
cients and c; the species infrared phase velocity. Therefore,
the group velocity dw/dq of all species will diverge in the
ultraviolet limit, which questions whether it makes sense to
talk about event horizons at all. The problem is even more
evident in mHG, where the spin-0 propagation speed
diverges already in the infrared limit (cf. Sec. II).
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However, an unavoidable requirement for any physical
modes is that they propagate in the future, as defined by the
preferred foliation. Therefore, the topology of the hyper-
surfaces of constant khronon plays a crucial role in defining
the spacetime’s causal structure. In the infrared black hole
solutions of [37,38], there exists indeed a a hypersurface of
T = const that is also a hypersurface of constant radius.
Once inside this hypersurface—which was called the
“universal horizon” in [37,38]—no modes can escape,
even if they propagate at infinite speeds, simply because
they need to move in the future direction defined by the
background preferred foliation. Note that in the special case
of mHG, this universal horizon coincides with the spin-0
horizon, since the khronon propagation speed diverges
already in the infrared limit.

Despite their attractive features, as mentioned above,
black holes are not the only static and spherically sym-
metric solutions of khronometric theory. Indeed, generic
values of the & ther tilt parameter yield solutions that are
singular at the spin-O horizon. In particular, if the tilt
parameter is such that the ather does not present any radial
component at spatial infinity, that component vanishes
throughout the entire spacetime (i.e., the @ ther is always
parallel to the timelike Killing vector), and the resulting
solutions describe the exterior spacetime of static spheri-
cally symmetric stars (whose matter “covers” the singu-
larity at the spin-0 horizon) [43,44].

For concreteness, let us examine the special case of
mHG, where these static and spherically symmetric vac-
uum solutions can be obtained analytically and read [29]

2y 2_&”)2 2 _ 2402
as® = f(r)dr* =~ a2, (20)
o LEF(A()?  B(r) 5
Undx® = 24(7) dH—ZA(r) {f(r) A(r) ]dr, (21)
where
iy =1-29M g1 (2

A(r) :%(—;—%jt \/JT:—%) (23)

The two parameters characterizing each solution are the mass
M and the “radial tilt” r,.. These solutions are singular at the
universal horizon (which in mHG coincides with the spin-0
horizon, as mentioned above) unless r, = 3%/*GyM /2 [29].
The latter value describes instead a black hole with a regular
universal horizon (located at areal radius ry = 3GyM/2),
while r, = 0 describes a static @ther u « 0,.

Note that Egs. (20)—(23), whatever the value of r,., yield
V,u* = 0. If we now express the class of solutions given by
Egs. (20)~(23) in the unitary gauge (where the khronon is

used as the time coordinate 7"), the unit-norm, future directed
ether vector u becomes orthogonal to the preferred foliation
T = const, which therefore presents K =V, u* = 0.
Therefore, Egs. (20)—(23) yield the Schwarzschild geometry
foliated in maximal (preferred) slices C = 0, which have long
been studied in the context of numerical relativity [46-51].

In order to ascertain which solution, in the class
described by Eqgs. (20)—(23), is produced as the end-point
of gravitational collapse, let us consider the equations of
motion for time dependent configurations, which can be
obtained by varying the action (1). Variation with respect to
the shift yields the momentum constraint 7 = 0. Variation
with respect to the lapse yields an equation H = 0 that
reduces to the GR energy constraint when a, f§, 4 — 0, but
which is not a priori a constraint equation in khronometric
theory. In fact, for generic «, f, A the resulting equation is
not a constraint, but corresponds to the khronon’s evolution
equation in the covariant formalism of action (6). Finally,
by varying with respect to y;; one obtains the evolution
equations £/ = 0. We describe matter by a perfect fluid,
whose stress-energy tensor

" = (p+ p)U'U" = pg”, (24)

(where p, p and U are the fluid’s pressure, energy density
and four-velocity) is covariantly conserved (V,7* = 0),
since in Eqgs. (1) and (6) matter couples only to the four-
dimensional metric g,,. The explicit form of H, H' and £
is given in the Appendix A (see also [24]) for generic
khronometric theories, from which the mHG equations can
be obtained by setting @ = = 0.

To simplify the algebra, let us choose spatial coordinates
on the preferred slices such that N' = 0. Unlike in GR,
however, the lapse is not a gauge field, i.e., we have already
chosen our time coordinate to be the khronon when writing
the action (1), and thus no further conditions can be
imposed on N. The most generic ansatz that we can write
in spherical symmetry is therefore

y;jdxdy/ = A(T,R)dR? + R2B(T,R)dQ?,  (25)
N = Z(T,R). (26)

