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ABSTRACT: The induced conservative tidal response of self-gravitating objects in general
relativity is parametrized in terms of a set of coefficients, which are commonly referred to
as Love numbers. For asymptotically-flat black holes in four spacetime dimensions, the
Love numbers are famously zero in the static regime. In this work, we show that this
result continues to hold upon inclusion of nonlinearities in the theory for Schwarzschild
black holes. We first solve the quadratic Einstein equations in the static limit to all orders
in the multipolar expansion, including both even and odd perturbations. We show that
the second-order solutions take simple analytic expressions, generically expressible in the
form of finite polynomials. We then define the quadratic Love numbers at the level of the
point-particle effective field theory. By performing the matching with the full solution in
general relativity, we show that quadratic Love number coefficients are zero to all orders
in the derivative expansion, like the linear ones.
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Introduction

Gravitational waves from coalescing binary systems represent a unique channel to study

the fundamental properties of gravity and compact objects in the strong-field regime. As
the number of merger events observed by the LIGO-Virgo-KAGRA network [1] increases

and, thanks also to future facilities and envisioned new detectors, we move toward an

era of precision physics with gravitational waves, ever more accurate waveform templates



will be necessary [2-7]. This requires in particular to have a precise understanding of the
conservative and dissipative dynamics of two-body systems (see e.g., [8-10]), which includes
tidal effects [11-13].

The tidal deformability of a compact object is described in terms of a set of coefficients,
which capture the conservative and dissipative induced response when the object is acted
upon by an external long-wavelength tidal field [14-16]. The coefficients associated with the
conservative response are often called Love numbers and, together with the dissipative numbers,
they carry relevant information about the object’s structure and interior dynamics. This makes
the tidal response coefficients an important target for current and future gravitational-wave
observations from merging binary systems, which can offer valuable insights into the equation
of state of neutron stars [11, 17-19], the physics at the horizon of black holes [14-16, 20-28],
as well as the existence of more exotic compact objects [29-34].

In the Post-Newtonian (PN) regime of the inspiral of two compact objects, the leading-
order tidal effects are associated with tidal heating, and start affecting the gravitational
waveform at 2.5PN order for spinning objects and 4PN order for non-rotating ones [8, 35, 36].
Conservative tidal effects are instead estimated to become relevant from 5PN order, in
the limit of static tides (see, e.g., [37, 38]). Although these are the most prominent tidal
effects that are expected at the level of the gravitational waveform, there are in general very
good reasons to study subleading corrections to the physics of compact sources beyond the
point-particle approximation. First of all, the calculation of subleading effects, in addition to
putting leading-order results on solid grounds, may be necessary to probe and get insight into
interesting properties of the system that do not enter at leading order. Moreover, subleading
effects might be useful to recalibrate effective models, improve waveform and break degeneracy
among observables. They are especially relevant whenever leading-order effects happen to be
vanishing, making the next-to-leading-order corrections the actual dominant contributions.
One notable example is given by black holes in General Relativity (GR), for which the static
Love numbers — associated with the leading-order, conservative, finite-size terms in an
expansion in the number of time derivatives — are absent for all multipoles [14-16, 20-22, 24—
28]. This fact makes the study of subleading corrections to the conservative response of black
holes particularly interesting at both theoretical and observational level.

One main motivation, at the theoretical level, to compute subleading tidal effects of
black holes has to do with symmetries. The vanishing of the static Love numbers in GR
has for long time been recognized as an outstanding naturalness puzzle in gravity from
an effective-field-theory perspective [39, 40]. Recently, symmetry explanations have been
proposed as possible resolutions to the puzzle [23, 24, 41-45]. It is therefore particularly
interesting to understand what is the fate of these symmetries, whether they are an ‘accident’
of the static regime of the linearized Einstein equations for the perturbations, or whether
they instead persist beyond leading order.

At subleading order, corrections to the tidal Love numbers of black holes are of two types:
they can either result from finite-frequency effects, or from gravitational nonlinearities." The
former, which are often referred to as dynamical Love numbers, capture the conservative

'In the language of effective field theories, the former correspond to higher-order time-derivative operators,
while the latter correspond to operators with higher number of fields. See section 4 for details.



response induced by the presence of a time-dependent tidal field; in the case of black holes,
they have been studied in e.g. [27, 46-49]. The latter, which will be the focus of the present
work, stem instead from the field nonlinearities in the Einstein equations. Similarly to
electromagnetism, where nonlinear polarization theory can be used to describe nonlinear
optical effects, such as the nonlinear polarization of an optical medium [50], one can formulate
an analogous question in gravity and ask what is the nonlinear tidal deformability of a
compact object. In this work we make progress in this direction by explicitly computing the
nonlinear Love numbers of Schwarzschild black holes at second-order in perturbation theory.

