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Abstract. The final ringdown phase in a coalescence process is a valuable laboratory to test
General Relativity and potentially constrain additional degrees of freedom in the gravita-
tional sector. We introduce here an effective description for perturbations around spherically
symmetric spacetimes in the context of scalar-tensor theories, which we apply to study quasi-
normal modes for black holes with scalar hair. We derive the equations of motion governing
the dynamics of both the polar and the axial modes in terms of the coefficients of the effec-
tive theory. Assuming the deviation of the background from Schwarzschild is small, we use
the WKB method to introduce the notion of “light ring expansion”. This approximation is
analogous to the slow-roll expansion used for inflation, and it allows us to express the quasi-
normal mode spectrum in terms of a small number of parameters. This work is a first step
in describing, in a model independent way, how the scalar hair can affect the ringdown stage
and leave signatures on the emitted gravitational wave signal. Potential signatures include
the shifting of the quasi-normal spectrum, the breaking of isospectrality between polar and
axial modes, and the existence of scalar radiation.
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1 Introduction

The detection of gravitational waves by LIGO and Virgo [1-3] has opened up a new window
into the strong gravity regime. Up until now, observations appear to be very well described
by General Relativity (GR). Nevertheless, as more and more events are observed, it becomes
important to determine quantitatively the extent to which alternative theories of gravity are
ruled out. Effective field theories (EFTs) provide a framework to carry out this program in
a model-independent way. They also provide a general foil against which GR can be tested.
The only inputs required are the number and type of “light” degrees of freedom in the gravity
sector, and the symmetries that constrain their interactions.

If the only relevant degrees of freedom in the gravity sector are the two graviton polariza-
tions, the only modification of GR that can (and should) be considered is the addition of
higher powers of curvature invariants to the Einstein-Hilbert Lagrangian [4]. These higher-
derivative operators modify (among other things) the phase, amplitude and polarization of
gravitational waves. Such corrections are suppressed schematically by powers of w/A, where
w is the frequency of gravitational waves and A is the scale at which “new physics” kicks in.
Observations can then be used to place a lower bound on the magnitude of A, providing a
model-independent constraint on new “heavy” physics in the gravitational sector.! The exact
same strategy is used at the LHC to place model-independent bounds on physics beyond the
Standard Model.

In this paper, we will focus on less minimal modifications of GR, in which the light degrees
of freedom include one additional light scalar besides the graviton—i.e., we will consider
scalar-tensor theories. Many examples of scalar-tensor theories exist of course, but our goal
is to be general: what is the most general dynamics of fluctuations around a black hole
with scalar hair? We are particularly interested in the way in which this extra scalar mode
affects the ringdown that takes place at the end of the merger process. Of course, testing
gravity using the ringdown is not a new idea (see e.g. [6, 7]). However, until now these tests
have been carried out on a model-by-model basis (e.g. [8, 9]). In this paper, we propose
instead a different approach—based on EFT techniques—which can be used to place model-
independent constraints on scalar tensor theories. More precisely, we introduce an EFT
framework to describe quasi-normal modes (QNMs) of static, isolated” black hole solutions
with a scalar hair.

It is well known that such solutions are hard to come by if we demand asymptotic flatness.?
This fact is encoded in a variety of “no-hair theorems” which, under fairly general assump-
tions, forbid the existence of non-trivial scalar profiles surrounding black hole solutions (see
e.g. [12—14]). These assumptions can nevertheless be violated, and as a result several solu-
tions with non-trivial scalar hair can be found in the literature (see e.g. [15-17]). Depending
on the circumstances, such hairy solutions can even be dynamically preferred over solutions
with a vanishing scalar profile [18, 19]. Indeed, a fairly simple way to endow black holes

!Such constraint can then be mapped onto specific models with a procedure known as matching [5].

2A more realistic program would require to estimate to what extent environmental effects are negligible
or affect instead the QNM spectrum. Disentangling the impact of the astrophysical environment from the
observations is a key ingredient in order to really constrain additional degrees of freedom in the gravitational
sector. For a study in this direction see e.g. [10].

3In the presence of a negative cosmological constant, instead, a non-minimal coupling of the form ®2R is
sufficient to give rise to a stable scalar hair in a certain range of parameter space [11].



with hair does not even involve sophisticated dynamics; all one needs is non-trivial boundary
conditions. Take the example of a minimally coupled, free scalar with a standard kinetic
term: Jacobson [20] showed that a black hole has scalar hair if the scalar approaches a pure
function of time at spatial infinity. The amount of hair, quantified by the scalar charge to
mass ratio for instance, is generally small if the time scale of variation (for instance, Hubble
time scale) is long compared to the black hole horizon size [21]. However, if the time variation
is due to close-by objects (e.g. stars which can well have scalar hair), the induced black hole
scalar hair could be non-negligible [22].* For a fairly exhaustive review of no-hair theorems
as well as asymptotically flat solutions with scalar hair, we refer the reader to [23].

While allowed from a technical viewpoint, one may still worry that hairy black holes could
already be ruled out by existing observations. For instance, it was recently argued [24]
that a non-negligible amount of scalar hair would be incompatible with present cosmological
constraints when combined with current bounds on the speed of propagation of gravitational
waves [25]. Such a claim however is based on the assumption that the scalar field remains
weakly coupled from cosmological scales all the way to the scales relevant for black hole
mergers. This does not necessarily have to be the case, as was pointed out for instance in
the context of Horndeski theories [26]. Moreover, the speed of propagation constraint can be
viewed as putting a lower bound on the cut-off scale associated with certain higher dimension
operators. The bound is significant for cosmological applications, but sufficiently weak to
allow non-trivial effects on the horizon scale of astrophysically interesting black holes.

In fact, one could even argue that a scalar hair is a natural feature to consider if we are
after observable departures from GR. The reason is that, if the scalar field profile around two
well-separated black holes is initially constant, scalar perturbations can be excited at linear
level by the merging process only if the scalar couples to the Riemann tensor. For instance,
one can consider a coupling between ® and the Gauss-Bonnet invariant Gap = R\, R Ap
4R, R + R? of the form f(®)Ggp, which is known to generate scalar hair [27, 28]. This
argument is admittedly more suggestive than it is rigorous, as it discounts for instance the
possibility that a small hair of cosmological origin [20] could get amplified by non-linearities
during the merger process, and in turn lead to a sizable emission of scalar modes. Regardless,
we are finally in a position where the absence of scalar hair is a feature that can be tested
experimentally rather than ruled out by no-go theorems based on a set of assumptions.
As such, one can also view our formalism as a pragmatic attempt to study the possible
observational consequence of a scalar hair during ringdown.

Another important constraint that scalar-tensor theories need to contend with is the lack of
evidence for additional polarizations in the gravitational wave spectra observed so far [29, 30].
This, however, should be mostly viewed as a constraint on the strength of their coupling
to baryons rather than on their actual existence [31, 32]. To illustrate this point, let’s
consider scalar-Gauss-Bonnet gravity [16] without a tree-level coupling between the scalar
and baryons. The couplings with baryons induced by radiative corrections will be suppressed
by derivatives due to the shift invariance of this model, and thus can be easily rendered weak

enough to be undetectable.” At the same time, one could have a significant departure from

1A spatial gradient in the boundary condition is expected to have a similar effect.

SStrictly speaking this is true only in the asymptotic region close to the detector, where the background
value for the scalar hair vanishes and the metric is nearly Minkowski. Indeed, in general, a non-negligible
mixing with the graviton degrees of freedom induces shift-symmetry breaking corrections suppressed by powers
of Mp) and proportional to background quantities, once the non-dynamical metric components are integrated



the Schwarzschild metric for sufficiently large values of the scalar charge. In this example, the
polarizations of QNNMs observed would be the same as in GR, although their spectrum could
be significantly different. As a matter of fact, the QNM spectrum could differ significantly
from the GR one even if the metric remained exactly Schwarzschild, as is the case for the
so-called stealth solutions [35, 36]. This is because metric perturbations can mix with the
scalar perturbation on a spherically symmetric background.

The spectrum of QNMs predicted by GR in the static case is comprised of two isospectral
towers of modes that are respectively even and odd under parity [37]. Setting aside additional
polarizations for a moment, modifications of GR can then be classified into three distinct
groups, depending on whether they (1) modify the spectrum of even and odd modes while
preserving isospectrality; (2) break isospectrality; or (3) mix the even and odd modes, so that
there is no longer a distinction between the two. The latter possibility is realized if the scalar
field that acquires a non-trivial profile is odd under parity. In fact, a spherically symmetric
profile for a pseudo-scalar spontaneously breaks parity, and therefore perturbations around
it are not parity eigenstates. The approach we develop in this paper will make it explicit
that this third option is always a higher derivative effect.

In this paper, we will make a first step towards a systematic exploration of the three possi-
bilities mentioned above by introducing an EFT for perturbations around static black holes
with scalar hair (Sec. 2). Our approach will follow blueprints that were first developed in
the context of inflation [38]. The main idea is that, if the scalar field has a non-trivial radial
profile, one can always choose to work in “unitary gauge” and set to zero the scalar pertur-
bation. This can be achieved by performing an appropriate radial diffeomorphism. When
this is done at the level of the action, one is left with an effective theory that is invariant
under time- and angular-diffeomorphisms, but not under radial ones.

We will show how to appropriately reorganize this action in such a way that only a finite num-
ber of terms contribute to the Lagrangian at any given order in perturbations and derivatives.
As a result, we will see that at quadratic order in perturbations (which is all we need to study
QNMs) and lowest order in derivatives, there are at most three operators that we can add to
the Einstein-Hilbert Lagrangian. Moreover, it turns out that these three operators only affect
the even sector (meaning the odd sector is completely determined by the background metric,
which could still be different from Schwarzschild in general).® The power of our approach
lies in the fact that these three most relevant operators, whose effect will be studied in detail
in Secs. 5-6.2, could in principle arise from an infinite number of diff-invariant scalar-tensor
theories.

One obvious drawback of working with a theory that is not invariant under radial diffeo-
morphisms is that its action will contain arbitrary functions of the radial coordinate. These
functions will in turn appear in the potential for the QNMs and, because of this, calculating
their spectrum could at first sight seem a hopeless task. In order to make it more tractable,
we can exploit the fact that current gravitational wave observations appear to be consis-
tent with GR. This suggests that, barring (un)fortunate coincidences, we can assume the

out. The non-invariance under shifts of the Hamiltonian constraints, responsible for this fact, is at the core
of the construction of shift-symmetric adiabatic modes on FLRW spacetimes [33, 34].

5In other words, the relevant potential for the odd modes depends exclusively on the background metric
components, with exactly the same functional dependence as in GR. This still leaves open the possibility of
a modification to the odd QNM spectrum if the metric is different from Schwarzschild.



background to be “quasi-Schwarzschild”. This is certainly a natural assumption to make
from an EFT viewpoint, and when coupled with the WKB approximation [39, 40] it allows
us to express the QNM spectrum (Sec. 3) in terms of a small set of parameters—namely
the values and derivatives of the EFT coefficients and the background metric components
evaluated at the light ring. We call this procedure light ring expansion. This state of affairs
should be reminiscent of what happens in inflation, where a WKB approximation can also
be employed to calculate the spectrum of primordial perturbations [41], and departures from
exact de Sitter is also encoded by a small number of parameters—the first few derivatives of
the inflaton potential. Our light-ring expansion is the analog of the usual slow-roll expansion
in inflation.

We should emphasize however that our EFT remains a useful tool even in situations where
the WKB approximation is not needed. For instance, this is the case if the EFT coefficients
are known functions of the radius. Then, our approach still provides a particularly convenient
way of organizing the calculation of the QNM spectrum in scalar-tensor theories.

This is not the first time that the idea of writing down an EFT for perturbations around
spherically symmetric backgrounds is put forward in the literature. For instance, an approach
very similar to the one we are proposing here was first explored in [42]. The authors of that
paper also focused their attention on static black hole solutions with a scalar hair, and chose
to work in unitary gauge. However, they performed a 2+1+1 ADM decomposition and con-
sidered the most general action that is manifestly invariant under angular diffeomorphisms,
with the additional requirement that its coefficients depend only on the radial coordinate. *
This construction is however more general than is necessary: it gives rise to an effective action
that is not invariant under time-diffeomorphisms, and involves more free functions. Keep in
mind that a single scalar acquiring a static radial profile can only define a single preferred
radial foliation, defined by the condition ® = constant. As we discussed earlier, by working
in unitary gauge one should obtain a theory that only breaks radial diffeomorphisms. For
this reason, we expect that the effective action put forward in [42] will generically propagate
two scalar degrees of freedom (besides the graviton, of course) already at lowest order in the
derivative expansion. In other words, tunings are necessary to ensure that the low energy
spectrum contains a single scalar mode in the construction of [42]. In our formalism, these
tunings are already enforced by symmetries.

More recently, a different approach to perturbations of spherically symmetric gravitational
solutions was proposed in [43]. The advantage of this approach is that it applies to any
number and type of light degrees of freedom and that, unlike ours, none of these are required
to have a non-trivial background configuration—i.e., there is no need to consider “hairy”
solutions. The downside is that an in principle straightforward but in practice quite lengthy
procedure is needed to ensure invariance under diffeomorphisms. This procedure was car-
ried out explicitly in [43, 44] for a certain class of scalar tensor-theories assuming that the
background metric is exactly Schwarzschild and that the black hole has no scalar hair. This
procedure would need to be redone for more general backgrounds.

Invariance under diffeomorphisms is built into our formalism from the very beginning.® More-

"Based on invariance under angular diffeomorphisms, these coefficients could in principle also depend on
time. However, the requirement that they are time-independent is technically natural, because it is protected
by invariance under time-translations, which is an isometry of the background we are considering.

8Note, however, that invariance under temporal and angular diffeomorphisms is not maintained on a term



over,

the derivative counting in unitary gauge is such that one is naturally led to consider

“beyond Horndeski” operators [45]. These operators do not lead to additional propagating
degrees of freedom, but would naively appear to be of higher order in the formalism of [43].
Finally, we should point out that our approach could be easily extended to include additional
light degrees of freedom, as was already done for the EFT of inflation in [46].

A road map: let us give a road map of the main results of this paper, especially for readers
who are not interested in the technical details.

The most general action for perturbations around a spherically symmetric background
at second order in derivatives is given in Eq. (2.4). Note that the background needs
not be that of a black hole in general. The background metric is given by Eq. (2.1)
while the background scalar profile is some general function of radius ®(r).