For the matter, we assume that p and p are also functions of
T and R alone, and that the three-velocity is radial, i.e., only
UR(T,R) and UT(T,R) are nonzero (and related by the
normalization condition U,U* = 1). Note that the class of
metrics given by Egs. (20)—(23) can be easily put in the
form of Eq. (25) by performing first a coordinate trans-
formation t+ = T + H(r) (to go to the unitary gauge) and
then a further (time dependent) coordinate transformation
r = RB(T, R)"/? to eliminate the shift and render the metric
diagonal. More explicitly, at large radii the solution given
by Egs. (20)—(23) yields
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71 GyM  (2k; = 1)GAZM?  (=2k? + 2k, + 2k, — 1)GaM?
N R 2R? 2R3

—8GyMTr% + 4rt + GLM*[8k3 — 12k3 + 8k, — 4k, (4ky —3) =5 1\3
+ N rm+ r$+ N [ éR4 l+ 2 1( 2 ) ]+O<_> , (27)
2GyM  2[(ky 4 ky —2)GIM?|  4ATr%: + G, M?(2k? — 8k, — 6k, + 8 1\4

A=14 g 2[(k + 2R2)1v }—i- e + Gy (R13 i 2+)+(’)(—), (28)

2k,GyM (k2 +2ky)GIM? 2k kyGLM? — 2T r2, 1\4

B=1+=7F ( Rzz) N L2 e : +O(E) , (29)

where k; and k, are free parameters entering in the
coordinate transformation.” Note that even though Z, A
and B are time dependent, the dependence on time appears
at subleading order in 1/R. Moreover, the trace of the
extrinsic curvature vanishes, as it did in the original
foliation given by Egs. (20)-(23), since K =V, u* is a
scalar under four-dimensional diffeomorphisms.

In order to have only first order equations for our system,
let us then introduce K, = KgR = -0;4/2AZ, Kg=
Ky?=K,?=-0rB/2BZ, D; = dglogZ, D= 0glogA
and Dp=0ilogB. With these variables, K =
—0rIn\/y/N = K, + 2Kp.

With our ansatz, the nontrivial field equations are
H =HR = ERR = €99 — (), As mentioned above, H =0
becomes the energy constraint in the GR limit, but is not
generically a constraint in khronometric theory. To check
whether H = 0 is a constraint in mHG, let us consider the
time derivative of H. By using the equations of motions to
simplify the expressions, one obtains

OrH =~ =2+ RD)ORK + rozK].  (30)

where D =2D, — D,/2 + Dg. Equation (30) vanishes
either in the GR limit 4 = 0, or when the quantity within
brackets is zero.

Barring the case 1=0, one therefore has to solve d; H=0
(which follows from the original field equation H = 0) at
each time 7. Actually, the generic solution to d;H = 0 is
simply

Al/2

aRIC - C(T)ZW,

(31)

’Indeed, our ansatz (25) does not complete fix the gauge, as it
is invariant under a time-independent redefinition of the radius.
This residual gauge freedom arises because choosing N; =0
does not completely fix the spatial coordinates on 7 = constant
hypersurfaces, but merely ensures that once a set of spatial
coordinates is chosen on some initial 7 = constant hypersurface,
then the spatial coordinates are fixed in the whole spacetime. The
choice of coordinate on the initial slice, however, is arbitrary.

where C(T) is an integration constant. In a gravitational
collapse, e.g., of a star, one requires regularity at the center
of the coordinates to obtain a physically meaningful
solution [50,51]. Necessary conditions for regularity are
that A, Z, B are finite (and nonvanishing) at R = 0, and that
K and its radial derivative also remain finite at the center.
From Eq. (31), it is therefore clear that the only way to
impose regularity at » = 0 is to set C(7') = 0 for any 7, i.e.,
the extrinsic curvature /O must be constant on any given
spatial foliation, i.e., (T, R) = k(T). Note that a spatially
constant trace was also expected from the Hamiltonian
analysis of [35,52].

If k(T) # 0, by exploiting time-reparametrization invari-
ance one can set k(7)) = 1. The evolution equations ERF =
£% = 0 and the momentum constraint H® = 0 then take
the same form as in GR, whereas the equation H = 0
[which is now a bona fide Hamiltonian constraint since
C(T) = 0] contains a term proportional to 2. However, as
noted e.g., by [35], if asymptotically flat boundary con-
ditions are assumed, at spatial infinity one must necessarily
have IC = k(T) = 0 at all times [cf. also Egs. (27)—(29)].
Boundary conditions at spatial infinity that are not neces-
sarily flat, but which are time-independent, will yield also
K = k(T) = 0 at all times (see e.g., [53] for an example of
one such GR collapse solution).

Similarly, outgoing boundary conditions at infinity also
imply K = k(T) =0 at all times. This can be seen by
noting that if one imposes N ~ 1 + Ay expliwy(T — R)|/R
and \/y &~ 1 + A, explio, (T — R)]/R (with Ay, A,, wy, and
w, free coefficients), then at large R we find

2
14

ORK =~ —AVI;U expliw, (T — R)]. (32)
Requiring that 9xKC = 0 implies A, = 0 and thus K = 0.