Nonlinear corrections to the Love numbers of black holes have been previously studied
in [21, 47, 51-53].2 In particular, refs. [21, 51] provide evidence that the nonlinear Love
numbers of Schwarzschild black holes vanish to all orders in perturbation theory, but their
analysis is restricted to axisymmetric perturbations only. On the other hand, ref. [47] examines
the quadratic tidal deformation of a non-rotating compact body using a post-Newtonian
definition for the tidally induced multipole moments, focusing on the parity-even sector of
perturbations. Moreover, in ref. [52] some of us showed that the electric-type quadrupolar
Love numbers vanish at quadratic order by explicitly performing the matching with the point-
particle Effective Field Theory (EFT), focusing on the parity-even sector of perturbations.

In this work, following up on and extending the methods proposed in [52], we present the
first comprehensive study of quadratic corrections to the tidal deformability of Schwarzschild
black holes in GR, integrating and expanding upon the results in the literature in multiple
directions. First, as in [52], we adopt a definition for the quadratic Love numbers based on
the worldline EFT [55, 56] (see also [10, 38, 39, 57-59] for some reviews). The EFT provides a
robust definition of the (nonlinear) Love numbers as coupling constants of higher-dimensional
operators, which allows to systematically address potential ambiguities resulting from gauge
invariance in the theory and nonlinearities. In addition, our analysis now includes both even
and odd perturbations and is not restricted to axisymmetric configurations. Finally, we
complete the program initiated in [52] by computing the quadratic Love number couplings
for all multipoles, beyond the leading quadrupole. We will show explicitly that quadratic
Love numbers of asymptotically-flat Schwarzschild black holes in four-dimensional GR. vanish
exactly for generic multipoles.

In particular, in section 2, we derive the perturbation equations for the Schwarzschild
metric up to second order in the Regge-Wheeler gauge, in the static limit, for both even and
odd components. The quadratic terms in these equations describe how the coupling of linear
perturbations sources the metric, respecting selection rules dictated by the symmetries of
the setup, which we derive and discuss in detail. These equations are then used to derive
the second-order metric in section 3, where we focus on the monopole, quadrupole, and
hexadecapole induced by the quadratic coupling of two quadrupoles. Section 4 reviews the
definition of quadratic Love numbers within the worldline EFT formalism and the background
field method. In section 5, we use this to study the quadratic response of the Schwarzschild
metric induced by an external field, which is then compared to the second-order solutions
obtained in full GR. Section 6 is instead devoted to the analysis of second-order static
perturbations of arbitrary multipole: first, we check that, thanks to the special structure

2See also [54] for a scalar-field analysis.



of the source, the quadratic solutions take a simple polynomial form; we then perform the
matching to the worldline EFT to all orders in the spatial derivatives, and conclude that all
quadratic Love number couplings of Schwarzschild black holes vanish in GR.

More technical aspects of the calculations are finally collected in the appendices A-E. In
particular, in appendix A we review the integrals between three tensor harmonics used in the
main text, appendix B collects the explicit numerical values of some of the coefficients in
the main text, appendix C explains how to express the tidal field in Cartesian coordinates,
appendix D derives some useful relations between trace-free tensors and, finally, appendix E
explains how to compute the Schwarzschild metric perturbatively within our approach.

Notations and conventions. We will work in units such that ¢ = A = 1 and use the mostly
plus signature for the metric, (—, 4, +, +). The reduced Planck mass is defined by M1;12 = 87G.
For convenience, we will sometimes introduce the parameter x = V327G = 2MFT11. For a black
hole of mass M, we denote the Schwarzschild radius by rs = 2GM. Our convention for the
time Fourier transform is W(¢,r, 0, ¢) = % et \ii(w, r,0,¢). Moreover, we will decompose
quantities in spherical harmonics using the convention ¥(w,r, 6, ¢) = dtm Thm(w, )Y, (6, 9),
where Y;"(6,¢) are normalized as [dS YZ”*(@,QZ))YE’T/ (0,¢) = 8p0™™ . To simplify the
notation, we will often omit arguments and the tilde to denote the Fourier transform, relying
on the context to discriminate between the different meanings. Greek indices run over
spacetime coordinates, latin indices run over spatial coordinates and capital latin indices
run over the angular variables 6, ¢. We define the shorthand [, = [ %ﬁ and the notation