The quadratic action for perturbations in Eq. (2.4) does not involve any epsilon tensor.
This means that, at quadratic order in derivatives, there is no way to tell whether the
underlying covariant scalar-tensor theory involves a pseudoscalar or a scalar. This
implies that mixing between even and odd modes cannot occur at this order in the
derivative expansion. In other words, mixing is always a higher derivative effect.

The EFT for perturbations involves free functions of the radius r. For practical ap-
plications, the freedom can be much reduced by assuming small departures from GR.
In that case, the position of the light ring is slightly displaced from its GR value.
Adopting the WKB approximation, we introduce the light-ring expansion to express
the quasi-normal spectrum in terms of the potential and its derivatives at the GR light
ring. This is discussed in Sec. 4 and a concrete example is provided in 5.2.2.

The quadratic action simplifies greatly if one restricts to the leading order in deriva-
tives, given in Eq. (5.6) for odd perturbations, and Eq. (6.5) for even perturbations.
There are only 2 free radial functions A(r) and f(r) in the odd perturbation action
(3 in the even perturbation action, with the addition Mj(r)), assuming a conformal
transformation to the Einstein frame has been performed. Working out the experimen-
tal signatures would require specification of the coupling of matter to both the metric
and scalar perturbations (see discussion in Sec. 7).

For this lowest-order-in-derivatives action, there is a simple (tadpole) constraint on the
background metric given by Eq. (2.14). In this case, the functions A(r) and f(r) are
completely determined by the background metric (Eqgs. (2.11) and (2.12), setting o = 0
and M; = Mp) assuming conformal transformation to Einstein frame).

The general metric perturbations are labeled in a manner following Regge and Wheeler
[47] (Egs. (3.8) and (3.7), or more explicitly Egs. (5.1) and (6.1)). We adopt the
Regge-Wheeler-unitary gauge whenever a gauge choice is made. This means the scalar
field fluctuation d® = 0, the odd sector metric perturbation hy = 0 (Eq. (5.1)) and
the even sector metric perturbations Hop = G = 0 (Eq. (6.4)). Note that Regge and
Wheeler also chose H; = 0 which we can no longer do because of having set /& = 0.

For the lowest-order-in-derivatives action, the odd sector perturbations obey a simple
equation of motion (see Egs. (5.8) and (5.9)), which takes the same form as in GR i.e. it

by term basis in the action—see discussion around Eq. (2.4). Also, invariance under radial diffeomorphism is
manifest only after introducing the Goldstone m—see discussion in Sec. 6.2.



has the same dependence on the background metric (2.1) and its derivatives, though the
background metric itself can in general be different from that of GR. The corresponding
action can be read off from Eqs. (5.17) and (5.18) by setting a = MZ = My = 0.
The dynamics of the even sector is significantly more complicated than that of the odd
sector—the same is true in GR, but we also have an additional scalar mode—-and the
corresponding action is given by Eq. (6.5). Nonetheless, the speeds of propagation of
the even modes are simply expressed by Eq. (6.13).

e Our action is invariant under time and angle diffeomorphisms. Restoring radial diffeo-
morphism invariance can be achieved by introducing a Goldstone mode 7. This, and
the decoupling limit, is discussed in Sec. 6.2.

e For readers interesting in going beyond the lowest order in derivatives, for instance
necessary to describe theories such as the galileon or a scalar coupled to the Gauss-
Bonnet term, a discussion can be found in Sec. 5.3.

Conventions: throughout this paper we will work in units such that ¢ = A =1 and adopt a
“mostly plus” metric signature. Unless otherwise specified, we will work in spherical coordi-
nates with Greek indices p,v, A, ... running over the (¢,6, ¢,r) components, lowercase Latin
indices a, b, ¢, ... from the beginning of the alphabet running over the (¢, 6, ¢) components,
and lowercase Latin indices 1, j, k, ... from the middle of the alphabet running over the (6, ¢).
Finally, we will denote the scalar field with ®, to avoid any potential confusion with the
angular variable ¢.

A note regarding our notation on the transformed quantities. By transform we mean spherical
harmonic transform and/or Fourier transform. Take the example of the metric fluctuation
variable hg (Eq. (3.8) or Eq. (5.1)). We use the same symbol hy to denote (1) the fluctuation
in configuration space i.e. a function of time and space hy(¢,7, 6, ¢), or (2) the fluctuation in
spherical harmonic space i.e. hy(¢,r, ¢, m) (where the spherical harmonic Yy, (6, ¢) has been
used), or (3) the fluctuation in Fourier/spherical harmonic space i.e. ho(w,r, ¢, m) (where the
spherical harmonic Yz, (6, ¢) and the Fourier wave e~ have been used). We often omit the
arguments for hg altogether and rely on the context to differentiate between these different
meanings. See the discussion around Egs. (3.9) and (3.10) for more details.

2 Effective theory in unitary gauge

In this Section we construct an effective theory for perturbations around static and spherically
symmetric backgrounds. We highlight here the main steps, mostly focusing on the results,
and refer to App. A for all the details. The procedure closely follows the logic underlying
the construction of the EFT of inflation [38, 48], but with respect to the case of Friedmann-
Lemaitre-Robertson-Walker (FLRW) spacetimes some important differences arise at the level
of perturbations, as we shall discuss in details.

We assume that the theory consists of the metric g, and a single scalar degree of freedom @,
which takes on an r-dependent profile ®(r) that sources the background metric gy, defined
by

dr?

b*(r)

ds® = —a®(r)dt® + +¢(r) (d6* + sin® fd¢?) . (2.1)



Notice that, without loss of generality, one is always free to rescale the radial coordinate in
such a way to get rid of one of the three functions in (2.1). Nevertheless, in this Section, we
will keep the metric in the redundant form (2.1): this will make the comparison with known
models in the current literature more transparent.

A convenient way of describing the low energy physics for the tensor and scalar excitations
is to work in the unitary gauge, defined by 6® = 0. This condition is equivalent to using
the radial diffeomorphism invariance to fix a specific hypersurface in the radial foliation
of the spacetime manifold.” After gauge fixing, the residual symmetries of the action are
the temporal and angular diffeomorphisms. Therefore, besides the Riemann tensor, the full
metric g,,,, covariant derivatives V,, and the epsilon-tensor "2 the most general unitary
gauge action contains as additional ingredients the contravariant component ¢'", the extrinsic
curvature K, associated with equal-r hypersurfaces and arbitrary functions of r. Explicitly,
it takes on the form

S = /d4m —gL (guy,e’“’/\p,Rum/g,g”,KW,Vu,r) . (2.2)

Now, any bona fide effective theory for perturbations around the time-independent, spheri-
cally symmetric background metric (2.1) can be obtained by expanding each operator in the
action (2.2) in fluctuations up to some order in the number of fields and derivatives. In this
respect, it turns out that the symmetries of the background play a crucial role in dictating
the structure of the building blocks entering the final action for perturbations. In order to
make this fact manifest, it is worth reviewing briefly how the construction is implemented
in the context of FLRW backgrounds [38, 48]. This will also help clarifying the differences
arising in systems with spherical symmetry. Let us denote with O = {R, s, g%, K, } the
building blocks of the EFT on time-foliated FLRW spacetimes [38]. Here K, is now the
extrinsic curvature associated with the constant-time hypersurface, not to be confused with
the analogue in (2.2). Since the hypersurface is maximally symmetric, a generic background
quantity O can always be written just in terms of the background metric, the unit normal
vector n,, and functions of time [38]. For instance, K w=H (t)iLw,, where h,,, is the induced
metric and H(¢) is the Hubble function. This remarkable fact allows to define the pertur-
bation 6@ associated with a generic operator O as follows: @ = O©) 4 §O, where (i) 00
contains the background value, i.e. O = O (where “~” denotes setting the perturbations
to zero), while 6O starts linearly in perturbations, and (i) both O©) and 6O transform
covariantly. For instance, one can split K, = H(t)hu, + 6K, where both K ,SOV) = H(t)hu
and 0K, are covariant quantities [38]. As a result, all the operators in the Lagrangian for
perturbations of [38] are separately invariant under residual (spatial) diffeomorphisms, and
counting powers of 4K, is the same as counting the order of perturbations. In the class of
theories that non-linearly realize time translation invariance, this turns out to be a distinc-
tive feature of the FLRW subclass and crucially relies on the high degree of symmetry of the
background (i.e. homogeneity and isotropy) [38]. By contrast, in the case of non-maximally
symmetric backgrounds of the type in (2.1), one cannot define for all the operators in (2.2)
perturbations that transform covariantly under residual (temporal and angular) diffeomor-
phisms. As an example, consider the extrinsic curvature K, in (2.2). On the background,
Ky = %6rﬁab (see App. A) and it is clear from (2.1) that K, oCha,. As a byproduct, there

is no way to define a K ,(f,),) in terms of the metric only in such a way that it transforms

9Notice that this requires a nontrivial background scalar profile, i.e. ' (r) #£ 0.



covariantly.'’ Thus, we define § K v by K — K uv, and it is not a covariant tensor. The two
main consequences of this fact are: i) new independent operators are in principle allowed
at any order in perturbations, including as we will see one additional tadpole; i) invariance
under residual (temporal and angular) diffeomorphisms in general will not be manifest in the
Lagrangian at a given order in perturbations i.e. an object like 6K, 0 K* is not invariant
because 0K, is not a covariant tensor.

In the case of spherically symmetric backgrounds, the perturbation of a given operator O;
that belongs to the building blocks {R,,as,9"", K} or their derivatives can be defined by
subtracting the background value of the operator, 60; = O; — O;. Even if the dO; so defined
does not transform covariantly, at a given order n in the number of perturbations, the most
general action will be of the form:

S /d‘lx\ﬁ S oo L (160, .80, (2.3)

U15eeein

where the indices i,, run on the operators up a to given order in derivatives. Now, for every
choice of the functions of the radial coordinate C( ") n( r) there is clearly a gauge invariant
Lagrangian (with respect to temporal and angular dlffs) of the form (2.2) such that its
expansion in perturbations up to order n gives the desired coefficients. On the other hand, in
general, at fixed order n a specific Lagrangian (2.2) in two different gauges will give rise to an
action for perturbations with different values for the coeflicients C’Z(ln)ln (r), so a Lagrangian
of the form (2.3) is well defined only once the gauge choice for perturbations is made. This
aspect, as we will see in the next sections, does not turn out to be a limitation in any practical
application of the EFT for perturbations that we are constructing.

As we prove in App. A, the most general action for perturbations in unitary gauge up to
quadratic order and with no more than two derivatives can be written as

1 _
5= [[ate =g MEOR - A0) - S0 - () KK
+ M3 (r)(0g")? + M5 (r)3g™ 0K + M (r) K 69" K™
+ MZ(r)(0,69"™)? + ME(r)(0,09" )0 K + M7(r) K (0.0 )S KM + M3 (r)(0a69")?  (2.4)
+ MZ(r) (6 K)? + Miy(r)6 K6 KM + My1(r) K0 KS KM + Mya(r) K, 0 KHPSKY ,

+ AP K, KESKSKM + MZ(r)og™ 0 R + Mya(r) K, 09" 0R™ + ... |,

where RW is the Ricci tensor built out of the induced metric A, .

A few comments are in order at this point. As anticipated above, one has formally a larger
number of operators for perturbations with respect to [38]. In particular, there is in principle
an additional tadpole parametrized by the function «(r), which, together with A(r) and f(r),
will be determined by the Einstein equations.'’

OFor instance, one might be tempted to define KL(L?,) = 10,huy, but this is not a good tensor under 7

2
dependent (¢, 0, ¢) diffeomorphisms.

1The analog of the additional tadpole term in the case of the EFT for inflation would be ng)K“”, and this
can be shown to be rewritable in terms of the other tadpole terms, for an FLRW background (see Appendix
of [38]).



Furthermore, notice that in general the r-dependence of the coefficient M?2(r) can be re-
absorbed by a conformal transformation that brings us back to the Einstein frame. This will
generically affect the coupling to additional matter fields, which have been left unexpressed
n (2.4). We will have more to say about this in Sec. 7.

A remarkable feature of the quadratic action above is that it does not depend on the epsilon
tensor. In the covariant action for the underlying scalar-tensor theory, epsilon tensors will
appear if either (1) the action is not invariant under parity, or (2) the scalar field is odd
under parity, i.e. it is a pseudo-scalar. In the first case parity is explicitly broken, in the
second case it is spontaneously broken by the scalar hair. Both types of breaking would lead
to a mixing between even and odd perturbations. However, the fact that an epsilon tensor
cannot appear at second order in derivatives in perturbations means that mixing is always a
higher derivative effect. In other words, at lowest order parity is an accidental symmetry of
our action for perturbations.'”

It is worth also commenting on the fact that some of the combinations among the operators
in (2.4) may secretly propagate an extra unwanted ghost-like degree of freedom.'® The
absence of this kind of pathology can be guaranteed by enforcing degeneracy conditions,
which determine specific relations among some of the coefficients in (2.4) therefore reducing
the number of independent operators in the EFT. This study requires in general a detailed
classification of the Hamiltonian constraints associated with (2.4). However, since in the rest
of the paper we will mainly focus on the leading order terms in the derivative expansion,
these complications will never affect our discussion and hence can be safely disregarded in
the following.

Finally, we conclude this section stressing again that the form of the unitary gauge action
(2.4) is dictated only by the spontaneous breaking pattern of the Poincaré group down to
spatial rotation and time translation invariance. In other words, there is no input from
additional internal or spacetime symmetries, which would further constrain the couplings
in the effective action (2.4). We will not discuss this possibility here, leaving it for future
work. '

2.1 Tadpole conditions

In this Section we focus on the tadpole operators in the EFT (2.4),

Sutpte = [ Atay=g | GMEOR - [(g” = AC) — 0l k™| (25

12A concrete example is provided by Chern-Simons gravity [49, 50]. In this case, the non-minimal coupling
@RWAPR’”M” requires ® to be a pseudoscalar. The expansion of this term up to quadratic order in per-
turbations contains several terms. Some of these terms contain two derivatives acting on perturbations and
therefore yield a contribution to the action in Eq. (2.4). However, the only term in which derivatives and
metric perturbations are actually contracted with each other through an epsilon tensor is iéRuMpéé“")‘p.
This term contains two derivatives acting on each metric perturbation, and thus it is a higher derivative
correction to the action (2.4).

13This well-known fact has already been discussed in the unitary gauge language in the context of the EFT
for FLRW spacetimes in [51].