Finally, let us note that if =0 at all times, the
spherical collapse equations and the constraints become
identical to the GR ones, written in the maximal slicing
gauge /C = 0 [and in our zero-shift ansatz (25)]. Since I =
V,u* (with u the unit-norm future-directed vector orthogo-
nal to the foliation) is a scalar under four-dimensional
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diffeomorphisms, one can then transform the spherical
collapse equations of mHG into those of GR with maximal
time-slicing IC = 0, but more general spatial coordinates
(i.e., ones yielding general nonvanishing shift).?

The maximal time-slicing gauge has been extensively
used in GR to study gravitational collapse, as it allows for
penetrating the black hole horizon [46-51]. One can
therefore utilize the results of GR simulations (either
performed in the maximal slicing gauge, or transformed
to that gauge a posteriori) to gain insight on spherical
collapse in mHG.

Indeed, GR collapse simulations in the maximal time-
slicing found that there exists a “limiting slice”, i.e., a
limiting hypersurface that the maximal slices approach at
late times [46-51]. In more detail, the slicing that arises in
these simulations outside the collapsing sphere turns out to
be described by the unit-norm future-directed vector u given
by Eq. (21), with the parameter r,, asymptotically approach-
ing the critical value 3%*GyM/2. The limiting slice is
therefore defined by areal radius r = 3GyM /2 [46-51].

While in GR the foliation of the spacetime in time slices
has no physical meaning (as it is merely a coordinate
effect), the slicing has instead an important physical
meaning in mHG, since we are using the unitary gauge,
where the time coordinate coincides with the khronon
scalar field. Indeed, the appearance of the limiting slice
r=3GyM/2 in the GR maximal-slicing collapse simu-
lations corresponds to the formation of a universal horizon
in mHG.* This can be understood because in spherical
symmetry the universal horizon is, by definition, the
outermost hypersurface r = const that is also orthogonal
to u (or equivalently, the outermost hypersurface r = const
that is also a hypersurface of constant khronon 7" = const).
We can therefore conclude that spherical collapse in mHG
produces “regular” black holes, i.e., ones described by
Egs. (20)—(23). In particular, no singularity forms at the
spin-O/universal horizon.

We stress, however, that an analysis of the principal
part of the fully non-linear spherical collapse equations in
generic khronometric theories, which we present in
Appendix B, shows that the characteristic speed of the

*Note that we are changing the spatial coordinates to reinstate
the shift, but not the time coordinate, which still coincides with
the khronon field (unitary gauge).

The correspondence between the appearance of a limiting
foliation in GR in the maximal time slicing gauge and the
formation of a universal horizon was also noticed in Ref. [54] for
the case of Cuscuton theories. The latter are indeed equivalent to
mHG if their scalar potential is quadratic [55,56] (even though the
equivalence is subtle when it comes to the hypersurface ortho-
gonality condition (8), as a result of which suitable boundary
conditions are required to obtain an exact equivalence between
the two theories [55]). However, Ref. [54] worked in the
decoupling limit (i.e., neglecting the backreaction of the
Lorenz-violating field on the geometry) and with zero potential
(in which case the theory is not equivalent to mHG).

scalar mode diverges in the mHG limit. This suggests that
the effect of the khronon on spherical collapse in mHG may
vanish simply because it satisfies an elliptic equation. It is
therefore unclear if gravitational collapse will be the same
as in GR when the assumption of spherical symmetry is
relaxed. To partially tackle this problem, as well as to assess
if moving away from flat space can fix the strong coupling
of the khronon reviewed in Sec. II, in the next section we
will consider linear, but otherwise generic, perturbations of
black holes in mHG.

IV. QUASINORMAL MODES

Linear gravitational perturbations of black hole space-
times in GR have been studied for decades, since the
seminal work by Regge, Wheeler and Zerilli for the
Schwarzschild geometry [57,58] and by Teukolsky for
the Kerr one [59]. The frequency spectrum of these
perturbations, once ingoing/outgoing boundary conditions
are imposed at the event horizon/far from the black hole, is
discrete and consists of complex frequencies. Since the
imaginary part of the latter is such that the spectrum modes
are exponentially damped (thus pointing, in particular, to
linear stability of the Schwarzschild and Kerr solutions, at
least for nonextremal spins), these modes are usually
referred to as quasinormal modes (QNMs).

Interestingly, because the Kerr geometry can only
depend on two “hairs” [60—63] (mass and spins), the
QNMs frequencies are found to only depend on the same
two quantities. This observation has long prompted sug-
gestions to use QNM observations to test the no-hair
theorem and thus GR [65,66], a proposal that the LIGO/
Virgo collaboration is starting to tentatively apply to real
data [67-70], even though really constraining tests will
probably have to wait for future detectors [71].