6~ (z) = (27)%6@(z). The symbol (---) denotes symmetrization over the enclosed indices
e.g., A By = $(A,B, + A,B,), while we use (---) to denote the traceless symmetrization.
Depending on the context, we will use different metrics to raise and lower spacetime indices.
The full metric g,,, is used for the complete GR calculations in section 2, and when introducing
the EFT worldline approach in section 4.1. In the EFT calculation, from section 4.2 to
section 5.3, we will use the flat Minkowski metric 7,, for this purpose. Additionally, we
distinguish between the 2d Levi-Civita tensor €, whose indices are raised and lowered with
the metric on the unit sphere, and the spacetime Levi-Civita symbol €, whose indices are
raised and lowered with 7.

2 Static quadratic perturbations

Black hole perturbation theory has a long history, dating back to the original work by Regge
and Wheeler on the study of linearized perturbations of Schwarzschild spacetime in the
late 1950s [60]. More recently, the study of black hole perturbations has been extended
to second order, see e.g. [61-70].

In this section we study the deviations from the Schwarzschild metric up to second order in
the metric perturbations in the static limit. We first expand the Einstein-Hilbert (EH) action,

M2
Spxt = /d%wﬁ—g =3 (2.1)

where R is the Ricci scalar, up to quadratic and cubic order in the metric perturbations. We
then vary the action with respect to the metric perturbations, first at linear and then at
second order, and we derive the second-order equations for the metric degrees of freedom.



2.1 Metric parametrization and gauge choice

We decompose the metric g, as

Juv = g/SuC/h + 5guu y (22)
where gEf,h is the static and spherically symmetric background solution. In spherical polar
coordinates, (t,r,6,¢), this is given by the Schwarzschild metric,

—f(r) 0 0 0
—1
Sch * f (T‘) 0 0 _ Ts
— pu— - 2.3
il I S IR ES TR (23)
* * * r2sin 0

where the asterisks denote symmetric components and ry = 2GM, with M the mass of the
black hole. In eq. (2.2), §g,, describes the deviation from the Schwarzschild metric.

To write dg,,, in four spacetime dimensions, we follow the standard Regge-Wheeler (RW)
parameterization [60]. It is convenient to classify the metric perturbations according to their
behavior under parity transformation, (6, ¢) — (r — 60, ¢ + 7). We thus distinguish between
even, or polar, perturbations, and odd, or axial, perturbations. Moreover, we use the index +
to label parity-even quantities and the index — for parity-odd quantities.

With this decomposition and notation, the most general parametrization of dg,, in four
spacetime dimensions takes the form dg,, = (5ng + 09, with

f(T)HO Hy VaHo
89, = « [T (r)Hy VaH: : (2.4)
* * r*Kyap + 1 (VAVB - %’YAB) G
00 —ea%Vehy
6 = | * 0 —eA“Veh . (2.5)
x ok —%(GACVCVB + EBCVCVA)hQ

Here V4 and e4p are the covariant derivative and Levi-Civita tensor on a sphere, respec-
tively, as reviewed in appendix A. Two-dimensional tensors labeled by capital latin letters,
A, B,C, ..., are raised and lowered using the metric on the unit sphere y4p, with line element
’}/ABdZL'AdZEB = d#? + sin? 6 d¢?.

The quantities H,, Hq, K, G and h, above are functions of the coordinates (t,r,6, ).

However, since here we consider only the static limit, they are independent of time. Moreover,

Sch
v

quantities in spherical harmonics. For instance, for Hy we write

given the symmetries of the background solution g it is convenient to decompose these

9] l
Ho(r,0,0) =) > HG"(r)Y"(0.9), (2:6)
L=0m=—¢
where Ag Y™ = VAVAY[”‘ = —L(+1)Y," and i0,Y," = —mY,;™. While the even quantities
H,, H,, K, G appearing in 59;2/ do not transform under parity, h, flip sign under a parity
transformation, ensuring that g,, transforms under parity as a 2-tensor. Therefore, from



the behavior of Y,;™(0, ¢) under parity, Y, (7 — 6,¢ + ) = (—1)£Yém(9, ¢), an even harmonic
component, e.g. HE™(r), picks up a factor of (—1)* under parity transformation, while an
odd component, e.g. h{™(r), picks up a factor of (—1)“+1.