MFor a discussion on how to impose additional internal symmetries, e.g. a shift symmetry of the type
® — &+ ¢, in the unitary gauge action, we refer the interested reader to [34], where this is explained in details
in the context of FLRW cosmologies.
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In particular, we shall see that the Einstein equations can be used to fix A and f in terms of
the background metric (2.1), M2 and . In addition, they provide a first order differential
equation which can be used to relate M12 and «. In this respect, we start writing the
most general energy momentum tensor compatible with the symmetries of the system as
T+, = diag(—p, pr, pa, Pa), being po and p, the tangential and radial pressures respectively.
Plugging into the Einstein equations

1
(Ruu - QRQ;W - vuvu + g/ux[l) ]\412 - T;w =0, (2‘6)

one can solve for the fluid variables and find

20" 2 2 1 booo2d
T% = —p=1b° - M? + b? M32) +b*(M 2.
= <c+02+bc 522> it (b )( ) + 0% (MD)", (2.7)
. 2a'c 2 1 a  2c
1= (0 G - ) M (42 Oy (28)

ab ac be

. . ) " 1 'y 1.0 b / y /
le:(S;.pQ:(s;,bQ |:<CL +7+L+g+ )Ml <Z+b+cc> (M12)/+(M12)H:|.

For our purpose, 7}, comes from the terms in Eq. (2.5) beyond the Einstein Hilbert term.
Using Eq. (B.9) for the variation of the extrinsic curvature, the background energy momen-
tum tensor 7}, associated with the tadpole action (2.5) reads

T = —(fg" + A+ oK, 5K0‘5)gw+2f67"5’“
— aK,sK*nm, — V,\(aKMnV) — Va(aK)n,) + ValaK,,n"), (2.10)

where we dropped the bar everywhere for simplicity. Substituting in (2.7)-(2.8), one can
solve for A(r) and f(r):

( 3 a/2 a/ b/ CLI C/ C/2 a//

C// alc/ b/c/ C/2 1 a/ b/ 26/ b2
A :_b2 e v e s MZ_bQ e e = MQI—szll
) <c+ w e T2 b2c2> ! 2a W e (M7) 2( t)

Eq. (2.9) provides a differential equation for the combination MZ + a:
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After introducing M? = M? + «, one can solve this equation algebraically for a and then
plug the solution back into Eqgs. (2.11) and (2.12), thus obtaining three expressions for f, A
and a in terms M? and its derivatives. In other words, of the 4 free functions of radius in
the tadpole action (2.5), only one combination (i.e. M?) is truly free, the others are fixed
once Mf and the background metric are specified.

It is worth noticing that, while the first three terms in (2.5) are generically expected in
every genuine theory describing the dynamics of a scalar degree of freedom coupled to the
two graviton helicities, the tadpole a(r)K wKH is present only in higher derivative theories
involving powers of the extrinsic curvature K,, ~ V,V,®. For instance, in the context of
theories with second order equations of motion, this is the case of the quartic and quintic
Horndeski operators [52-54]. Otherwise, in theories involving at most the cubic Horndeski
[52-54], i.e. with a Lagrangian of the form P(X,®)+ G(X, ®)0® where X = V,®VH®, the
a-tadpole is not generated. Then, the background equations are given by (2.11)-(2.13) with
a = 0. Forgetting for a moment possible couplings to additional matter fields and setting
M, = Mpy, it is clear that for theories belonging to the second case (i.e. with a = 0) Eq.
(2.13) reduces to a consistency equation for the scale factors of the background metric:

- -4 +—-— =4+ — =0, (2.14)

corresponding to po + p = 0 in the fluid language.

Having discussed so far the tadpole Lagrangian (2.5) and the conditions induced by the
background Einstein equations, the next step is to consider operators that are quadratic in
perturbations. The goal is to derive the linearized equations governing the dynamics of the
2 4+ 1 physical degrees of freedom, which carry the information about the spectrum of the
QNMs. To this end, one should first choose a parametrization for the metric perturbations
0guw- Given the symmetries of the background, it turns out to be convenient to decompose
them into tensor harmonics [47] and distinguish between “even” and “odd” (sometimes called
respectively “polar” and “axial”, e.g. [37]) perturbations, depending on how they transform
under parity. Indeed, the spherically symmetric geometry of the background guarantees that
the corresponding linearized equations of motion do not couple. However, before deriving
them explicitly for a theory in the form (2.4), we find it useful to present some general
properties of QNMs.

3 Quasi-normal modes: general considerations

We are interested in a metric of the form g,, = g + 09, where g, is the static and
spherically symmetric given by Eq. (2.1), and dg,, represents the metric perturbations. In
addition, we have a scalar degree of freedom ® = ®(r) + §®, where the background scalar
profile ® is also static and spherically symmetric. The unitary gauge refers to the special
choice of equal-r surfaces such that ¢ = 0.

Under (0, ¢) diffeomorphisms or rotations, dg,, can be provisionally classified into scalar
(89tt, 6Grr, Ogur) , vector (8gi, 0gri) and and tensor (8g;;) parts, where i, j = 6, ¢."” Following

15 Note that we are abusing the terms scalar, vector and tensor slightly. What really transform as scalar,
vector and tensor are the full metric components g¢, grr, etc. The non-vanishing background g,, means the
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Regge and Wheeler [47], the scalars are called:
5gtt = a2H0 s (5gt,« = H1 s (5ng = ];12/[)2 . (3.1)

Fach vector can be further decomposed into a scalar and a pseudo-scalar:
Sgti = ViHo + €/;Viho , 6gri = ViHi+¢€;V hy, (3.2)

where Ho and H; are scalars, and hg and h; are pseudo-scalars. A pseudo-scalar flips sign
under a parity transformation (0, ¢) — (7 — 0, ¢ + ), whereas a scalar does not.'® Here, V;
is the covariant derivative defined with respect to the two-dimensional metric:

ds5_gphere = Vijda’da! = df? + sin® 6 dg® (3.3)

and €;;, €, eji, €/’ are the corresponding Levi-Civita tensors:
€00 €0 ) 01 ¥y €0¢ 0 sin 0
= Sin 0 é & = .
€p0 €pop —-10 €79 €7 ¢ —1/Sln9 0

e’ €\ _( 0 1/sin6 N 1 (01 (3.4)
e¢9 e¢¢ —sinf 0 ’ e? ¢?9 sind \ =10/~ ’

Just as in the case of the vectors, the tensor dg;; can be further decomposed: into a trace
and a traceless part, which in turn can be decomposed into a scalar and a pseudo-scalar:

1 1 1
5gij = CZ(IC + §G)%‘j + 02<V¢Vj — E%‘j)G + i(qukvj‘ + ijvkvi)hg , (3.5)

where ¢?(K + G/2) is the trace, and c¢2G and hy represent the analogs of the E and B modes
on the 2-sphere (our notation follows that of Regge and Wheeler [47]). Here ¢? is part of the
background metric as defined in Eq. (2.1), not to be confused with the speed of light squared

which is always set to unity. It is also useful to note that the second covariant derivatives
(in the 2-sphere sense) on a scalar function act as follows:

VoVe=0; , VgVs=0;+ sinfcosfdy,

0 0 3.6
50 VoV = VeV =005 — =05 (30

1
V2= + —-02+ —
bt sin%6 ot sind

To summarize, before gauge fixing, the parity even fluctuations, expressible in terms of 7
scalars, are'’

a2H0 H1 VjH()
o™ = Hy Hy/v? Vit (3.7)
ViHo ViHi C2IC%‘]' + C2viVjG

fluctuations dg,, would transform nonlinearly (or more accurately, sublinearly i.e. variation of dg,, under a
small diffeomorphism would have terms independent of the metric fluctuations, in addition to the expected
terms linear in the metric fluctuations).

5For instance, dgo should flip sign under parity, and VyHo indeed flips sign as desired provided H, is a
scalar, whereas €®9Vghg also flips sign under parity provided hy is a pseudoscalar.

'"Notice that we are departing slightly from the notation of Regge and Wheeler [47] by denoting some of
the perturbations with Ho, H1 and K rather than hg, h1 and K respectively. This is done in order to avoid any
potential confusion with the induced metric, the perturbations in the odd sector, and the extrinsic curvature
of surfaces of constant 7.

~13 -



The parity odd fluctuations, expressible in terms of 3 pseudo-scalars, are:

0 0 " ;Viho
Sgoad = 0 0 €® iV ihy (3.8)
6kivkh0 Ekivkhl %(qukvj' + ej’“VkVZ»)hg

In addition to the metric fluctuations, we have in a general gauge the scalar fluctuation 6@
as well.

The background (metric and scalar) enjoys invariance under time translations and spatial
rotations. Therefore, if we expand dg,,, and 0® in terms of the plane wave et and the
spherical harmonics Yy, (0, ¢), modes with different w, £, m will not mix at linear level (in the
equations of motion). This is similar to what happens around backgrounds invariant under
spatial translations, where a Fourier expansion in the spatial coordinates proves to be useful
because different Fourier modes do not mix at linear level.

In order to avoid introducing too many symbols, we will henceforth abuse the notation a bit
by occasionally doing the following replacements for each scalar or pseudoscalar, e.g.:

Ho(tﬂ’,eﬂﬁ) — H()(t, T7€7m)nm(07¢) ) (39)
or
HO(t7r707¢) — HO(waragvm)eithYPZm(ea(ﬁ) . (310)

To compound the possible confusion, we will often leave out the arguments of Hy altogether!
However, in most cases, the context should be sufficient to tell apart the different meanings—
of Hy in different spaces. In cases where confusion could arise, we will make the meaning
explicit. At the level of the spherical harmonic transformed quantities, because Yz, (7 —6, ¢+
7) = (=1)Y3,,(0, ), we see that a scalar such as Hy(t,r, £, m) picks up a factor of (—1)* under
parity while a pseudo-scalar such as hg(t,r, £, m) picks up a factor of (—1)**! under parity.
As discussed around Eq. (2.4), the quadratic action with at most two derivatives respects
parity. Thus, the parity even and odd modes do not mix.

Without loss of generality, it is customary to set m = 0. In a spherically symmetric back-
ground, the radial and time dependence of the perturbations is sensitive to £ but not m.
This is because there is no preferred z-axis around which azimuthal rotations are defined,
and m # 0 modes can be obtained from an m = 0 mode by simply rotating the z-axis.

For m = 0 (i.e. 04 = 0), and a gravitational wave that propagates in the radial direction,
one can see that

g = sind o . 9,000 9.2
K 2 \ (cosf0y — sinf0;) hy —sin“0(0; — <=50p)c*G

sinf

(3.11)

1 ( (02 — <09y c2G (cosfdp — sinfdZ) hy
( .

Thus, G and hy play the roles of the two planar polarizations of the graviton (in the large
r limit such that a spherical wave is locally well approximated by a plane wave). Note that
in the even sector, the angular components of the metric take the form CQIC%J‘ + VZ'V]'CQG
which is better rewritten as ¢*(K + V2G/2)7i; + (ViV; — [7i;/2]V?)c*G, and we have ignored
the trace part when focusing on gravitational waves.
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Summarizing the discussion above, we have the metric fluctuations dg,, labeled according to
Eqs. (3.7) and (3.8), and the scalar fluctuation d®, in a general gauge. The next step is to
choose a gauge. As will be detailed below, the gauge we adopt is the Regge-Wheeler-unitary
gauge, meaning:

0 =hy=Ho=G=0. (3.12)

Regge and Wheeler [47] also set H; to zero, but our unitary gauge choice of & = 0 makes
that impossible in general.

Once this is done, a Schrodinger-like equation can typically be obtained (after quite a bit of
algebral) separately for the odd and the even sectors:

RQ+WQR=0 (3.13)

where 7 is some redefined radial coordinate chosen in such a way that the speed of propagation
equals one (see App. E for more details); the variable @ may have one or more components,
obtained by combining perturbations and their derivatives; W is a function of 7 as well as
w and ¢ (or a matrix of functions, if @) has more than one component). An example is the
Regge-Wheeler equation given in Eq. (G.8) for odd perturbations in GR.

The spectrum of QNMs is usually calculated by solving equation (3.13) numerically, impos-
ing the appropriate boundary conditions at the horizon and at spatial infinity. However,
very useful insights can be obtained by combining the EFT we introduced in Sec. 2 with
approximate analytic methods.

4 WKB approximation and light ring expansion

There are in principle three possible ways in which Eq. (3.13) could differ from the standard
GR result: (1) the coordinate 7 could differ from the tortoise coordinate defined in GR—see
Eq. (G.7); (2) the variable @@ could be modified (for instance, in the even sector of scalar
tensor theories ) would have two components, in which case W would be a matrix); (3)
the QNM potential —W could have a different shape. Ultimately, the spectrum of QNM is
completely determined by the shape of W (7). In the following, we will focus on the simplest
case where W is just a single function rather than a matrix of functions.

Schutz and Will [39] showed that the quasi-normal spectrum associated with the equation
(3.13) can be approximated analytically using the WKB method. Their main result is the
relation

W , 1
(202W)1/2 ’F:F* - (” * 2) ’ (41)

where n = 0, 1,2, ... and 7, is the position of the maximum of —W.'® Since W depends on the
frequency w, this expression defines implicitly the complex quasi-normal frequencies. This is
the lowest order WKB result (accurate at the few percent level), and can be improved upon

18With a certain abuse of terminology, we shall use sometimes the notion of “light ring” to refer to #.. Even
if, strictly speaking, the two positions tend to coincide only in the eikonal limit ¢ — oo, for a generic £ ~ few
they differ by an amount that is within the WKB accuracy. This makes the abuse consistent for practical
purposes and justifies the definition “light ring expansion” to denote the procedure outlined below.
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if desired [40] (see discussion below). A side remark on conventions: the sign on the RHS
of eq. (4.1) is consistent with the fact that the time dependence of our solution is of the
form e~ —see e.g. Eq. (3.10). Thus, we are following the convention used in [40], and our
equation differs by a sign compared to the one in [39], where the solutions were proportional
to et

The WKB result (4.1) shows that the quasi-normal frequencies are actually sensitive to a
small region of the potential around the light ring.'” Thus, in principle one only needs to
know the values of the EFT coefficients and their derivatives at the light ring. The catch
however is that 7, is the light ring of W, whose calculation would in principle require full
knowledge of the EFT coefficients. This problem can be bypassed by assuming that our
background is “quasi-Schwarzschild”—an assumption that is certainly well supported by
present observations.