In order to compute QNM frequencies in mHG, let us
start from the equations of motion in vacuum derived from
the covariant action (6). From variations of the metric, one
obtains

E,=G, - /IT];B =0, (33)

where G,, = R,, — g,,R/2 and TX} contains the contri-
bution from the khronon:

1
T/ljlll = uﬂuvuﬂvﬂv/)u/) - gﬂl/v/)u/) + Eg/w(vﬂu”)z

+ 2(%’”14,/) - u(ﬂub)u/’)vl,vgu”. (34)

Variation of the khronon field T yields a scalar equation
that is equivalent to the covariant conservation of T}jf},
already a consequence of (33) [18]. As such, it does not

>The electric charge is believed to be zero or extremely small
for astrophysical black holes [64].
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need to be independently enforced if all of the ten
components of Eq. (33) are satisfied. However, we show
it here for completeness:

(¢ = u'u")(V,V,u)

V. IVT

Let us now perturb the metric and khronon fields around
a curved background geometry, characterized by the pair

G- 1, }:

K=V, =0. (35

9w = g/w + ehm/ + 0(62)7
u, = i, +ev, + O(e?), (36)

where € is a perturbative parameter (which sets the
amplitude of the perturbations of the metric and @ther/
khronon, which needs to be small for the linear theory to be
a good approximation). In the following, to keep the
analysis more general, we will simply assume a spherically
symmetric and static background, given by the ansatz of
Egs. (20)—(21). To restrict to a black hole background, one
can then simply assume the validity of Eqgs. (22)—(23),
with r, = 33/4GyM/2.

Inserting Eq. (36) into Eq. (33) and expanding to linear
order in ¢, we obtain the equations of motion for the
perturbations in covariant form,

E,, +€SE,, + O(e?) =0, (37)

where E w = 01s automatic from the choice of background.
From now on we will drop the O(e?) symbol everywhere
for notational clarity. Note that the @ ther field enters
Eq. (34) both with upper and lower indices. This implies
that even if we set v, = 0, we do not trivially recover the
same equations for the perturbation as in GR, since there
are still non-negligible contributions to 6E,, coming from
ut ~ u* + evt —en, i, Note that this signals that the
gravitational perturbations “feel” the presence of a back-
ground violating Lorentz invariance through the presence
of the preferred foliation.

Since the background {g,, . &, } is spherically symmetric,
it is convenient to expand the perturbations in spin-
weighted spherical harmonics. Using the standard
Regge-Wheeler gauge [57] for the metric perturbations
and performing a Fourier transform in the time coordinate
(exploiting the staticity of the background), we obtain

hy, = €7 (hS)™ + h93d sin 00,) P4 (cos 0),  (38)

Hv

where P,(x) is the ¢th Legendre polynomial, with £ the
angular momentum eigenvalue, and

f(r)HG(r) H{(r) 0 0
HY(r
0 0  rK%(r) 0
0 0 0 r?K’(r)sin’0
(39)
0 0 0 K
0 0 0 K
it — O )
0 0 0 0
ni(r) R{(r) 0 0

Here, without loss of generality (thanks to spherical
symmetry), we have set the azimuthal number m = 0.
The functions Hy(r), H,(r), Hy(r), K(r), ho(r) and hy(r),
where we have dropped the index £ to keep the notation
compact, characterize the radial profile of the degrees of
freedom of the metric perturbations. The perturbation of the
@ ther v, depends on that of the khronon field 7. If we
make this explicit in the equations, the expressions quickly
become very cumbersome. Instead, and equivalently, we
choose to write a generic & ther vector perturbation

v, = (7(r). 5(r). 2u,5(r)0p, 0) P, (cos O)e™",  (41)

where the factor of u, is chosen for convenience, since it
makes the resulting equations simpler. Imposing here
the unit-norm and hypersurface-orthogonality conditions
[Egs. (7) and (8)] expanded at linear order in ¢ allows one
to eliminate two of the three free functions appearing
in Eq. (41).

Focusing first on the odd part of Eq. (37), we find that
there are only three potentially independent equations,
corresponding to 0y, SE,y and OEy,. Notice that the
perturbation of the @ther, arising from the perturbation
of a scalar field, has no odd contribution and therefore does
not appear in the odd sector.

The function hy(r) can be algebraically solved from the
system and, after defining Q(r) = f(r)h,(r)/r, we find
that one of the remaining equations implies the other. We
are thus left with a single independent equation of the
Regge-Wheeler form [57]

d’Q
dil’% + [0)2 -

Voaa(r)]Q =0, (42)
where we have introduced the tortoise coordinate in the
usual way, i.e., dr/dr, = f(r). The effective potential
Voaa(r) reads

Vg = MO HOVA =1 T
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where A = £(7+ 1). Replacing the black hole metric
[Eq. (22)], this reduces exactly to the potential found in
GR for the same Schwarzschild solution. We thus conclude
that no differences from GR arise in the equations for odd
perturbations, nor in the QNM frequencies in this parity
sector.