For later convenience, we rewrite egs. (2.4) and (2.5) upon using the decomposition (2.6)
and expressing the covariant derivatives in terms of partial derivatives. One obtains

fHg™  H™ HG™ Op HG™ O
. «  fTLHLM H{™ Do H{™ Oy .
5g;uz - % % r2 (Kém + Gm W) r2 Gtmy ng > (27>
* * * r2 sin? 6 (Kﬁm + G W)
00 —=L; h§™ O, sin® hi™ Oy
% 0 —= htm 9, sin @ K™ 9,
Sg., = sing 1“0 1 y", 2.8
I = Vs~ By sin@ hgm W | 28)
* % * sin @ h§my

where the symbols V and W stand for differential operators defined as V = 090y — ;’?jg@d,
and W = %(83 —cwsbg, - L 5(%), respectively.

sin 6 sin? 6
To simplify the derivation of the perturbation equations and their solutions, it is useful

to fix a gauge. A convenient choice, given the symmetries of the problem, is the RW
gauge [60, 65, 66], which sets

Ho=Hi=G=hy=0. (2.9)

This condition completely fixes the gauge freedom and can be directly applied to the action
without losing any constraints [71].> We then expand the action up to cubic order in the
remaining metric variables and study the equations obtained from the variation of the action
perturbatively.* Specifically, for the metric variable Hy, we write Hy = W Hy + @ Hy + ...,
where (V) Hj is the solution to the linear equations, obtained by varying the quadratic action.
) Hy is the solution to the second-order equations, derived by varying the cubic action and
by using the linear solution in the terms that are quadratic in the metric perturbations.
Note that the expansion parameter is the amplitude of the perturbations. Unlike the EFT
calculation in section 5, no expansion is performed in r/r. In the following sections, we
first study the linear order, and then the quadratic order.

2.2 Linear perturbations

Let us first briefly review the derivation of the linearized equations, obtained from the
variation of the quadratic action with respect to the metric variables. Content and results

3A residual (large) gauge freedom remains when considering the lowest (¢ = 0 and ¢ = 1) multipoles of the
metric perturbations, as discussed in more details at the end of section 2.2 for linear perturbations and in
section 3.3 for quadratic perturbations.

4Note that, instead of going through the action, one could have chosen to work directly at the level of the
Einstein equations, expanded up to second order in the fields. In the gauge (2.9), the two ways of proceeding
are clearly equivalent and lead to the same result. We choose here to start from the action just for practical
convenience [22, 72, 73]; having to deal with less equations, this facilitates the analysis at second order.



of this subsection are well known; however, it will give us the opportunity to set up the
notation and introduce the ingredients that will be necessary in section 2.3 for the analysis
of the second-order perturbations.

There are four metric variables in the even sector, i.e. Hy, H1, Hy and K, and two in
the odd sector, i.e. hg and h;. However, not all of them are independent degrees of freedom.
Indeed, in vacuum, the gravitational field is expected to describe two propagating degrees of
freedom: one even and one odd. Since at linear order the even and odd components do not
mix [60], we can treat them separately. Let us first focus on the even metric quantities. The
four equations obtained by varying the action with respect to even quantities must contain
three constraints and the dynamics of a single degree of freedom, as we are going to show next.

Instead of Hs, it will be convenient to use the variable ¢ obtained by substituting in
the action [72, 74, 75]

1 3ry 1
Hy = [(r))+ 10K + 2o (1—27;+2A52>K, (2.10)
where Age = 97 + g‘i’sg@g + sm%eaq%. This field redefinition has the advantage of simplifying

the linear field equations, making them of first order in r rather than second order.

The linear equations are obtained by varying the quadratic action with respect to Hy, v,
K and H; and expanding in spherical harmonics. We first focus on ¢ > 2; we discuss the
monopole and dipole cases separately, below. Defining for convenience the shorthand notation

A=L0(L+1), (2.11)
and using Ag2Y,"™ = —£(£ + 1)Y;™ to replace the angular derivatives, we obtain

) gtm , AF2T4275 (1) AA=2)74375] (1) o _
[ Vi (5 T "
(2.12)
0, W KM ()9, (1) Frtm A+l (1)Kem_i(1)Hgm+2f(7”) (Wyptm g,

f(r)r Ts Ts
(2.13)
A[(A—=2)r+3ry] )\[()\—2)7‘(7“—21"5)—37‘2] (A+1)r+rs

(1),,m (1) grtm sl (1) g-tm 1),/,fm _
00 2f(r)2rrs Hy™ 2f(r)3r2rs K f(r)r? v 0,
(2.14)
Ar2f(ry W H™ =0,
(2.15)

As expected from spherical symmetry, there is no m dependence in these equations.