To make this statement more precise, it is convenient to work with a radial coordinate such
that c(r) = r, i.e. such that 4772 is the surface area of a sphere with radius r. Notice that
the coordinate r usually differs from the coordinate 7 introduced above. The position of the
light ring is unique, but will be denoted with r, or 7, depending on which coordinate system
we are using. Then, our quasi-Schwarzschild approximation amounts to assuming that the
location of the light ring r, doesn’t differ much from the GR value, i.e. 7. = 7GR + 07«
with ér,/r. gr < 1. Under this assumption, we can approximate the RHS of Eq. (4.1) by
turning the derivatives with respect to 7 into derivatives with respect to r and expanding up
to first order in dr, to get

or 0 (orow\] ? . 1
T=T% GR

The shift dr, can also be calculated at the GR light ring by expanding its defining property

8TW’T:r* RO = 0 up to first order in dr, to obtain
oW
Oy = — . 4.3
T TR W e an (43)

There is one further subtlety that we need to address, and that is the fact that the position
of the light ring depends on the angular momentum number ¢. Thus, at this stage we still
need to know the values of the EFT coefficients, the background metric components, and
their derivatives at different points for different values of . Fortunately, the position of the
light ring in GR depends only mildly on £. We can therefore choose a fiducial value of /—for
instance, £ = 3—and expand Eq. (4.2) up to first order in Ay 3 = 7, gr(¢) — 7,cr(3) and 07,

to find
or o (orow\] ? , 1

Figure 1 shows that the accuracy of this approximation is comparable if not better than the
accuracy of the lowest order WKB expansion, to be discussed in a moment.

T:T*’GR(Z:E})

19This is true under the assumption that the asymptotic behavior of W allows us to impose standard
boundary conditions. Notice that such an approach is supported by explicit examples [55, 56] where the
QNM spectrum is studied perturbatively in the coupling constant between the scalar field and the Gauss-
Bonnet term. Conversely, we refer e.g. to [57, 58] for a discussion about non-perturbative effects like echoes
and resonances.
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Figure 1: Plot of the fractional change in position of the GR light ring . gr (¢) corresponding
to a change in angular momentum ¢. We are considering the change with respect to the
fiducial value r, gr(3), i.e. we have defined Ay3 = 7, gr(¢) — r+,gr(3). This shows that the
location 7, gr of the light ring in GR depends weakly on the angular momentum number £.

The LHS of Eq. (4.4) now depends on EFT coefficients, the metric components, and their
derivatives evaluated at the same point for all values of £. This allows us to express the QNM
spectrum in terms of a finite number of free parameters (whose precise number depends on
the number of operators included in the effective action). In going from the lowest order
WKB result (4.1) to the Eq. (4.4) we have assumed that background is quasi-Schwarzschild
(meaning that the position of the light ring is close to its Schwarzschild value) and we have
performed an expansion analogous to the slow-roll expansion in inflation. We will call this
expansion the light ring expansion.

Our discussion so far was based on the lowest order WKB approximation, but can be easily
extended to higher order. The next-to-leading order WKB corrections were calculated by
Iyer and Will [40], and contribute the following term to the righthand side of Eq. (4.1):

(4.5)

i 14402 O2W 74600 [3W]°
(202W)1/2 ] 32 92W 288 {agw} ’
with & = n+1/2. We can estimate the size of these corrections using the fact that the lowest
order WKB result implies W#2 ~ O(1). For the lowest overtone number, n = 0, the terms
in (4.5) provide a correction ~ 5%. Hence, the lowest order result in Eq. (4.4) is applicable
when the corrections to the QNM spectrum due to modifications of GR are small, but large
enough that the higher order WKB corrections need not be taken into account.

The impact of next-to-leading and next-to-next-to-leading order WKB corrections in GR was
calculated explicitly in [59]. There, it was shown that the accuracy of the WKB approxima-
tion decreases for larger n, but actually increases for larger £. Assuming that the same holds
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true in scalar tensor theories, this is quite encouraging because future experiments will have
access to higher values of ¢ but not of n [60].

5 The odd sector

After the general discussion about QNMs and the light ring approximation in the last two
sections, we will now turn our attention to studying the odd sector. As we mentioned earlier,
the odd modes are easier to study than the even ones since, based on our assumptions,
they amount to a single propagating degree of freedom. The most general odd-parity metric
perturbation, shown in Eq. (3.8), can be rewritten more explicitly as follows [47]:

0 0 —hgcsc00;  hosin00y
odd _ 0 0 —hjcscfd,  hisinfoy it
O = —hg csc 00y —hy csc 00y %hg cscOX —1ih,sindw Yome ’ (5-1)

hg sin 989 h1 sin 0(99 —%hz sin OV —§h2 sin 0 X
where hg, hy, hy are functions of r alone, and we have defined the differential operators

X = 2(898¢ — cot 98¢) ,

9 (5.2)
W = (0909 — cot 80y — csc” 0040,) -
Under a gauge transformation of the form z, = x,, + §,, with
1 : —iwt
& = (0,0, 5@8@ —dsinf dg)Yyme , (5.3)
the metric perturbations transform as

- - 2¢ -

hg = hg —iwd h1:h1+5/—£(5 , hg=hy -2, (54)
c

where () =0,( ).

In the rest of this section we will adopt the Regge-Wheeler gauge, where ha(r) = 0. Notice
that this choice is perfectly compatible with the unitary gauge in the even sector, and that,
as expected, the physical conclusions we derive in this section are ultimately independent of
the choice of gauge.

Our starting point is the effective action for perturbations in unitary gauge in Eq. (2.4).
Owing to the simplicity of the odd sector, only a subset of the operators shown there actually
affect the dynamics of odd perturbations. In fact, recall that the background metric (2.1)
is even by construction, and so is every tensor evaluated on the background. The operators
0g"" and dK are also even, and thus one can safely disregard any term that contains them.
The resulting action reads:

1 _
Soaa = [ @l /=5 GMEOIR = NG~ F0)g — )
+ M7y (r)6 K 0K + Mo (r) K, 0 KFPSKY )+ ... | . (5.5)
As one can see, at quadratic level and up to second order in derivatives, the effective action
for the odd modes contains six functions {MZ(r), A(r), f(r), a(r), M2y (r), M1a(r)}, three of

which can be expressed in terms of a fourth one and the background metric components by
using the background equations of motion—see discussion in Sec. 2.1.
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5.1 Leading order in derivatives

We will at first restrict our attention to the lowest-order terms in the derivative expansion,
which appear in the first line in Eq. (5.5). Here, by lowest-order in derivatives, we refer to
expanding the non-Einstein-Hilbert terms in number of derivatives and keeping the leading
order. In this case in particular, the surviving terms are /—gA(r) and /—g¢f(r)g"" which
carry no derivatives on metric fluctuations. These are the terms that break the radial-
diffeomorphism invariance. We will also perform a conformal transformation of the metric
to set MZ(r) = M3,. As we already pointed out, this transformation would affect the
coupling with other matter fields (for instance, those that make up the detector). At this
stage, however, we will not concern ourselves with that, and therefore we will work with the

effective action 2
S = /d4x V=g [fR— A(r) — f(r)g”} : (5.6)

The functions A(r) and f(r) are given in terms of the background metric coefficients by Egs.
(2.12) and (2.11) with @ = 0 and M; = Mp;. By varying our action with respect to the
inverse metric, we find that the (6, ¢) component yields

ia2b? a v
hy = hi| —+ — h' | . 5.7

This constraint can be combined with the (7, ¢) component to derive a second order equation
of motion for h;. By following the procedure outlined in App. E, this equation can be cast
in a Schrodinger-like form, i.e.

2

@\p(f) + W (F)¥(7) =0 (5.8)

where the potential is given by

/! /2 !0 /
oy 2, o | ¢t dd Y (+2)(0-1)
W(7(r)) = w” + a“b [C 202 t ot e 22 ;

the radial coordinate 7 is defined as

- Toodl
0= | o (10

for some fiducial r., and the variable ¥ is related to h; by an overall rescaling:

hy(r) — U(i(r)) = exp U (Z((zl)) + bb/((ll)) - i((zl))) dz} hy(r) . (5.11)

These results are consistent with what was found in [61]. Furthermore, in the limit where
the background solution is exactly Schwarzschild, i.e. a(r) = b(r) = (1 — 2GM/r)*/? and
c(r) = r, the coordinate 7 reduces to the usual tortoise coordinate in GR (see Eq. (G.7)),
(5.11) matches the field redefinition in [47], and V(7) reduces to the Regge-Wheeler potential.

A few additional comments are in order. First, we should stress that without loss of generality
one can always choose a radial coordinate such that ¢(r) = r, in which case the potential
(5.9) is completely determined by the two functions a(r) and b(r). Moreover, in the Einstein
frame and at the order in derivatives we are considering, these two functions are in turn
constrained by the differential equation (2.14). Finally, remembering that ¢(¢ 4 1) is the
eigenvalue of the angular part of the Laplacian, from (5.8) and (5.9), it is easy to see that
the squared propagation speeds in the radial and angular directions are ¢ = c?z =1.
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5.2 Worked examples

Before discussing the higher derivative corrections appearing in the second line of (5.5), we
will pause for a moment to illustrate the usefulness of our EFT approach in a couple of
different scenarios. First, we will consider a particular scalar tensor theory which admits an
analytic black hole solution with scalar hair. In this case, we will show how, by matching
the action of this particular model onto our effective action (5.6), one can bypass the entire
derivation of the Schrodinger equation for QNMs and obtain the effective potential directly
from Eq. (5.9). Although in this section we are focusing on the odd modes, this strategy
becomes particularly convenient in the case of even modes. The second idealized scenario we
will consider is one in which the spectrum of QNMs is known from observations. We will then
show how this information can be used to constrain the arbitrary functions that appear in
our effective action. At the lowest order in the derivative expansion (and only at this order),
this procedure is equivalent to constraining the background metric coefficients a(r) and b(r).

5.2.1 From the background solution to the QNM spectrum

In this section, we will consider the black hole solutions with scalar hair found in [15] for a
scalar-tensor theory theory which can be described using the leading order action (5.6). In
this section only, we decide to set G = (87)~! for simplicity (Mp; = 1). The action for such
theory is of the form

S = /d% V=g [? + %g'“”a#@ayq) - V((I))] : (5.12)

with a potential given by

3(qg+2M)

V@) = T

[(3+<1>2) sinh || —3\<1>|.cosh<1>]. (5.13)
We should emphasize that such an action is not very well-motivated from an effective field
theory viewpoint, due to the ad hoc form of the potential, and especially due to the ghost-like
kinetic term. However, this theory will serve our purposes as an interesting toy-model, since
it admits an analytic black hole solution with scalar hair. Such a solution is parametrized by
two numbers, the asymptotic mass 8wt M of the black hole and its scalar charge ¢, and it is
such that [15]

B(r) = g (5.14a)
2 -1 2
208 _ 20 TH(6M+3g)e”r o [rF(6M+3q) r(6M+3q)  6M+gq
a’(r) =b*(r) = v e i oz T | (5.14b)
A(r)y=r%e 7. (5.14c)

Notice that the existence of a horizon requires ¢ > —2M, and that in the limit ¢ — 0
this solution reduces to the usual Schwarzschild solution. However, for non-vanishing ¢ can
in principle deviate significantly from the Schwarzschild solution, and therefore so can the
corresponding spectrum of QNMs.

By working in unitary gauge, it is easy to see that the action (5.12) is precisely of the
form (5.6) with A(r) = V(®(r)) and f(r) = ®(r)?/2. Thus, we can immediately plug the

—90 —



expressions for a(r), b(r) and ¢(r) given in Egs. (5.14) into the QNM effective potential (5.9)
to obtain

2q

W (r)) = w? + @ {e* [2¢%(6M + ) + 3r>(2M + q) — 6qr(2M + q)] — 3r>(2M + q)}
{627‘1 [—r2((40 + 1)(40 + 3)q + 6M) + 6¢°(6M + q) + 6gr(18M + q)] + 3r*(2M + q)}
(5.15)

As expected, this expression reduces to the Regge-Wheeler effective potential [47] in the
limit ¢ — 0. It is also important to point out that, for any value of ¢, the potential V' (r) =
w? — W(r) vanishes exactly at the horizon, and V() > 0 for r > rp,.. This condition by

itself is sufficient to ensure the stability of the odd sector.

Various plots of V(7(r)) for £ = 2, 3,4 and different values of ¢ are shown in the right panels
of Fig. 2. The corresponding left panels show the values of real and imaginary parts of
the QNM frequencies with n = 0. For simplicity, these values were derived using the WKB
result (4.1), but of course they could also be calculated numerically using the exact potential
(5.15).

5.2.2 From the QNM spectrum to the effective potential: the inverse problem

Let us now consider scenario where the QNM spectrum is known empirically, and discuss
to what extent this information can be used to constrain the coefficients appearing in our
effective action. This procedure goes under the name of “inverse problem”—see for example
[62, 63]. In our analysis, we will resort to a WKB approximation, and restrict ourselves to the
case where the background metric is a “small” deviation from Schwarzschild. This, in turn,
can be reasonably expected to lead to a “small” displacement of the light ring. As shown in
Sec. 4, in this limit one can perform a light-ring expansion to the express the QNM spectrum
in terms of a finite number of parameters, which are the values of the EFT coefficients, the
background metric components and a few of their derivatives at the GR light ring.

The advantage of this approach is that one could in principle use observation to place model-
independent constraints on these parameters. This should be reminiscent of what happens in
slow-roll inflation. There, all the complexities of the inflaton action are reduced to a handful
of slow-roll parameters, which in turn determine observable quantities such as spectral indices
and scalar-tensor ratio. There are however also a couple of downsides to our approach. First,
small deviations from the Regge-Wheeler potential likely correspond to small deviations
from the QNM spectrum predicted by GR, making their detection in principle more difficult.
Second, because we are essentially placing constraints on the effective potential and its first
few derivatives at a single point, there will be in general a degenerate set of background
solutions compatible with any given QNM spectrum.

Our result (4.4), valid at first order in the light ring expansion and for a radial coordinate such
that ¢(r) = r, implies that the tower of complex frequencies w, ¢ is completely determined
by the values of W,,W,02W,03W, dr /0F, 0,(0r/0F) and 02(dr/OF) at the GR light ring.
According to the results (5.9) and (5.10) (which we derived from the effective action (5.6),
valid at lowest order in the derivative expansion) these quantities depend only on a(r), b(r)
and their derivatives at the GR light ring. To be more precise, second and higher derivatives
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of a(r) can always be removed by using the constraint (2.14) recursively. Thus, using Eq.
(4.4) we can calculate the QNM frequencies in terms of the following 7 parameters:

{a(r),d'(r),b(r), b/ (r), 0" (1), 09 (1), 6 (1)} . - (5.16)

Since the QNM frequencies w,¢ are complex, in principle one has two real measurements for
each mode that is observed. In practice, though, it is challenging to observe overtones with
n > 0 for a single event, though a stacking of multiple events might prove helpful. One is
also limited to the frequencies wp, for a finite range of values of £. However, a space-based
experiment like LISA could be sensitive to modes with angular momentum as large as £ =7
(see [60] for a discussion), and these modes would be sufficient to estimate the 7 parameters
in (5.16).