In the even sector, the manipulation of the equations gets
more complicated as they now involve the khronon
perturbations as well. The full derivation of the equations
presented below is shown in Appendix C, as it is rather
lengthy and not particularly enlightening. In summary, the
system is reduced to two second-order equations, for ¢3(r)
and for an additional variable ¥(r) defined in Appendix C.
These two modes represent the perturbations of the
khronon and metric, respectively. The equation for ¥
decouples and reads

2
O+ (02 ~ VeI =0 (44)
with the potential
_ S _
Ve = s = e (1 DA =2 +3)
=3fI(L+ AP +3f(f = 1= Al (45)

This is a wave equation (in Fourier space) and again it
agrees exactly with the GR result [58], once specialized to
the black hole background [Eq. (22)]. Therefore, the even
QNM frequencies for the metric perturbations coincide
with their GR counterparts.

The equation for ¢;(r), however, remains coupled to
W¥(r), which enters as a source

5(r) + Wi(r)ds(r) + Wo(r)s(r) = j(r).  (46)

with
J(r) = Ui (r)¥'(r) + Up(r)¥(r) (47)
and
Wi(r) = —4A*f2 +2A%(5f +3) -4 w(2i —2iA%f)
= r(Af + 1) APPSO
(48)
W iGBf 4+ Do(A2f — 1) @?(A2f - 1)?
) R LIV TRV
4A%A (49)

CRA 1)

The U;(r) are (very complicated) functions of the geo-
metry, the frequency @ and the angular momentum ¢, and
explicit expressions for them are given in the Supplemental

Material [72] as Mathematica [73] files. We have con-
firmed that this is a general result by looking at the
eigensystem of the generalized linear problem, when all
equations are taken together: There is no (linear) change of
variables which decouples the system into two independent
differential equations.

Taking a closer look at our result, it may seem that the
khronon field, which was strongly coupled around max-
imally symmetric spaces (cf. Sec. II), is now propagating,
since Eq. (46) has a potential W, including @?, which
seems to indicate a finite propagating speed. However, this
is just an illusion due to a poor choice of variables, since the
equation also contains terms proportional to ¢5(r).
Performing a change of variables ¢5(r) = g(r)¢(r) and
choosing ¢(r) to cancel all terms proportional to ¢'(r),
we get

g(r) = Credi 10, (50)

_iwA2f—1
O f A+

2+ 2A%f2 — A2(3 4 5¢)

i) FAFEI?E

(51)

where C; is an integration constant. The equation thus
becomes

@' (r) = Vy(r)p(r) = j(r). (52)

The new potential V4(r) has no term proportional to @?,
whose contribution has been cancelled by that coming from
g(r). This corresponds to a field propagating with infinite
speed (so that c{zz =0, with ¢, the propagation speed).
This is analog to the situation in flat space. Therefore, we
conclude that the khronon field remains strongly coupled
also around black hole geometries [and actually around any
static spherically symmetric solution of the class described
by Egs. (22)—(23)].

This result can also be confirmed by looking at the
position of the spin-0 horizon for radial khronon modes
(¢ = 0). In more detail, if one restores time derivatives in
Eq. (46) by replacing @ — i0, and takes the eikonal limit—
thus keeping only the highest radial and time derivatives of
¢3(r)—we find that Eq. (46) can be rewritten as

QABaAaB¢3(”) ~0, (53)

where the indices A, B run on {z,r} and the (inverse)
effective metric g is given by

fm%—wu+ﬁﬂ>
A% f = 1)(1 + A%f) '

FH14A%f)?
(54)

By computing the null cones of this effective metric,
one finds that the apparent horizon for the khronon

084012-9



FRANCHINI, HERRERO-VALEA, and BARAUSSE

PHYS. REV. D 103, 084012 (2021)

modes—which coincides with the event horizon, since
the metric is static—lies at the outermost radius at which
g¢"" =0 (or equivalently = g,, = 0). Since that location
corresponds to 1+ A%(r)f(r) = 0, one can conclude that
the spin-0 horizon coincides with the universal horizon,
which we recall is the causal boundary for signals of
infinite speed. This again signals that the khronon field
remains strongly coupled even on spherically symmetric
and static black hole spacetimes. We stress however that the
khronon does not couple directly to matter (and in
particular to GW detectors) at tree level.

V. CONCLUSIONS

In this work, we have explored the possibility of
finding astrophysical signatures of theories of gravity that
violate Lorentz symmetry, focusing on the case of Horava
gravity. Because of existing experimental and theoretical
constraints, we have enforced @ = f# = 0 in the action (1)
that describes the low energy limit of Horava gravity,
obtaining a theory (for which we coined the name minimal
Horava gravity) depending on only one dimensionless
coupling parameter 4, on which experimental bounds are
relatively loose. We have focused on two phenomena that
explore both the linear (around curved spacetime) and
nonlinear dynamics of mHG, i.e., gravitational collapse of
spherically symmetric matter configurations and the
dynamics of the QNMs of the black holes produced by
the collapse.