The last equation simply implies W H; = 0. Combining the first and third equation
allows to remove 9,1y and obtain a linear algebraic equation relating three variables,
(A=2)r+3rs r(\ —2)(3rs — 2r) + 3r2 (1)

f(r)rs 2f(r)?rrs

We choose to describe the independent even degree of freedom in terms of the quantity

(1)¢fm _

Hi™ — K™ =0, (2.16)

Hy. Thus, this equation and its first derivative with respect to r, together with egs. (2.12)



and (2.13), form a system of first-order differential equations which can be solved algebraically
for My and WK in terms of M Hy and 8,V Hy, i.e.,

3(rs=2r)r3=r*[rf(r)A+rs)](A=2) 1) [r(2r—3rs)(A—2)—3r?]

(1), fm _ _ Him (1)H€m
v 20 2) [ (r)? T a0 o T
(2.17)
2 2
W petm s A4) =" A=2) (1) o, s g (1) gyem 91
(—2)r2f (1) 0 O (2.18)

Therefore, replacing (Ve and (VK (and their first derivatives) in eq. (2.16) by means of these
expressions, we obtain a second-order equation for V) Hy,

m m M2 f(r) 4 r?
o)+ S0 ) = AL O

This equation describes the parity-even sector for linear perturbations; the other even metric

Qr —
LT Him(r) =0. (2.19)

quantities can be derived from the solution of this equation.

Similarly, the two equations obtained by varying the action with respect to odd quantities
represent one constraint and one degree of freedom. Indeed, variation of the quadratic action
with respect to hg and hj gives, respectively,

m AT — 21 -
OO (r) = gy ) =0, (2.20)
A =2)rf(r) Whi™(r) = 0. (2.21)

The second equation implies Wh; = 0, while the first equation describes the parity-odd
linear perturbation. Note that kg and hy appear in the metric (2.5) with at least one angular
derivative acting on them; therefore, there is no £ = 0 odd-type mode and A # 0.

In conclusion, in the static limit the parity-even and parity-odd sectors of the linear
perturbations of a Schwarzschild black hole decouple and are described, respectively, by
eq. (2.19) for M Hy and by eq. (2.20) for (Dhg. The two even variables () Hy (or 1)) and
WK are given in terms of (1)H0 from the constraint equations, while W H, and (1)h1 vanish.

These considerations apply for £ > 2. The cases { =0 and £ =1 (i.e., A=0and A\ = 2,
respectively) are different because some of the metric components in egs. (2.7) and (2.8) are
absent, leaving a residual gauge freedom, as discussed in [60] for the static case and in [76]
for the general case. Specifically, for the monopole, the components Hg, Hi, and G are
missing and there are no odd perturbations, leaving us with only four even perturbations.
Moreover, eqgs. (2.12) and (2.14) become the same, while eq. (2.15) vanishes identically,
reducing the system to only two equations instead of four. Using time and radial coordinate
transformations, two metric components can be fixed, for instance WK = W, = 0 [76].
The remaining components can be removed via a redefinition of the black hole mass, in
accordance with Birkhoff’s theorem.

For the dipole, the perturbations G and ho are absent. Among the remaining even-type
perturbations, three can be fixed by constraints, while the other three can be entirely gauged
away by shifting the origin of the coordinate system. Of the two remaining odd perturbations,
one can be eliminated through a coordinate transformation, and the other corresponds to a
rotation of the black hole. For a non-rotating black hole, this can be set to zero. Therefore,
in the following, we set all linear monopole and dipole perturbations to zero.



2.3 Quadratic perturbations

The second-order equations can be obtained by varying the cubic action with respect to
the metric variables. The linear part of these equations is identical to the left-hand side of
eqs. (2.12)-(2.15), (2.20) and (2.21), upon replacement of first-order quantities () Hy, (),
etc., by second-order quantities @ H,, (2)% etc. Additionally, at second order there is a
quadratic part, a source term, which describes how quadratic couplings of linear perturbations
source the linear part of the equations. These quadratic terms include both even and odd
quantities, i.e., they mix the two parity sectors. Therefore, at quadratic order, the even
and odd components are no longer independent.

The procedure and steps to derive the equation describing the evolution of () Hy are
analogous to the ones used to derive eq. (2.19) described above; the only difference is the
presence of quadratic terms in the equation, involving products of linear quantities. Once
expanded in spherical harmonics, these equations display tensor harmonics up to rank two.
In particular, these are the even and odd vector harmonics, respectively defined as

Zy" A =V aY[", (2.22)
Xy = e PRy, (2.23)
and the even and odd 2-tensor harmonics, respectively defined as
1
Zi"ap = (VAVBYzm - Q’YABAS2Yzm> : (2.24)
1
Xun = e (VeTai - prondey?) | (2.25)

These quantities form a basis, respectively of vectors and tensors, on the sphere.