Finally, notice that by using Eqgs. (2.11), (2.12) and (2.14) we could translate these results
into direct constraints on the values of the EFT coefficients f(r), A(r), and their first few
derivatives at r, gr(3).

5.3 Next-to-leading order

In the previous section we worked at leading order in derivatives and derived the equation
of motion governing the single physical degree of freedom in the odd sector. At this order,
we showed that the QNM spectrum is completely determined by the background metric
coefficients. We will now turn our attention to the higher derivative corrections appearing
in the effective action (5.5). These introduce three additional parameters—a(r), M (),
and Mo (r)—the last two of which cannot be expressed in terms of the background metric
coefficients. This kind of behavior is of course commonplace in effective theories: the next
order in the derivative expansion always introduces new free parameters (functions, in our
case).

Once again, we choose to work in the Regge-Wheeler gauge. At higher order, it becomes
more convenient to work directly at the level of the action. To this end, we expand (5.5) up
to quadratic order in the odd-type metric perturbations. We focus on the modes with m = 0,
since all the others with m # 0 satisfy the same equations of motion due to the spherical
symmetry of the background. After series of integration by parts, find the following result:

[e]

SA =3 / tdr [urhd + ush3 + us (B3 — 2l b + b + 20bbo )| (5.17)
=0
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where wu;(r) and v(r) are defined as follows:

l+1
ui(r) = ia:l;ci’*) {a*c [2abeb'd + 2ab*0, (cc') + a(t — 1)(€ + 2) — 2b%ca'd| M,
—2a262c29, (ac) (M2 — 2ab>c (9, (ac))? M,
+2abc [abca'c’ + 4bca’? + a*cb' d + a’bed” + 3azbcl2} o+ 2a30%Ad o/ (5.18a)
—2abe [ach'd,(ac) + abe (ad” — d'd) + bc? (aa” — 2a"%) — a2b0’2] M3,
+2b%c 0, (ac) [—2ab'd,(ac) + be(a”? — 2ad”) — ab(3d'c’ + 2ac”)] Mia} |
L+ 1)(0—1)(L+ 2)adb
us(r) = (4 1) 463)( ) [2bc' Mg — ¢ (M, — 2M7)] (5.18b)
L0+ 1)b
ug(r) = —(4(120) [0, (ac)bMia — ac (M3, — 2M7{,)] (5.18c)
LL+1)b
v(r) = 22362133 [a%c’(Mr?,l + a) — acd,(ac)ME — b (0, (ac))? Mlg} . (5.18d)

Fixing the gauge at the level of the action might rightfully be a source of apprehension for
some readers. In this case, though, we have checked explicitly that the equation of motion
one “misses” by doing so becomes redundant with this gauge choice. Hence, this particular
gauge can be fixed at the level of the action.

The modes with £ = 0,1 must be treated separately. For simplicity, we will therefore focus
our attention on the modes with ¢ > 2. Following the same procedure used in [64], we
introduce an auxiliary field q(t,7) and rewrite the action above as follows:

Sé?d’mzuﬂ = /dtdr{ (u1 — 9y (uzv) — uzv?) hi + ush?

+ us [2q (hl —h{ + vh()) - qQ} } . (5.19)

It is easy to show that by solving for q one recovers the action in (5.17). Varying instead the
action with respect to hy and hy yields the algebraic constraints

9y (u3q) + ugvg us
ho = , hy = —q, 5.20
75, (uzv) + v2u3 — ug L d (5:20)
which can be used to find the effective action for the master variable q:
S(E?i)d,m:O,Z>2 = /dtdr (GY¢* + G + G . (5.21)
with
».
GPr)=--2, (5.22a)
(%
G (r) = s : (5.22b)
—u1 + vuly + uz (v + v?)
(grr)Q
G(r) = 3 [uy (2usv” — uf) + ug (—vu) — uv’ + uhv” + vusv') + uuf (5.22¢)
3

+2vurul + urug (30" +0?) —ud +ud (v - 20?)] .
By varying the action above one finds a second order equation of motion for ¢, which can be

again cast in a Schrodinger-like form by following the procedure discussed in Appendix E.
Since the final result is not particularly illuminating, we will not report it here.
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6 The even sector

We now turn our attention to the even sector. Unlike what happens for the odd sector, now
all the operators in the EFT (2.4) in principle contribute to the quadratic action for the
even perturbations. Following the most general parity-even perturbation of the metric in Eq.
(3.7) can be written more explicitly as follows:

(I2H0 H1 Hoag H08¢
_ H, .Hg/b2 H10y H104
691“/ | HoOp H10p c? K+ GVyVy] CQGVQV¢ Yom (6.1)

7‘[08¢ 7‘[18¢ CzGV¢V9 c? [Sin2 0K + GV¢V¢]

where Hy, Hy, Ha, Ho, H1,K and G are functions of (¢,7), and Vg 4 are covariant derivatives
on the 2-sphere of radius one. Explicit expressions for the second derivatives are given in
Eq. (3.6).

In Appendix G we show explicitly how one of the odd perturbations can always be set
to zero by an appropriate choice of coordinates. Something similar holds true for even
metric perturbations. In fact, any infinitesimal “even diffeomorphism” z# — x* + &* can be
parametrized as

7(t7 T)8¢
sin? 0

e — (a(t,m,ﬁ(t,r),wt,r)ae, ) Yo 6,6). (6.2)

Under this coordinate change, the metric perturbations in Eq. (6.1) transform as follows:

Ho = Ho+2a+2%8 (6.3a)
Hy = Hy + a?d’ — B/b* (6.3b)
Hy=Hy+2%3 25 (6.3¢)
Ho = Ho + a’a — 5 (6.3d)
Hy =Hy — BV — 2 (6.3e)

G=G-2y (6.3f)

K=K-228. (6.3g)

By choosing to work in unitary gauge, we are choosing the function 5(r) in such a way as
to ensure that the scalar perturbation vanishes. We can then use the remaining coordinate
freedom and fix the gauge completely by demanding that

Ho =G = 0. (6.4)

We refer to this gauge choice of §& = Hyg = G = 0 as Regge-Wheeler-unitary gauge. Once
again, in what follows we will fix this gauge at the level of the action. We have checked
explicitly that this is allowed, in that the equations of motion for 6®, Ho and G become
redundant once these variables are set to zero.

Two other popular gauge choices for the even sector are Hyg = H1 = G = 0 (this is the
original Regge-Wheeler gauge; see e.g. [43, 47, 65]) and Hy = K = G = 0 (e.g. [66]). The
perturbations in these gauges can be easily obtained from ours by using Egs. (6.3) with
a =~ =0and 3 = b*H; in the first case, 8 = 57K in the latter. The scalar perturbation

then is given by 0® = —8%’, where ®(r) is the background configuration of the scalar field.
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6.1 Leading order in derivatives

At lowest order in the derivative expansion, the effective action (2.4) reduces to

S= [ dte v=g | MER - A0 - £0)g" + Mg (65)

Unlike in the odd sector, here there are three operators that can in principle modify the
linear behavior of even quasi-normal modes For simplicity, in this section we will work
with a radial coordinate such that c?(r) = 72, and we will perform once again a conformal
transformation of the metric to set MZ(r) = MPI. Also, due to the spherical symmetry of
the background, modes with different values of m satisfy the same equations of motion. For
this reason, we can choose to focus on the modes with m = 0, in which case the functions
Hy, Hy, ... are all real.

Upon judicious and repeated use of the background equations, we find the following quadratic
action for the modes with m = 0:

evenm 0 —Z/dtd a MPI{HO[ (1—1—7“%/) H1—ﬁ (J—i—2b2 (14—7“%—}-7’%))1?2

+ 0 - By B+ B (340 ) K+ 02 + 2 (3B + 543)
+ 2r2 (1 + T* +rl b + 4b]\22M ) H3 + —(‘]_4)“2;2321”7'“' HyK (6.6)

+ Gy [2Hy — 5F - 2K = 2 (1= 02 ) K] + 259, (Hs + K)
20 =4 (1) + o (128 o (142 K

L3+ B0 - K2+ B 4 2;{5;745},
where we have defined J = /(¢ + 1) for notational convenience. Despite its complicated
appearance, this Lagrangian propagates only two physical degrees of freedom, which we can
loosely think of the scalar mode plus one of the graviton polarizations. We will now show
explicitly how to obtain a Lagrangian that contains only these two degrees of freedom. The
modes with ¢ = 0, 1 require once again special treatment—see e.g. [66]. Hence, for simplicity
we will restrict our attention to the modes with ¢ > 2 in what follows.

The form of the Lagrangian (6.6) makes it clear that Hy is just a Lagrange multiplier enforcing
a “Hamiltonian” constraint among the remaining variables. We can render such constraint
algebraic in H; by trading Hs for a new variable ¢/ defined as follows,

vt (HQ—TIC’— J”) (6.7)

Notice that this field redefinition is such that the term K" also disappears from the constraint
equation. A similar change of variable was performed in a different gauge in [66]. Then, this
constraint can be easily solved for H; to express it in terms of ¥, KC and their radial derivatives.
Using the background equations of motion, the solution can be expressed as

40?1y + 2J9 + (2 — J)rabk  r?

R 'l
Jbla(J — 202) + 2rb2d’) J K (6:8)

Hi =
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Moreover, the only term quadratic in H; that appears in the Lagrangian (6.6) does not
contain any derivatives. This means that the equation of motion for H; can be solved
immediately, and using the field redefinition (6.7) we find

R A
le—H1+f+T<1—r“>lc. (6.9)

By plugging the solution (6.8) into this result, one can express Hp just in terms of ¢, K, and
their derivatives. Notice that such an expression contains mixed second derivatives of the
form IL’ and K’, and therefore one might fear that the quadratic Lagrangian (6.6) contains
terms with four derivatives when expressed in terms of ¢ and I alone. However, because the
coefficients in front of the H and H7 terms are identical, these higher derivative terms cancel
out. After some integrations by parts, terms with three derivatives cancel out as well,”" and
we are left with a Lagrangian of the form

S sz = / didr§ My (A7ix; — BIXIXG — CUxix — Dxax;) (6.10)

where y; = (¢, K) and

8[Jr(ba’ —ab’)+ab(J=2)] 2(J=2)r
ij _ | Ja2[2rb2a/+a(J—202)]2  Ja[2rb2a’+a(J—2b%)]
AY = B 2(J—2)r (J—2)r? ’ (6.11a)
Jal2rb?a’+a(J—2b2)] 2Jab
—32r2ab® M3 /ME 0
BY =a2b2 AV 4 | [2rb2a/+a(J—2b2)] ) (6.11b)
0 0
) 0 0
CY = 4(J—2)ab[Jr(ba’ —ab)+ab(J—2)—4Jr2ab> M3 /M2 N (6.11c)
J[2rb2a’+a(J—2b2))?
Dy =— = 39 4r2ab’[—r2ab2a’? (—4rbb/ +2b2+J ) +2ra2ba’ (2Jrb —4rb?b —b3+b)+2r3bta’3
r2a2[2rb2a’+a(J—2b2)]
+a3 (—4Jrbb/ +4rb3b +(J—2)b2+2b1—J ) | M /M2 —4r3a?b® (a—ra’)[2rb%a’ +a( T —2b% ) | (M3)' /M3,
+r2a2b2(7“a’—a)b”[27"b2a’+a(J—2b2)}+T2a2b(a—7"a’)b’2[2rb2a’—a<J+2b2)] (611d)

+rab’ [—7‘2(1122 a’? (4b2+3J)+7"a2b2a’ (2b2+J+4)+2r3b4a’3+(J—2)a3 (2b2+J)]
+b[riab2a’3 (3 —4b?) - (J+2)r2a?ba’? —rada’ (3Jb% —4b*+(J—3).J ) +2rtbta+at ((J+2)b2 —2b* —J2+3.T—4)],
2(J—-2) [a2 (J—2)+2rb(a’r—a)(ab’ —ba’ +2rab3 Mé/Ml%I)]
r[2rb2a’ +a(J—2b2)]2 ’
(J—2)%a[2Jrab(ba’ —ab’)+4b%(a?r2a’?)—2(J+2)a2b?+a> J2 —4Jr2a?b* My /M3 |
2Jb[2rb2a’+a(J—2b2)]?

D12 :Dgl = (6118)

Dy = . (6.11f)

Starting from a Lagrangian of the form (6.10), we can obtain the radial speeds of propagation
for the two even modes by diagonalizing the matrix

AB. (6.12)

2
Cr

1
a2b?

20This is not surprising given that the action (5.6) simply corresponds to a P(X, ®) theory in the covariant
formulation, which clearly has second order equations of motion.



Notice the extra factor of 1/(a?b?), which is needed because the (,t) and (r,7) components
of the background metric are non-trivial. Using the particular form of the kinetic coefficients
in Egs. (6.11a) and (6.11b), we find that the two eigenvalues of the matrix (6.12) are

4

2 =1, c,%zzf_ﬂ, (6.13)
’ f
where f(r) is the tadpole coefficient (2.11) with M; = Mp;, @« = 0 and ¢(r) = r. Thus,
we see that the last operator in (6.5) breaks the degeneracy between the two sound speeds.
Absence of superluminality as well as gradient instabilities in the radial direction then implies
0 < 4Mjy/f < 1. At this order in the derivative expansion, the sound speeds in (6.13) can
also be recovered by working in the decoupling limit, as we will show in the next section.
This is no longer true when higher derivative operators such as d¢""0 K are included in the
action.

By varying the action (6.10) with respect to ¥ and K one finds a system of two coupled,
linear differential equations, which can be further simplified with an appropriate rescaling of
the coordinate r and a redefinition of the field ¥ and IC. A discussion along this line will be
presented elsewhere, while in the following we will focus only on a very specific limit such
that the dynamics of the scalar degree of freedom decouples from the gravity sector.