We have found that spherical collapse proceeds
exactly as in GR as far as the spacetime metric is
concerned, but that the khronon field undergoes a nontrivial
dynamical evolution. In more detail, we have found that the
hypersurfaces of constant khronon follow the same evolu-
tion as the maximal time slices K = 0 of GR, which are
known to asymptote to a limiting slice (corresponding to
areal radius r = 3GyM/2) in spherical collapse [46-51].
Although in the case of GR the appearance of this
limiting slice is just a coordinate effect (since the
choice of foliation has only practical but not physical
meaning), the foliation has a physical meaning in mHG
(where diffeomorphism invariance is broken). We interpret
the appearance of the aforementioned limiting slice
as the formation of a universal horizon (i.e., a causal
boundary for signals of arbitrary speed). This is a hallmark
of black holes in Horava gravity [37,38], and we thus
conclude that collapse in mHG leads to the formation of a
black hole (as opposed to other vacuum solutions of
the theory).

We have also studied QNMs around this family of
Lorentz-violating black holes, which are described by

the Schwarzschild metric, but which present a non-trivial
khronon configuration. By using the standard Regge-
Wheeler gauge, we have shown that the metric perturba-
tions, both in the even and odd sectors, satisfy the same
(linearized) equations as in GR. We have also found that the
extra scalar mode of the theory, i.e., the perturbation of the
khronon field, remains strongly coupled also around static
and spherically symmetric spacetimes.

We therefore conclude that no (classical) observable
deviations from GR arise in either spherical collapse or in
the spectrum of black hole QNMs, at least if the khronon
(which undergoes a nontrivial dynamics) does not couple
directly to matter. While direct coupling of the khronon to
matter is certainly possible, this would produce large
violations of Lorentz invariance in the matter sector, which
are tightly constrained by experiments. Another possibility
to further test mHG may be provided by cosmology
(which already places mild constraints on mHG via e.g.,
BBN) and in general by spacetimes which are not asymp-
totically flat.
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APPENDIX A: EQUATIONS OF MOTION
IN THE UNITARY GAUGE

The variation of the action (1) with respect to the lapse N
yields
H=0CR-(1-p)K,;KV + (1+1)K?

—aa;a’ —2aD;a’ — 82Gy(2 — a)N*T® =0; (Al)
on the other hand, a variation with respect to the shift N;
gives

: e
1 = . [ R —
H _D.,<IC 5 IC)
2—a, . .
+4nGyN T— ﬂ(TO’ +N'TY) =0, (A2)

finally, variation with respect to the metric y;; gives
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3 o1 1 N
Gl =GR — §<3>Ryu - NDT[(I —BKT — (1 + 1

O]+ 2 DINC((1 = B = (14 DK

1 . o1 N
- E;/U[(l —BKFIC, + (1 + K] +2(1 = B)KKKT ) — N (D'D/N — y'ID,D*N)

+a(a’a/ _§y11a2> _ (1 +ﬁ+ 2/1)]0”(: _47TGN(2 —(x)(T” _NZNJTOO) =0,

where D; is the covariant derivative compatible with y;; and
Dy = 07 — N D .

APPENDIX B: CHARACTERISTIC SPEEDS
OF KHRONOMETRIC THEORY
IN SPHERICAL SYMMETRY

In this Appendix, we write the evolution equations for
the metric and khronon [Egs. (A3) and (A1)] for the ansatz
(25) in generic khronometric theories and in spherical
symmetry, and compute their characteristic speeds. We also
refer the reader to [45,74] for more details on spherical
collapse in generic khronometric theories.

(A3)

I

By combining with the momentum constraint (A2) and
by introducing the variables X = 9;v/A/Z, Y = d;V/B/Z,
Ag = 0xV/A and By = OxV/B, Eqgs. (A3) and (A1) can be
put in the first order form

Syu+M-Opu =S (B1)

RVZ =S, (B2)

where u = (X, Y, Bg, Ag), M is the characteristic matrix

S5 55 2a=2)(A+1)Z
a=2)(p+A)Z
M= | B+IVAZBl, 200+ 1)VZBAk, — =l
0 ~Z 0 0
—Z 0 0 0

while § and S, are complicated source terms that depend on
Z, 0rZ, A, B, X, Y, Bg, Ag and the matter variables.
The characteristic matrix has four eigenvalues

R=0 (B3)
R=VABZ(k\(f + )VB+2(A+ 1)k, VA)  (B4)
R= icw% (B5)

where k; and k, are functions of 7 and R, which can be
chosen arbitrarily (as they regulate how the momentum
constraint is linearly combined with the evolution equa-
tions), and ¢, is the propagation speed for the spin-0 modes
in Minkowski space [cf. Eq. (19)], This means that the sub-
system X, Y, Bp, Ap is strongly hyperbolic if k; = k, #0
and if ¢ is real and finite, while Eq. (B2) can be solved as
an ordinary differential equation at each time step (provided

that suitable boundary conditions are imposed on it). Note
however, as stressed in the main text, that ¢, diverges in the
mHG limit, signaling a strong-coupling problem.