To obtain an equation for the spherical harmonic coefficients, we multiply the resulting
equations by Y, and integrate over the angles. Generally, the quadratic terms contain
the following integrals,”

rg = AR 0,0)YI 0,00V 0.0), (2.26)
U = [AQ 0,002 40,0125 1(0,0), (227)
e = a0 0,0)25050,0)25 70,0 (225)
L = [AQ Y0, 0)X0 (0,007 4(60.9). (229)
T = [ QY 0,0)X7 4 5(0,0) 75 45(0,0). (2:30)

where dQ2 = sin # dfd¢. We will explain how to solve these integrals in appendix A. There
we show that

1 1
T = o [L (CL) AT e = (T g o (2.31)
i v, i
B L O ] B e e e D P X2

®In general, there are also integrals quadratic in odd tensors, such as [ dQ Y;"*(6, )X/ 4(0,0) X7 40, ¢),
but these can be reduced to integrals at most linear in odd tensors upon contractions of Levi-Civita symbols.



where we defined

(1 + 2£1)(1 + 252) (£1 + |8’)'(€2 + |8|)‘
w120 (5Dl — )

mi1mam —ss0
Célfzf C&ZQIZ ’

(2.33)
and where CZ%?”" are the Clebsch-Gordan coefficients, often denoted as (¢1 mq 2 ma|l m).

g = (5 505>2—S<—1>s¢

We note that transformation of spherical harmonics under parity implies that SIEZZ};m2

vanishes for ¢ + ¢1 + ¢5 odd, while * ngzzlmz vanishes for ¢ + 1 + {5 even. In addition, from
their definitions it is manifest that *I;,"'"™* is symmetric while °J;;")'"™* is antisymmetric
under the exchange of £1m; and fomo.

In the end, from the same manipulations that we used in the linear case, with the

inclusion of the quadratic terms, we find the differential equation

2r — 1y

_APf() 12 g
r2f(r)

2 (2) rrém
8r HO (T)+ T4f(7‘)2

0,2 Frtm (1) Hi™(r) = > SEIA).

£1,m1 ,£2,m2

(2.34)
As expected, the left-hand side is the same as in the linear equation (2.19), with W H,
replaced by (2 Hy. The source term on the right-hand side is given by a sum over angular
and magnetic numbers £1, m1, fo and mo, and the selection rules due to the Clebsch-Gordan
coefficients imply that [¢1 — l3| < € < {1 + ly, |m1| < 41, |m2| <l and m = my + mg. The
source term is quadratic in both the even and odd linear harmonic variables (1)H§m, D)yt
WK™ and (1)h€m, and their first and second radial derivatives, multiplied by one of the
integrals in egs. (2.26)—(2.30). The explicit expression of the source is cumbersome, but it
can be simplified by using egs. (2.17) and (2.18) to express (Vi) and WK in terms of (U Hj
and 9,V Hy. Additionally, one can use the linear equations (2.19) and (2.20) to eliminate
the second-order radial derivatives and write the source term solely in terms of (V) Hy, MWpy,
9,V Hy, and 8,(Mhg. By doing so, one obtains a lengthy but manageable expression,

rs 0 r’ r 1) 77t 1) 770
SEOT”@Z}QQ(M - A — Q)Sf(r)2r4{ IZTZ;% [(a2r§ + a17js + ao) ( )Holml ( )H02m2

T2 m m 1 7’4 m m
+ f(r)g bod, V) HErm () priemz S - 2)f(r)2g 8, M i g, (1) fleme
pon
oy
T 7'2 T
S do— di — d T(l)hflml (1)h£2m2

+ f(T)T2< 2713 + 17’5 + 0)8 0 0

2
+ <€2:2 + 61; + 60) 8r(1)h€1m18r(1)h€2m2 + (brmy < £2m2)}

S S

4 3 2
T T
<C44 te gty ta—+ co) (1)h€1m1 (1)h€2m2
rs 7/.8 /r‘s S

2 3 2
2 rmmyms [ Ts r r r 19) (1) perma (1) lam
I 1ma2 J— — . h 1mi h2 2
+ 00105 |:f(7’)27“4 (f37“§’ + f27“§ + fl?“s 9 0 0

7,2

e " lim Lam
o (92@ o1 - 11) 9, (D pLam (1) Lam

+ (4T _ 2> 0r(1)h€1m1 ar(l)h(l;?mQ + (lymy < Kgmz)] } ; (2.35)

Ts
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where the coefficients as, a1, etc., are functions of A\, A; and Mg, i.e., as = aa(\, A1, X2), etc.,’
with A\; and A defined as A\; = ¢;(¢; + 1) in analogy with (2.11), with an extra subscript to
distinguish the two different linear modes that combine to generate the second-order one.
Explicit expressions for all the coefficients can be found in appendix B.