6.2 Goldstone mode and decoupling limit

In constructing the unitary gauge action (2.4) we have chosen a specific foliation of the
spacetime by fixing radial diffeomorphisms in such a way to set to zero the perturbations
of the scalar field. In turn, they have shown up in the metric tensor (6.1). An alternative
but equivalent choice, which turns out to be particularly convenient to decouple scalar and
metric perturbations, can be made by restoring the full diffeomorphism invariance using the
so-called Stiickelberg trick. This amounts to performing a broken radial diffeomorphism of
the form r — r + 7(r,z%) in the action (2.4), and promoting the gauge parameter 7 to a
full-fledged field. The field 7w then admits a natural interpretation as the Goldstone boson
that realizes non-linearly the spontaneously broken r-translations. After restoring full diff-
invariance, one can then fix the gauge by imposing conditions on the metric perturbations
alone, as discussed below Eq. (6.4).

The explicit transformation laws of the various geometric ingredients appearing in (2.4)
under a broken radial diffeomorphism are summarized in Appendix C. For the purposes of
the present discussion, it is sufficient to remind the reader of the following result:

g =g (1 + 27 + 71"2) + 299 D + 2977 Dy 4 (Ogm) (Bym) g (6.14)

Without loss of generality, in the remaining of this section we will work with a radial coor-
dinate such that b =1 in the background metric (2.1).

For simplicity we will restrict our attention to the leading order action (6.5). The inclusion
of higher derivative operators is discussed in Appendix C.1. The tadpole coefficients (2.11)
and (2.12) then reduce to

C// a/c/ 6,2 1 alcl C//
A(r) = — < +—+ e 02) Mg, fr)= ( - c) Mg, (6.15)

ac
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After performing the Stiickelberg transformation (6.14), the action (6.5) takes on the form

M?2
S = /d4:p v—yg [QHR —A(r+m)
— f(r+m) (g”(l + 21 + 1) + 297 O + 2¢% 7 Oarr + (8a7r)(8b7r)g“b) (6.16)

2
+ MSL(T + ) (59” + g™ (27 + 77'2) + 29" Oy + 29" 7 Oy + (8a7r)(8b7r)g“b> } .

Despite this action’s complicated appearance, one can usually find a regime—known as de-
coupling limit—where the kinetic mixing between the scalar mode and the graviton helicities
becomes negligible compared to their kinetic terms. For instance, let’s consider the mix-
ing term 2f(r)dg"" 7’ in Eq. (6.16). After introducing the canonically normalized fields

T = m/2f and dg." = 0g""Mp, this terms reads %595”7?2. Thus, for energies above

Epnix = }\/4—2;{ it can be safely neglected compared to the kinetic terms for §¢&” and m..”' As
a result, in this regime one study the perturbations dg"” and 7 separately. Focusing on the
latter, we set the metric to its background value (2.1) to obtain the following quadratic action
for m:

S@) = / dtdrdQ ac? { [ar (af) W) e (f — aM3) 7% — f(8am)(9°7) ¢ -

ac? 2
(6.17)
The sound speeds of 7 in the angular and radial directions can be immediately read off from
(6.17):

> _ [-AMy 2,=1. (6.18)

C e e— C =
T f ) 7,82

As anticipated, C72T’,, coincides with one of the two eigenvalues found in (6.13).

In the usual covariant language, the theory described by the action (6.5) corresponds to a
P(X,®)-theory. It is a straightforward exercise to show that the action (6.17) can also be
obtained from the Lagrangian £ = P(X,®) by expanding ® = ® +§®. The relation between
the Stiickelberg field 7 and the scalar fluctuation §® is given by the equation ®(r + 7) =

O(r) + @ (r, ). In particular, the tadpole conditions (6.15) reduce to

1
A=-P+ XPx, f=—-XPyx, My = 5X2PXX. (6.19)

After expanding the action (6.16) in powers of 7, the linear term vanishes because it is
proportional to the background equation of motion for ®, which in light of the results (6.19)

reads:
2

ac?

5!
Oy (ac®f) — 2{;) +Pg® =0. (6.20)

Quite remarkably, if the theory is shift symmetric (i.e. P¢ = 0), the equation (6.20) can be
solved analytically irrespective of the functional form of P(X). Indeed, integrating twice Eq.

21For simplicity we do not distinguish between energy and momentum scales. Since, strictly speaking, this
is truly legitimate only for luminal propagation, we will tacitly assume here that the speed of sound is not
too small.
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(6.20) with respect to r, one finds
d(r) = B + Py / d a(7) A (7) f(7) (6.21)

where ®q and ®; are arbitrary integration constants, and f is given by Eq. (6.15).>? This
occurs because, for shift symmetric theories, the background values of P and all its derivatives
can be unambiguously fixed in terms of the background metric only [34].

7 Outlook

The breakthrough detection of gravitational waves from binary black hole or neutron star
mergers presents us with the opportunity to test gravity in a new regime. Although GR with
a cosmological constant (CC) seems so far to provide the correct description of gravitational
interactions at long distances, the lack of a plausible field theory mechanism for the smallness
of the CC could be an indication of additional degrees of freedom in the gravitational sector.
It has even been recently conjectured that, if string theory is the correct UV completion of
gravity, the present accelerated expansion of the universe cannot be the result of a positive
cosmological constant [67], thus suggesting that additional dark energy fields must be present.

The new observational window opened up by gravitational waves could potentially uncover,
or at the very least constrain, the existence of this additional sector. A promising observable
is the spectrum of the QNMs emitted by the BH remnant during the ringdown phase of a
coalescence. The presence of additional degrees of freedom can in fact modify the frequencies
compared to the predictions of GR, depending on the additional interactions. In the absence
of a ‘best motivated’ proposal for the dynamics of the new sector, however, the best way to
characterize how different models affect the QNMs is to follow an EFT approach.

In this paper we have made a first step towards constraining in a model-independent way
modifications of GR. We focused our attention on alternative theories of gravity that satisfy
two main assumptions: i) include one additional light scalar degree of freedom besides the
graviton, and 4i) admit BH solutions with a scalar hair. The second assumption is crucial to
generate a significant (and hopefully testable) departure from the QNM spectrum predicted
by GR. In fact, without a scalar hair it can be shown that, at second order in derivatives,
the GR frequencies are always a subset of the QNM spectrum of black hole solutions in
scalar-tensor theories [43].

Based on these assumptions, we derived the most general EFT up to quadratic order in
perturbations around static and spherically symmetric backgrounds with a scalar hair. To
constrain the coefficients in the effective Lagrangian it is necessary to measure the frequencies
of at least two QNMs. Such a result is presently not achievable at LIGO/Virgo, but should
be within reach when the upgraded detectors will reach design sensitivity, and certainly with
third-generation or space-based detectors (for a review on BH spectroscopy prospects see [7]
and references therein). Such experiments will be able to probe quasinormal modes with

22We remind that the analogue for FLRW backgrounds is (see e.g. [34])

B(t) = Do + Dy /t dta® (B H(T).
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higher /¢, for which the WKB approximation employed in this paper is expected to perform
even better. In principle, there exist other ways, which do not rely on the ringdown phase,
to obtain independent bounds on the EFT parameters, e.g. the one given by the study of
dissipative effects in the form of dipole radiation during the inspiral stage [68]. However, this
would deserve a separate discussion, beyond the purposes of the present work, and is left for
the future.

To make contact with actual observations there are still a few steps missing. An important
issue that should be addressed in full generality is the coupling to matter fields. Our calcu-
lations for both even and odd sectors are done in the frame where the Mj(r) = Mp; (the so
called Einstein frame). The question is whether/how matter fields, for instance the LIGO
mirrors, are coupled to the scalar field ® in addition to the expected coupling to the Einstein
frame metric. The observational implications fall into two classes depending on this coupling:

e If the scalar-matter coupling is absent or very weak, only the tensor quasi-normal modes
would be observed. The scalar could still indirectly affected the observational signals
through the deviation in the tensor spectrum from GR, and through the breaking of
isospectrality between even and odd modes.

e If the scalar-matter coupling is at gravitational strength or larger, the most prominent
observational signal would be the scalar mode itself—this is the extra mode in the even
sector. It is distinguished from the tensor modes not only in terms of its spectrum, but
also in terms of how it affects the detectors. Interferometric detectors with different
orientations can be combined to tell apart scalar from tensor modes. Of course, the
scalar could also make its presence known through a deviation of the tensor spectrum
from GR, and through the breaking of isospectrality.

Another important issue to address is that the EFT for perturbations must be generalized
from static backgrounds to spinning ones. The reduced number of isometries of the back-
ground will translate into a larger number of operators in the action and, therefore, of free
parameters to be constrained by observations.

The number of independent operators can be reduced, even in the case of static backgrounds,
if one is willing to make additional assumptions about the underlying scalar-tensor theory. In
the present paper, we have included in the effective action all operators compatible with the
symmetries that contribute at quadratic order and contain at most two derivatives. Some of
these operators are actually generated by terms in the covariant scalar-tensor theory that de-
pends on second derivative of the scalar field. This can lead to a much richer phenomenology,
but at the same time it is potentially dangerous because it can propagate an additional degree
of freedom giving rise to instabilities. Additional relations on the coefficients can be enforced
to prevent its appearance, extending what is already known in the case of time dependent
backgrounds [51]. Further conditions can be derived by imposing additional symmetries (e.g.
shift symmetry on the scalar [34]), or by considering positivity constraints that follow from
unitarity and analyticity of scattering amplitudes (as was done for instance in the case of
inflation in [69]). All these topics will be discussed elsewhere.

To conclude, we should mention that the formalism developed in this paper lends itself also to
a few more formal applications. First, because our effective Lagrangian is solely determined
by the background isometries, it can also be used to describe perturbations around metrics
other than black holes, provided they are static and spherically symmetric. For instance, our
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approach can be used to investigate the stability of wormholes in theories with a scalar field
[70]. It can also offer a different perspective on the (long) list of no-hair theorems, allowing
to characterize the conditions for hairy BHs in a more model independent way. The formal
applications of this approach will be discussed in a companion paper [71].
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A Construction of the unitary gauge action

In this Appendix we present the construction of the effective theory for perturbations in the
unitary gauge, defined by é® = 0. The breaking of radial diffeomorphism invariance induced
by 6® = 0 makes a radial foliation more natural with respect to the standard time-foliation
of the ADM decomposition: in the following, we will introduce the corresponding geometric
ingredients and derive analogue equations to the standard ADM case.

A.1 Notation and radial foliation
We start introducing a foliation of the spacetime manifold defined by the the family of
hypersurfaces that satisfy ® = constant. The orthogonal unit vector is defined by
i = VED(x) ’
V'V, VLD

satisfying n,n# = 1. In analogy with the ADM decomposition, the metric can be written as

(A1)

ds? = N2dr? + hep(dz® + N%dr)(dz® + N°dr), (A.2)

where h,, = g, — nyuny is the induced metric, while N and N are the lapse and the shift
respectively. In this notation, the metric tensor and its inverse read

~ (ha N, (AP + N2NeNb —N—2N¢ (A3)
Guv = Nb N2 +NCNC ) g — _N—2Nb N—2 ) .

where the Latin indices a, b, c. .. are used for temporal and angular coordinates: {a,b,c...} =
{t,0,¢}. The unitary gauge is fixed by requiring that constant-r hypersurfaces coincide with
the uniform scalar field hypersurfaces, i.e. d®(z% r) = 0. With this choice, n, = N and
ng = 0. Therefore, g,q = hyq = N, and h,, = N®N,. By construction, the following
orthogonality conditions hold:

htn” =0, nV,n, =0. (A.4)

v
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Covariant derivatives acting on the (2 + 1)-dimensional hypersurface can be defined in the
standard way as

DoViy = h*hEN Vi, (A.5)

for some generic vector V),. Moreover, the extrinsic curvature can be constructed by project-
ing on the hypersurface as

K., = hghgvang = hzvan,, = Vun, —nn,Van, . (A.6)

In particular, the covariant temporal and angular components of the extrinsic curvature can
be conveniently written also as

1
Kop = Vany = —NT", = —— (0phap — DaNy — Do) AT
ab 2N

A.2 Gauss-Codazzi equation

The (2 + 1)-dimensional Riemann tensor is defined in the standard way as

- RagV* =D, D, V3 — D,D,Vg. (A.8)
After some lengthy computation, one can derive the Gauss-Codazzi equation
hhohGRagrp = Rapuw + KugKva — KugKpa - (A.9)

Contracting both sides of (A.9) with the full metric g**¢"# and after some manipulations,
one finds

R=R— K, K" + K? -2V ,(Kn" — n"V,n"), (A.10)

which relates the full Ricci scalar R to the intrinsic curvature R. As expected, formally the
only difference with respect to the standard ADM decomposition based on a time foliation
consists in some signs.

A.3 Effective theory in unitary gauge

In parallel with [38], one can write the most general Lagrangian in unitary gauge by requir-
ing invariance only under the residual (temporal and angular) diffeomorphisms. Therefore,
besides the standard Riemann tensor, covariant derivatives and contractions thereof, one can
make use of additional building blocks consisting in: explicit functions of r; operators with
free r-upper indices, such as ¢g"" and R'"; the extrinsic curvature K,,. Notice that, because
of the Gauss-Codazzi relation (A.9), (3+ 1)-dimensional objects and their projected versions
are not independent. Therefore, one can forget about the induced Riemann ]A%Wag and con-
tractions thereof in the Lagrangian. Moreover, for the same reason, one can also avoid the
use of the induced metric and (3 + 1)-dimensional covariant derivatives.

As a result, the most general action in the unitary gauge d® = 0 takes on the form

S = /d4:c —gE(guy,e””aﬁ,R#,,ag,g”,KW,Vu;r) . (A.11)
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A.3.1 Effective action for perturbations

The result (A.11) represents the most general theory that is compatible with the residual
symmetries after fixing the gauge d® = 0. The logic underlying the construction of the
effective theory for perturbations closely follows the one of [38, 48], but the result turns out
to differ considerably in a few aspects, as already discussed in Sec. 2. Indeed, the different
degree of symmetry of the background (2.1) with respect to the case of FLRW cosmologies
crucially affects both the number of independent operators in the EFT for perturbations and
their transformation properties under residual (temporal and angular) diffeomorphisms. In
the following, we will explicitly construct the EFT (2.4) and make such differences manifest.
Let us start with the tadpole Lagrangian.