APPENDIX C: THE LINEARIZED FIELD
EQUATIONS FOR THE EVEN-PARITY SECTOR

Let us start from the trace-reversed system

|7 1 aff
E, = E/u/ - 7gquaﬁg =Y,

= 5 (C1)

and use it to compute the linearized equations 6E,w. In
order to simplify them, we make use of the background
field equations, and of the unit-norm and hypersurface-
orthogonality constraints (7)—(8), in order to get rid of ¢,
¢, and their derivatives.

In more detail, the seven nontrivial linearized equations
have the following structure:
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SE, « A[CKK + Cfy Ho + Cfiy Hy + Cij, Hy + Cj ¢p3 + CiK' + Cjj Hy + Cfy H' + Cly, Hy + Cyy s
(3f+ ])lC()Hl a)2H2
2r 2

(- DHY AH
4r 272

+CL K" + CttgHg + C"’{H,]/ + CngH/zl 4 Ct /3/ + CZ?) ¢g3)] +

b3
U=DKS SIS
2r 4r

1
oG+ Ko’ =0,
SE, « A[CKK + Cfj Hy + Cjj Hy + C Ha + Cf. s + CLK' + Cpy, Hy + Cpyy Hy + Cy, Hy + C
+ CK" + Clpy Hi + Cppy HY + Cliy HY + Clpf + c;jg)gbg”]
i(3f = DKo H\A | iHyo

2fr 27 k=0,

SE,, < A|CYK + Cjj, Ho + Cjj, Hy + Cjf, Hy + Cjl.hy + CiK' + Ciy Hy+ Cpy. HY + Cpy Hy + Clf
+ ClLK" + CiH + CpyHY + Cpiy HY + Clp] + c;g)qa(f)]
@ AN\ if-DHe 3(f=DHy (f+DH; ioH,  (f+ 1K _Hy
222 21 2f%r Afr 4fr f 2fr 2

+ K" =0,

. OE
[z
Lo + 5y ACEK + Clf Ho + Ci Hy + Cif Hy + CJps + COK' + C Hy + Cp HY

+ Clf HY + C s + CIOK" + ClfHG + CofHY + Clf HY + Cogps + CZ‘?})qb?)]

2.2
— frH, — frH, + frPK" + (3fr + r)K' + K(% A+ 2)

+HTOA+H2<—%—2> —2iHro =0,
2 2 3 ; 4 2 2
5E ocl[H0<(3f+ 1)(1;;}(121(%\ f=1 n lw(;\2£4f21) >
(A% +1)2BA* P + (A2 —12)A%f2 + B3 —4AY)f + 1)  iw(A%f +1)(A%f - 1)
+H ( 16A*f2r i 16Af2 )
+H2<(3f+ 1) (A% f + 1) (A% f —1)° N iw(A%f +1)(A*f2 — 6A%f + 1))
32A%f2r 32A%f?
N (=A% f* — 6A°f3 + 6A%f + 1)H|, N (A*f2 - DK’
2AYf 4A?
o <i(3f + Do(A%f + DAY - 1)) @?(AYf2-1)° AA°f+1)
3 8A4f2r 8A4f2 2A2r2
L <_ (2Af> = AX(Sf +3) +2)(A*f +1)° iw(A*f = 1)(A*f + 1)3>
3 4A%r 4Af
@+ )H (A - DA+ 1)PHY iKe(Af +1)? n (A%f + 1)4453’}
16A%f 32A%f 4A%f 8A*
Y _er)H‘ —ﬂ;/l —%ina) —%iKa) =0,
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Bf + DA =1 iw(Af

+1)(A%f —1)3

5Er9 X j,|:H0 (- 32A4f3r

—3A%f0 — (A* = 12)ASf* +4A°F% — 124/ + (3 - 4A%)f + 1 iw(A*f = 1)*

)

32A%f3

+H1<

)

16A%f3r 16A%f3
Bf+1D(A2f = 1)*  iw(ABf* = 6ASF3 +6A2f — 1)\  (A*f? —1)*H)
+H (_ 3244 3r - 32443 ) LYYy
(A2f = 1)(A2f + 1)°H]  (A2f = 1)2(A*f2 + 6A%f + 1)H) iKw(A*f>—1)
16A% f2 + 32A%f2 4A2f2
AA*F2—1) iBf + Dw(A%f = 1D*  o?(A2f + 1)(A%2f - 1)3
“’53( 2422 8A*f3r 8Af3 >
C(2A3fF — ACFA(SF 4 3) + A2(5F+3) =2 iw(A*f2—1)2\  (A%f - 1)’K’
+¢3( 4A% fr 4A%f2 ) A
A’ — 1)(A2f + 1) 3f—1)H +1H, iHo H, K
(A )8(144;: ) #5 +(f4fr> 0_(f4fr) 2 2} _TOJF?:O’ (C2)
8Egy x Hy— Hy = 0. (C2g)

The explicit expressions for the coefficients C;/ are given in
the Supplemental Material [72] as Mathematica [73] files.

Let us notice that these seven equations contain only five
independent variables H,, H,, H,, K and ¢;. This seems to
imply that the system may be overdetermined. This turns
out not to be the case, since some of these equations are
redundant due to the Bianchi identity.