The source for ®) Hy contains both even and odd linear modes; however, only quadratic
terms of the type even x even or odd X odd are present. As already noted, the symbols
SIZITE"LQ are symmetric under the exchange £1m; <> famso and vanish for £ + ¢; + £ = odd.
Therefore the source for (2)H0 receives contribution only when £ + ¢1 + 5 is even and has to
be symmetric under the exchange £1m, <> foms. The other even variables of the second-order
metric, @1 and P K, can be obtained from equations analogous to eqs. (2.17) and (2.18)
extended at second order, which we do not write explicitly here. We have verified that, like
@ H,, they are sourced by even X even or odd X odd quadratic terms for £ + £1 + {5 = even.

The remaining even variable, H;, no longer vanishes at second order but it is determined
by quadratic terms of the linear perturbations. Indeed, varying the cubic action with respect
to Hy, multiplying the resulting equation by Y,"* and integrating over the angles, yields

BH" = Y SElinn (), (2.36)

£1,m1,L2,m2
where the sources on the right-hand side are given by

mmaims ( ) _ 1 1 ymmime [Ts(l)Hglml (1)h€2m2

Hy 0142 2)\f(’f'>7"2 Jfflfg

42 £(r) (0,0 HEm Optams — D gl g Opama) — (01 <5 tyms) .
(2.37)

The source above contains only quadratic terms of the type even x odd. The symbols
s ZZTZ;mQ are antisymmetric under the exchange ¢1m < fomo and vanish whenever £+ /¢1 + 4
even or my; = mg = 0 or 1m; = famy (see appendix A). Hence, ) H, does not receive
any contribution in such cases. The only contribution can come from modes for which
{+ 01 + £ is odd.

We can now turn to the odd quantities hg and h; at second order. The equations
governing their behavior can be found by proceeding similarly to what we described above

for the even sector. For (2)h0 we find

m )\7’ - 27"5 m mmnvy m:
RO (r) — pest DM = 3 SRE), (2.38)

£1,m1,l2,m2

where the left-hand side has the same form as in the linear equation (2.20), and the source

5The denominator in the prefactor of the curly brackets vanishes for A = 0 and A = 2, corresponding to
¢ =0 and ¢ = 1, respectively. However, as the curly brackets also vanish in these cases, the source remains
finite, as we will show in section 3.3. Similar apparent divergences occur in the other sources discussed in
this section.
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(+ 0+ 0y even || WEEm2 | (D)plm: (40 +00dd || WEEm | Wpleme
(1)H£1m1 (2)Hgm (2)h€m (1)H(l;1m1 (2) h{m (Q)Hfm
(1) h€1m1 (2) hém (2)H£m (1)h€1m1 (2)Hfm (2) h(im

Table 1. Selection rules for quadratic sources, for the case ¢ 4+ {1 + 2 = even, left table, and
£+ {41 + £5 = odd, right table. Here by Hy we generically denote the trio Hy, Ho and K, which are
related by constraints.

term is given by

L Jo v (T T\ () glam (1)
;Z;"}Z’é; (7’) = 2/\f(7~)7=2{ 12211721217%2 [f(TS)T2 (CLQTg + CL17 + aO) ( )Holml( )h02m2

s

—+ 7rg (61: + B()) ar(l)Hglml(l)hfme + (€1m1 > ngQ)]

S

— 22 [(I)Hélml(l)hf?m? + (limy > 527”2)} } ’
(2.39)

where the explicit expressions of the coefficients @9, a1, g, b1 and by are given in appendix B.
The odd quantity (z)hém is sourced by quadratic terms of the type even X odd, proportional
to the *I;,""* symbols. Thus, by a similar logic as above, we conclude that S;'";"/> must
vanish for £+ ¢1 4+ ¢ = odd and must be symmetric under the exchange of £ym; and fams.