In full generality, up to linear order in perturbations, the effective theory contains the fol-
lowing tadpoles:

Stpote = [ 425 [<AE) = FOIT + 1 () Ko + €70V Ris] (12

one for each building block in (A.11). A(r), f(r), k¥ (r) and £#**?(r) are arbitrary functions
of the background metric and its derivatives.”® If x*¥(r) and &**5(r) were proportional
the background metric only, then the last two tadpoles in (A.12) would simply be k(r)K
and {(r)R and, getting rid of K = V, n* by an integration by parts, one would conclude
that (A.12) contains only 3 free functions. By contrast, since in general 0,gup X gap, the
matrices £ (1) and £*¥*3(r) have in principle many more independent entries corresponding
to additional free functions in the theory (A.12). In the following, we are going to make this
statement more quantitative, in particular we are going to show that eventually only 4 are

actually independent (i.e. x*(r) and £**(r) contain only 2 free functions, the other 2
being A(r) and f(r)).

Let us start recalling that the orthogonality condition K#“n, = 0 allows to use the induced
metric to raise and lower indices in the tadpole x#*(r) K, to be read therefore as k% (1) K.
Since the matrix x%(r) is a function of background quantities, it must carry the same sym-
metries of hy,, meaning that it has to be a diagonal matrix with only two independent entries:
Kap = diag(k, Keg, koo sin? 0). As a result, the tadpole k% (r) Ky, can be explicitly written as

K
K (1) Koy = 1 (1) Ky + 6% (7) (Kgg + Sin‘é‘%) : (A.13)

where xf'(r) and x%(r) are the two free functions of r. Furthermore, since the trace of
the extrinsic curvature can always be recast in terms of A(r) and f(r)g"" up to a total
derivative by an integration by parts (K = V,n"), we are free to add a term of the type
—k9(r)c?(r)h™ K4y, to the Lagrangian (A.12) in order to cancel the last term in (A.13). This
means that x%(r) K, contains actually only one free independent function.

Let us now focus on the last tadpole £#8 (r)Ruvap- Again, since M *B(r) is a background
tensor, because of rotational invariance, the angular components are not independent from
each other. In addition, taking into account the symmetry structure of the Riemann tensor,

- 2
23The Einstein Hilbert term simply corresponds to taking @g““g”ﬁ in 48 (1),
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one infers that it contains in principle 8 arbitrary functions. Let us start analyzing those
corresponding to the coefficients of

thrt ; (RGT’G’I‘ + Rd)r(ﬁr) ; (Reth + R¢t¢t) 5 R0¢9¢ . (A14)

First of all, notice that the term involving R";.; can be always eliminated in favor of the
other tadpoles. Indeed, consider the operator K, WRQWV neng, which in unitary gauge reads
(¢"") 'K, R™"™. Using the definition of Riemann tensor and Eq. (A.6),

KWRO‘“B”nang =—K,ung (Vﬁvl’n“ — V”V@z“)
= —K"nP V5K, + Vs (n°n,Van,) — V,Kg, — V, (n°15Van,,)] (A.15)
= KM [nﬁngw + 0PV on, Vn, — 1PV, Ks, — V,, (n°Van,)

Therefore, up to integrations by parts, it can be re-written in terms of the tadpoles f(r)g"",

A(r) and x*(r)K,,. This means that we can forget about the first term in (A.14) in our
counting of independent functions. Moreover, taking the trace, the last three combinations

in (A.14) can be all eliminated in favor of the Ricci tensor as®*,
Ry = Rlyir + (R ror + R%ngr) (A.16)
Ry = Rt + (Rewt + R¢t¢t) ) (A.17)
Ry + Si% = —ZZ(RGW + R%,40) + (R g + By40) + 2R949 . (A.18)

Therefore, in full generality the tadpole {‘“’O‘ﬁ(r)RWag can be always thought of as being a
sum of the four remaining building blocks

R
R7 RT’F) Rtt7 <R99 + N (g¢ ) P (A].g)
sin” 6
with some arbitrary coefficients. Whether these are all independent or not is what we are
going to show now.

First, it is clear that the trace condition R = R; + R, + (R% + R¢¢) allows immediately
to eliminate one of the last three terms in (A.19), say Ry, with the only effect of redefining
the coefficients of the others. Second, consider the identity

1
R, K" = R, Vin" — ianava(n“n”) . (A.20)

After simple integrations by parts, up to linear order in perturbations R, K" 2 ¢'", R,
R™, K only. Thus, one is always free to add to the Lagrangian the operator R, K*¥ with
some proper coefficient in such a way to get rid of also (R% + R%;) in (A.19), in analogy
with the discussion around (A.15). Finally, the identity

(grr)—err — Ruynﬂnv - K2 _ K/“,K‘ul/ + VH (nuvynu . nuK) ’ (A.Ql)

which simply follows from the definition of the (3 + 1)-dimensional Riemann tensor, allows
to re-express also R™" as a function of the other tadpole operators.

24 v+ . . . . . .
Since we are interested in terms that are linear in perturbations, we shall use the background metric to
raise and lower indices.
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In conclusion, the action (A.12) contains in general 4 independent tadpoles:
1 _
Stadpole = /d4l'v -9 |:2]\412 (T)R - A(’I") - f(r)gm" - OL(’I")KW,KMV ) (A22)

where M2(r), A(r), f(r) and a(r) are the corresponding coefficients, some of which are to
be fixed by Einstein equations.

A.3.2 Quadratic action for perturbations

In the previous Section, we have shown that the only independent operators that enter up
to linear order in perturbations are those in (A.22). The next step is all possible operators
at quadratic order that are compatible with the symmetries of the system. In the spirit of
an effective description, we will classify the operators in terms of the number of derivatives.

Zero-th order in derivatives. At the zero-th order in derivatives, the only quadratic
operator in perturbations is given by M (r)(dg"")?, where the coefficient M (r) is in principle
an arbitrary function of r of dimensions 4 in energy to be fixed experimentally.

First order in derivatives. At the first order in derivatives, the only non-trivial operators
we can add are of the form
fab(r)8g" 6K, (A.23)

where f,p is an r-dependent matrix which must have the same symmetries of the background
metric (2.1). In other words, it is diagonal and with only two free entries:

f)= (M0 0 )0 = (ae) . G =0 (a2

for some arbitrary fi(r) and fa(r). As a result, at first order in derivatives there are only
two independent operators in the effective theories, that we choose to write as

M3 (r)dg"" 6K, MZ(r)Kudg 6K . (A.25)

Second order in derivatives. At the second order in the number of derivatives, we have
in principle many more independent operators allowed by symmetries. Let us start with
those involving the extrinsic curvature only, which schematically read

Favea(r) S KPS K, (A.26)

where again fupcq(7) has the same isometries of the background. Therefore, it is clear that
the only independent free functions in fupeq(r) are the coefficients of the operators

(OK™)2, i 6KUSKY | (70 KY)?, 40 KUSKY, 0 K9y 6K (A.27)

Let us now consider operators that involve the Riemann tensor. Analogous considerations to
Eq. (A.15) suggest that we can disregard operators of the type R™. Then, we can focus
only on those where the Riemann is projected onto the (2 4+ 1)-hypersurface, which can be
written as

fabcd(r)(sRadeégTT : (A28)
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Because of the background isometries, only 2 are independent:
’yij(SRtitj s ’yij’ykléRikﬂ . (A.29)

Finally, one could also think of adding operators involving derivatives of d¢g"": the combina-
tions allowed by the residual symmetries in the EFT are (9,0¢")2, (9,0¢")?, (0,6g"")d K and
(009" ) K ,0 K. In general these will be associated with higher order equations of motion.
Whether this fact is related to the presence of pathologies is beyond the scope of our work
and will be discussed elsewhere.

In conclusion, at second order in perturbations there are 14 independent operators admitted
by symmetries, that we write as follows:

S@ = /d4x V=g [M24(7“)(5g”)2 + Mg(r)ég”éf( + Mf(r)[?wég”"dl(“”

+ M3(r)(8:69™)? + Mg (r)(9,09" ) K + Mz(r) K, (9,09 )6 K + MZ(r)(8adg™)?

+ MZ(r) (6 K)? + Miy(r)6 K KM + My1(r) K 0 KS KM + Mya(r) K, 0KHPSKY ,

+ NP K KOS KSKM 4 M25(r)og" 6 R + Mya(r) K, 09" SR | . (A.30)

B Infinitesimal variations

In this section we derive the variations of the geometric ingredients of the radially foliated
manifold, collecting the results that have been used in the main text.

To begin with, the variation of the normal vector n, (A.1) under an infinitesimal transfor-
mation of the metric of the type g, — gu + 0g,, takes on the form

1
ony, = —inunan/gégaﬁ, (B.1)

leading also to
1
ont =n,ogH — in“nan[gégaﬁ. (B.2)

Together with the orthogonality condition h**n, = 0, Eq. (B.1) can be used to derive the
following identity:
noht" = —h*on, =0. (B.3)

The variation d K of the trace of the extrinsic curvature can be easily computed using the

identity
1

V=9
(X* is a generic four-vector), which follows from the relation §\/—g = % —99" 04, Using
(B.4), we can write

o (\/TQX“) =V X* (B.4)

K=V,n'= O (V—=gn*) . (B.5)

e
V=9

Then, the variation § K is easily computed as

1 1
OK = Sgu 09" K + Vi |ny0g"" — o (nans + gap)dg™” | | (B.6)
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where we have used the result (B.2).

Let us now focus on §K,,,. From the definition (A.6), the variation of the extrinsic curvature
reads

0K = Vydny, — 0, n, — onfn,Von,

) ) ) " (B.7)
—nfon,V,n, —nn,V,on, +n n“5prnU .
Plugging in the variation of the Christoffel symbol,
1
6FZV - 5gpa (v,udgwf + vl/(sgucf - Vg(ng,)
1 (B.8)
= —59’” (gal/gﬁav,u + gapgﬁavy - gaugﬁuvo) 59045 )
it takes on the form
6K,y = 1V 5P
uy = _5 I (nunanﬁ g )
1
+ ) (gownﬁv,u + gaunﬂvu - gaugﬂunpvp) 59a5 (B.9)
— g1, (Van, )69 + nangn,m (V,n, )59
1 1
+ §nunpvp <n,,nangéga5) — Qnanﬁnuvyﬂsgaﬁ,
and one can easily check that taking the trace the result (B.6) is recovered.
Finally, we calculate SR. Taking the variation of the trace of Eq. (A.9),
SR = 21" Ry, po 6B + W' PSRy + 2K0K — 2KM 5K, (B.10)
where
R = §g" — ny (n“ég”A + n”dg’“) + n“n”nanﬁégo‘ﬁ (B.11)
and
SRypo = — RapwoGauds®™ + gun (vyargo - vgargy) , (B.12)
where (5Fﬁy is written in Eq. (B.8). Therefore, after straightforward manipulations,
SR = (Rap — nt'n” Ryaup — 3Rpangn’ + 2R,,n*n"nong) 590‘5 (B.13)

+ hy b7 (V,00h, — Vo oTh)) + 2K6K — 2KM 0K, .

C Stiickelberg trick and decoupling limit

In this appendix we collect the Stiickelberg transformations that can be used to restore full
gauge invariance in the theory (A.30). Without affecting the generality of the discussion, we
will set here b = 1 in the background metric (2.1).

Under a general transformation of coordinates, x — Z(z), the metric changes as

_ . 0z%0aP s~ OTH 0TV
guu(x) = @@gaﬂ(m)v g,u (:L’) = @Wg IB(Q:) . (Cl)
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Focusing in particular on transformations that leave time and angular coordinates invariant,

{T—)Fzr—l—ﬂ(ma,r), (C.2)
z? — 3% =1z,
or, equivalently,
H(x) = ¥ 4+ w(x)ok . (C.3)
A generic scalar function of r transforms as
F(r) = F(r+7) = F(r) + F'(r)7 + %F”(T)?TQ 4o (C.4)
while
O — (11— +7%0,, (C.5)
Oa — (=0, + 7 0ym)0r + 0, . (C.6)
The transformation laws of the contravariant components of the metric take on the form
g" =g (1427 + 77'2) + 29 Dy + 2977 Dy + (Oam) (Bym) g™ (C.7)
g — (L+7)g" + (9ym)g?, (C.8)
g* — g (C.9)

On the other hand, the Stiickelberg transformations for the covariant metric can be easily
calculated by solving perturbatively in r(Z) the equation 7(x) = r 4+ 7(x®,r), from which one
finds r(2%,7) =7 — w(2% 7 —7w) =7 — (2% 7) + 7’7 (2% 7) + ... and therefore

Gra = Grr [_aaﬂ' + 277,60[” +.. } (xa’ T) + 9ra [1 - + 77/2 + .. :| (wa, ’I”) ) (ClO)

Gab — Grr [aaﬂ'abﬂ' + .. ] (xa’ 7“) + grp [—8a7T + 7T/8a71' + .. ] (.%'a, 7“)—|—
+ Gra [—abw + 7Oy + .. } (1) + gap, (C.11)
Jrr = Grr [1 — o + 377 + .. } (z% ). (C.12)

These expressions highly simplify in the decoupling limit regime. Setting the metric to its
background value (2.1), they can be assembled as

~ab =ac
v g (Ocm)g
g = <(8C7T)§Cb gr(1+27" + 77’2) + (8:7)(0gm)g°) > (C.13)
Gab + grraaﬂ'abﬂ' grr(_aaﬂ' + 27’ a7T)
v — <§7~r(—ab7r + 27'(‘/6[]71') grr(l — o' + 371'/2) (C14)
Moreover, some useful equations are:
Ny = gra — =07 + 210 + O(7%) (C.15)
— L _ 2 1 —ab 3
N = N L=+ = 5 (0.m)(9m)g™ + O(7°) (C.16)
N = —N%g"* — —(1 — 21")(9y7) g™ + O(x?), (C.17)
NeN®
Wt =g — = = g% = (0em)(0am)g* G + O(x), (C.18)
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up to quadratic order in 7. Furthermore, the (2 + 1)-dimensional Christoffel symbol

A 1
Zb = ith (8ahbd + Ophgq — 8dhab) (C.19)
transforms as (up to first order)
- - 1
sz — sz + ing (_gl/;daaﬂ' — g(/ldabﬂ' + g:lbadﬂ') + O(?TZ) y <C20)

where fgb is defined as the background value of I'¢;,

T¢, = =5 (9ugba + OFad — Oadap) - (C.21)

Together with (C.15)-(C.18), Eq. (C.20) can be used to compute the transformation law of
the extrinsic curvature, which up to linear order in 7 reads

Ky — Koy + Dy Dy 4+ O(7%) (C.22)

where D, is the projected covariant derivative computed on the background metric, while
taking the trace S
K — K + D,Dr + O(7?) . (C.23)

Therefore, the transformation laws for the perturbed quantities read
6Ka, — —K!ym 4+ DoDyr + O(n?), K — —K'm + Do D1 + O(7?). (C.24)
As already emphasized in the main text the perturbation é K, for the extrinsic curvature

does not transform as a tensor, as it is clear from the term K/, in (C.24).