In more detail, from diffeomorphism invariance of the
covariant gravitational action (6) (without the matter con-
tribution) one obtains the generalized Bianchi identity [25]

VB = =2V IV

(C3)

Taking linear combinations to cancel out the explicit
dependence on T and x and performing trivial manipula-
tions, one can then write the identity
V, (E*u* — E*u*) = E"*V, u* — E*V u", (C4)
which can be used to show that two of the seven equations
can be eliminated from the system without loss of generality.
This can also be seen by direct manipulation of the equations
of motion,~as we will now show.
From 6Ey, = 0, we obtain
Hy(r) = Ho(r), (C5)
which allows us to get rid of H, completely. The structure
of the remaining equations is then the following: on the

one hand, the equations 6E,,, 8E,,, 5E,,, 5Ey contain up to
second derivatives of the metric perturbations and up to

third derivatives of ¢5(r)% on the other hand, in 6, and
SE,p one can find up to first derivatives of the metric
perturbations and up to second derivatives of ¢;(r). Thus,
from 6E,y = 0 and 6E,y = 0 we can solve algebraically for
H(r) and ¢4(r). This defines an equation for the scalar
field, which we denote by F; = 0. The next step is to use
the expressions for H(r) and ¢4 (r) (and their derivatives)

to eliminate H, HY, ¢4 and ¢(33) from the rest of the

equations. By doing so, we obtain E,, x E,,.
We then solve 6E,; = 0, 0E,, = 0 and 6Egy = 0 and get
algebraic expressions for H{j(r), K”(r) and H;(r), which

take the schematic form
Fo=Hj—-dHy+ d,K' +d;Hy+dyK =0, (Co6)
Fy=K"—-dsH)+ dsK' + d:Hy+ dgK =0, (C7)
H, —dyH\+ d\0K' +d; Hy+ d;,K =0, (C8)

where the d; are functions of r, @ and A. We have checked
that the derivative of Eq. (C8) coincides with the previous
analytic solution that we had found for H', so Eq. (C8) is
redundant. We are thus left with three independent equa-
tions, corresponding to F, = 0, F, = 0 and Fx = 0, which
depend only on three variables ¢;, H, and K, with the
scalar field present only in F,. Moreover, both Fy and F
are independent of 4, and F'; contains only first derivatives
of Hy and K.

®Third radial derivatives appear after imposing the hypersur-
face-orthogonality condition, Eq. (8).
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In the GR limit, 1 — 0, the dependence on ¢; also
disappears from F ;. In that case, compatibility of the system
would require that one of the equations is redundant. Note
that this must be the case since we know that in the GR limit

|

(f2(=A) + f(A? =2A + 147%0%) + A = 2A7*0* — 67%w?) "

the energy constraint is reinstated, cf. Eq. (30). Since F,
reduces to a first order equation in the GR limit, it can be used,
upon substitution into the other equations, to reduce the
whole system to two first-order equations relating H, and K:

fr(fA = A +4r°e?)
(f2(A2 =2A 4+ 972@?) = 2f A + 1) PP0? + 4r*w* + rPw?)

0

+

Hy(=2fA + A2 + 4r2a?)

FPr(fA = A+ 4r*w?)

K(f(A? =2A + 6r°w*) —2(A + 1)r?a?)

K + Hj, =0, (C9a)

+ K =0.

—fAr —4r3w* + Ar

Since Egs. (C6)—(C7) can be shown to be independent of 4,
Eq. (C9) also holds in the general case, as can be checked
by direct substitution.

A last simplification occurs by introducing the same
variable transformation as in [58,75], given by

_A0EN) =32+ N 46/

2r(1 + A= 3f) v o
. _ LHA=3AF+3F,
0T 2(1+A=3))
S[LEASSF (AS2P4A) o]y gy

6r 3r(1+A=3f)? f

After performing this transformation, Eq. (C9) reduces to
the simple equation

Y P Vam¥ =0, (C12)
with potential
_ f
Veyen = PO+ A=3/) [(1+A)(AA=2)+3)
=3fI(1+ AP +3f(f = 1= Al (C13)

fr(fA—=A+4r’a?)

(C9b)

However, in the general case of nonvanishing 4, the third
equation Fy = 0 remains independent and serves as the
equation of motion for the scalar field:

@5 (r) + Wi (r)gs(r) + Wo(r)gs(r) = j(r).  (Cl4)
with
J(r) = Ui (r)¥'(r) + Ug(r)¥(r). (C15)

The explicit forms of the functions W;(r) are

W, (r) = —4ANf L 2A2(5F +3) =4 w(2i —2iA%)

r(A%f +1)2 A2f2+f
(C16)
Wo(r) = i3f+Dw(A’f =1 o (A*f-1)
FPr(A’f +1)° FHAf 1)
4AZA
(C17)

R

while Uy(r) and U,(r) are included in the Supplemental
Material [72] as Mathematica [73] files.
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