C.1 An explicit example: the cubic Galileon

In this appendix we extend the discussion of Sec. 6.2 of the decoupling limit in the EFT
(2.4) by including operators with one extra derivative, i.e. operators of the form (d0g"" )"0 K.
Up to quadratic order in the number of fields, this yields

M3 _
S = /d4$ V=g [2MR —A(r) — f(r)g"™" — a(r) K, K"
+ M3 (r)(6g"™)? + M3(r)6g" 0K + M3 (r) K09 S KM + .. } . (C.25)

Let us focus for simplicity on the case of theories with o = M2 = 0, of which cubic Horndeski

operators are genuine examples (see App. D.1). Using (C.24) yields the following quadratic
action for the scalar mode in the decoupling limit:
1 _

52 — /d4zv ac? sin 9{ |:CLC28T (ac®f" + ac® M5 K')

1 " " 2
1l +f)]7r

-7 2o war] [95E + 2] (s —anaty ) 0
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where the speeds of propagation are now modified according to

_ 4 —_ 19 M3
02 _ f 4M2 ’ 62 — f a T(a 3) ) (027)

T LRY)
f— &0, (5M3) f - &0, (503)

Notice that the operator dg""dK is responsible for making the velocity along the angular
direction non-unitary. Furthermore, it is now instructive to consider the flat spacetime limit
of (C.26) and compare the result for instance with [72]. To this end, it is convenient to make
the field redefinition 7 = 6®/®’ + ..., which holds at the leading order. Then, in the limit
a—1l,c—r, K— %, the action (C.26) takes on the form

S;Q) = /d4x ac? sin 9{ {7}28,, (r*f +r*M3K') — % (A" + ")
ci)/2 7“2&)”

2o [@3 (f—4M4)] = (f —4M?)
-2

1 0P (89(5(1))2

+ {f— 20 (T2M§)] 57~ 0 (M5)] =5

(i)//2 5@2
@/2 :| @

12
— (f —4aM?) 55,2 } (C.28)

In order to make a comparison with [72], we take the cubic galileon Lagrangian [52] (see also
App. D.1)

2
L = g2(09)% + g5(00)20D = g2 X + %X?’/QK, (C.29)

where go and g3 are generic coupling constants. Therefore, expanding the metric in fluctua-
tions in the unitary gauge d® = 0 and comparing with (C.26) yields

== (" +¥K),  M(r)=g3d", (C.30)
f= —gg(iﬂ +gg‘i>/2 ((i)// _ @'K) 7 A= 93@/2 (fi)” + @/I_() ) (0.31)

Using the expressions (C.30)-(C.31) and setting go = —3, g3 = —1, it is straightforward to
check that (C.28) coincides with the quadratic action of [72]. In particular, one can show
that the mass of §® in (C.28) is zero on the background equations of motion, as it should be
since the theory (C.29) we started with is shift invariant.

D Cubic and Quartic Horndeski in unitary gauge

The construction of the effective theory (2.4) is based only on the breaking pattern of Poincaré
down to time translations and spatial rotations. Additional symmetries (e.g. [34]) or the
requirement of not having any unwanted ghost like degree of freedom on top of the scalar
and tensor modes (see e.g. [51] for a discussion in the context of FLRW backgrounds),
will further constrain the r-dependent coefficients in (2.4). In addition, one could also expect
more constraints coming from causality and analyticity [69]. Postponing the study of all these
points to future work, in this appendix we confine ourselves to show which kinds of operators
are generated in the specific class of Horndeski theories [53], which besides of having second
order equations of motion [54] are known to be protected against large quantum corrections
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[73, 74]. As an example, we will focus on the cubic Horndeski and, as a prototype of theory
that yields the additional a-tadpole in (2.4), we will discuss the quartic Horndeski.

Let us start from the definition (A.1) of the unit vector perpendicular to the hypersurface.
Then, differentiating and using Eq. (A.6),

n,V, X

s e (D)

n,V, X o
V.V, ® =VXV,n, + 5 \/% = VX (K, + 11, Van,) +

where X = V,®V#®. On the other hand,

1
\/an,navan# + ﬁVO@VO{XnMnV

1 1
= ——n,n*Vo XV, & +n,n*V,V, P+ ﬁvaq)VaXnMn,,

2X
= 2\})?n,,vu (Va@Ved) . (D.2)
Eq. (D.2) can be used to re-write Eq. (D.1) as [75, 76]
Vi V@ = VX (K, + n%n,Van, +n%n,Van,) + %VO‘(I)VQXnunV. (D.3)
D.1 Cubic Horndeski
Let us focus on the cubic Horndeski Lagrangian
Lyz = G3(0, X)0OP, (D.4)

where G3 is an arbitrary function of X = V,®V#® and ®. Taking the trace of Eq. (D.1),
or equivalently Eq. (D.3),

LoV, X
06 = VXK + VIeV, X ) (D.5)
2X
and defining F3 such that [75]
Gs = F3+2XFsx, (DG)

after an integration by parts, the cubic Horndeski Lagrangian (D.4) can be written as follows:

VIOV, X
Ly = —ngVuXV‘uq) — XF30 +2XFsx (\/XK + N)

2X (D.7)
=2X32F K — X Fye .
Solving the differential equation (D.6) yields
1 G3(X)
FX)=— [ dX D.8
3 \/7(/ 2vX (D)
and
3250 Gs(X) _
2X3 2 F3x = VXG3(X) — [ dX o dX VX G3x(X). (D.9)
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D.2 Quartic Horndeski
Now we are going to rewrite the quartic Horndeski Lagrangian
Lhs = Ga(®, X)R — 2G4x (@, X) [(O®)* — (V,V, )% (D.10)

in terms of the geometric quantities of the radially foliated spacetime. Using the second
identity in (A.4) and the orthogonality condition K,,n” =0, we can write

1
VuVy OV D = X (K K™ + 200" Vo, Vgn ) + 5 (VIOVLX)?. (DA
Then, following [75], the Lagrangian (D.10) takes on the form

M 2
Lia = G4R — 2Gax |: <\/§K+ W)

1
_X (KWKW n 2nanﬁvanuvﬁnﬂ> - (VIOVaX)?[. (D.12)

Now, using that

Ved o VP VOOV, Vb VOBV, OVeX

WV = Ve e S Ty 2X?2
- VZ’;‘(X - "angz‘”‘X - % (95 — n“n,) VoX  (D.13)
and that n,Vgn* =0, Eq. (D.12) becomes
Lia = GiR = 2XGax (K* = K K™) = 2G1xV, X (Kn¥ = nfVgn") . (D.14)

Furthermore, after some final straightforward manipulations,
—2G4xV, X <Kn“ - n5Vgn“> = -2 (VMG4 - \/)?G@n,i) <Kn“ — nﬂVmL“)
= 2G4V, (Kn* = n/Vant) + 2VXGo K
— Gy (R — KopK®® + K2 — R) +2VXGiK, (D.15)

where we have integrated by parts and used the Gauss-Codazzi (A.10), and substituting in
(D.14), we find

Lia = GaR + (Gy — 2XGux) (K? — KW K™) + 2V X Gao K . (D.16)
E Transformation to Schrodinger-like form

In this Section we summarise the procedure which can be systematically followed in order to
transform a second order differential equation

c1(r)Q" (r) +2¢2(r)Q'(r) + [es(r)w? + ca(r)] Q(r) = 0 (E.1)
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into a Schrodinger-like equation of the form
Q"(F) + [w® + V(7)] Q(F) = 0. (E.2)

Without violating the generality of the argument, we are going to set cg(r) = 1. This can be
always achieved multiplying (E.2) by an overall factor c3 ' (r) which effectively coincide with
redefining ¢;(r) — ¢;(r)/c3(r). Then, by the following coordinate redefinition

r o () = / ’ il(n st % _ cl(r)% (E.3)
and variable redefinition
T (e AD ] on
Q) () =esn | [ (20 - 240 ) at| ot (B.4)
one obtains (E.2) with the potential:
) emEm) 3R e o
V(T(T)) - 4 + Cl(T‘) 16 Cl(’l“) Cl(T) 2( )+ 4( ) (ES)

F The Regge-Wheeler equations

The Regge-Wheeler equations, in the form given by Zerilli [77], are:

s s 2. (4GM U+ 1) he
o™ — b rhl * < 2 r r—2GM 0 (F.1)
.. . / 2 . hl
2 2 o9
<1 - G;M> hy' — <1 - G;M> ho + (i;\/lhl =0 (F.3)

They describe the GR dynamics of small perturbations around a Schwarzschild background.
Note that the Regge-Wheeler gauge has been chosen.

G Isolating the gravitational waves — the large radius limit

The GR equations governing the evolution of perturbations around a Schwarzschild black
hole were derived by [47, 65]. In this Appendix, we wish to describe how the equations can
be understood in a heuristic way. For simplicity, we focus on the odd perturbations.

In the odd sector, the only gauge transformation takes the form z, = x, + §,, with
E# = (0,0,Eijaj(;) N (Gl)
under which

- ) - 2 .
ho=ho+6 , hi=h +& "5 , hy=hy—25, (G.2)
C
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where () = 0y( ) and ( )’ = 9:( ). The Regge-Wheeler gauge corresponds to choosing
h2 =0:

. 2
ho™ =ho+3 B =hi 46 -6 L 0=h™ = hy -2, (G.3)

To isolate the gravitational waves, we find it more transparent to keep hy around, i.e. to set
9 = hy/2 in the expressions for ho™ and h;®W. Further simplification is obtained by taking
the large r limit, which includes 0, fluc. > fluc./r — with the understanding that 0, pulls
out a factor of the momentum, and likewise for ;. For instance ¢’ > ¢/d/c.

We substitute the above expressions for hoRW and 1™ in terms of hg,h; and hs into
the standard Regge-Wheeler equations [47, 77], which for completeness are summarized in
Appendix F. After taking the large r limit, these equations reduce to

ho” — by ~ 0 from Eq. (F.1) (G.4a)
hy —hy ~0 from Eq. (F.2) (G.4b)
(=hg +hy') + %(—hg +hy") ~0 from Eq. (£.3). (G.4c)

These expressions make it manifest that hs obeys a wave equation in the large r limit.
Interestingly, the wave equation lives in the Regge-Wheeler equation with the lowest number
of derivatives (no more than one derivative on h; or hy). This large r limit of the Regge-
Wheeler equations is useful for seeing where the gravitational waves live, but not helpful for
deducing the quasi-normal spectrum. The dynamics of the modes at small r is important for
determining the latter.

To make progress with the finite r form of the Regge-Wheeler equations, we need to identify
the variable that contains the gravitational wave degree of freedom. Both ho®™W and h;®W
contains ho, which is what we are ultimately interested in. However, because hy transforms
by a time derivative of the gauge parameter (5), it has no conjugate momentum. Thus, h; is
the more promising quantity to focus on in terms of obtaining an equation with the desired
second derivative (in time and radius) structure. Our goal therefore reduces to finding a

second order equation of motion for h; ¥V out of the Regge-Wheeler equations.

This procedure can in turn be approached in two different ways, recalling that h;®W = h; +
hy’ /2—hod’ /c. Since hy is the gravitational wave of interest, one could choose the hy = 0 gauge
such that the equation for h;®™W becomes purely an equation for hs. A more sophisticated
viewpoint is to note that the combination hy+hs’/2—hoc’ /c is gauge invariant (terms involving
d cancel under a gauge transformation). This is the gauge invariant combination that contains
the gravitational wave degree of freedom; obtaining a single equation governing its evolution
is precisely what we want. Contrast this with the other gauge invariant combination involving
hg and h;: that removes the gravitational wave degree of freedom and is therefore not what
we want to focus on. (Another useful combination is hg + hg/2.)

Now, there are three Regge-Wheeler equations. Because the gravitational wave of interest
lives in Eq. (F.3), this provides a natural starting point which gives an expression for hg

(adopting the standard Schwarzschild form for a, b, ¢ in the background metric):

Lo = (1 — 2GM /)8, ([1 — 2GM /r]h BV | (G.5)
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. . . - RW . o
This then motivates the use of Eq. (F.2) because it depends on hy ~ and its derivative, but
not ho®™W. Thus, substituting the above into Eq. (F.2):

(-2 ()

L2 (1_ 2GM>6T ({1_ QGM]thW> L =ne+2) <1_2GM> R _ .

r r r r2

(G.6)

Eq. (G.6) lends itself to further simplification: introducing the tortoise coordinate 7 defined
by
Or = (1 —-2GM/7)0, , (G.7)

and multiplying h1®W by a suitable function of r to remove the first derivative term (see
Appendix E). Thus one obtains the standard Schrodinger-like equation for determining the
spectrum of odd quasi-normal modes of a Schwarzschild black hole in GR (see e.g. [78]):

o (-2 (522 (20 o

dr? r 72 73 r r

The even sector could be treated in a similar way, though it is considerably more complex.

H Bianchi identities

The Bianchi identities tell us that not all equations of motion are independent. In manipu-
lating the equations that govern black hole perturbations which are often quite complicated,
it is useful to know how the equations of motion are related. We give the relations here.

Under a gauge transformation z# = a#* — &#, the metric transforms according to

O0Guw = {7679#,, + g'y,ual/é77 + g'yl/aug7 ) (H.1)

and the scalar field transforms according to

50 =£0,P. (H.2)

Using the fact that £* is an arbitrary function of space and time, it can be shown, using
arguments along the lines of those for proving Noether’s second theorem, that the equations
of motion are related by:

08 08

= —0. P+ —

Oy G — 20y, <66ng,,> , (H.3)
[my

where v = 0,1,2,3 for four identities. The form of the identities are fully general. When

the metric and scalar are separated into background and fluctuations, and the background

equations of motion are enforced, the Bianchi identities yield the following relations to first

order in perturbations:

4S _ oS oS
LIPS 0.9, — 20 () H.A
568) % 55g) 19 =200\ 55907 (FL.4)
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Note that in the above formulation, it is important that gauge-fixing is performed after the
equations of motion are written down. For instance, suppose one chooses a gauge in which
the spatial part of the metric is diagonal; it is important the equations of motion that followed
from varying the off-diagonal parts of the spatial metric are also used.
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