The remaining second-order odd metric quantity, 2)h,, is determined by even x even and
odd x odd quadratic terms, which are nonzero only for ¢ + ¢1 + ¢» = odd and antisymmetric

under f1mq <> foms. Indeed, we find

@pim = > SpmR(r),

£1,mq ,£a,m2

(2.40)

with

1 1 pmmima [Tgf(r)(l)Hglml Gr(l)Hé"’m?

S;Z%E?z; (T) = 2)\(}\ _ 2)f(7")74 fflgg

X WRG™ (2 = 18, DRE™ — (i & fma)]
(2.41)

2.4 Selection rules

Let us conclude this subsection with a brief summary of the selection rules encountered
above. They arise from the symmetries of the system, specifically, the staticity (stationarity
and time-reversal invariance) and spherical symmetry of the background, along with the
invariance of the action under parity and time-reversal. As previously discussed, since Hy and
K can be expressed in terms of Hy and its derivatives using constraint equations, only four
metric variables remain in the RW action, leading to 20 possible cubic combinations of metric
variables (without counting derivatives) in the action. However, because WH, =0=0h,

— 12 —



cubic interactions involving at least two of these fields do not contribute to the quadratic
equations of motion, excluding 10 cubic combinations. Additionally, due to the static
background and the time-independence of the perturbations, it is impossible to construct
cubic interactions with an odd number of 6g;; perturbations, such as HyH3 or h3. This leaves
us with only five combinations, which, upon variation of the action, are the ones that yield
the terms in the sources (2.35), (2.37), (2.39) and (2.41).

The spherical symmetry of the background allows for the decomposition of the fields into
spherical harmonics, with angular momentum conservation in the cubic operators enforced
by the Clebsch-Gordan coefficients. In general, the selection rules imposed by the Clebsch-
Gordan coefficients dictate that |¢1 — lo| < € < {1 + 5 and m = mq + mo. If we define p as
the parity of a quadratic mode — where p = +1 denotes an even mode and p = —1 denotes
an odd mode — then we have seen that p = (—1)“17%2 x p; x py [63, 64, 66, 67, 70], where
p1 and po are the parities of the first and second linear modes generating the quadratic mode,
respectively. Indeed, we can consider two cases:

e {+ 01+ ¢s = even: by parity and the properties of the integrals involving three tensor
harmonics, this case arises from cubic couplings in the action with an even number of odd
tensor harmonics, i.e. H3 and Hoh3. In this case, quadratic terms with p; = py = +1
can source p = +1, corresponding to ?) Hy (or @) Hy and @K, using the constraints).
Conversely, quadratic terms with p; = —ps = +1 can source p = —1, corresponding to

2)hg. See table 1, left-hand side.

e {4+ {1+ fo = odd: this case arises from the cubic couplings involving an odd number
of odd tensor harmonics, i.e. thl, h2h1, and HyoHyho. In this case, quadratic terms
with p; = po = £1 can source p = —1, corresponding to @hn, (we recall that WH, =0,
so that (P hg is not sourced at second order in this case), while quadratic terms with
p1 = —p2 = £1 can source p = +1, corresponding to ) H,. See table 1, right-hand side.
Additionally, as discussed above, the selection rules of the Clebsch-Gordan coefficients in
this case imply that when m, = mo = 0 and £1m; = f3me, the quadratic sources vanish.

3 Solutions

In this section we solve the equations derived previously, upon imposing suitable boundary
conditions at the horizon. We start by reviewing the derivation of the linear solutions.

3.1 Linear solutions

We solve here eqs. (2.19) and (2.20), respectively for (D H™(r) and (DAE™(r), and find
the regular solutions at the horizon r = r,. The other even variables, (N and MK,
can be extracted using eqs. (2.17) and (2.18), once (V) Hy is known, while we remind that
WH, =0=®hy. Let us start with () Hy. Whenever the m-dependence is trivial, we will
suppress it from our notation in this section.

Equation (2.19) is a second-order ordinary differential equation with three regular singular
points, i.e. r =0, 75, 00. It is a special case of the hypergeometric equation, and it can be
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recast in the form of an associated Legendre equation [77, 78]:

4
u—¢%£ﬂuwn_%@mﬂﬁt+ew+u—ii—§ﬂ&ﬁn:m zz%f_y (3.1)
The two independent solutions are thus’
Hi (r) =P7 (2r/rs—1) , (3.2)
Hgo(r) = QF (2r/rs — 1) (3.3)

where P? and Q7 are the associated Legendre functions of the first and second kind respectively,
of degree ¢ and order 2, with near-horizon behaviors

r—7"Ts

Hi (r) =—(0—1)e(¢+1)(0+2) +0O((r —1)?), (3.4)

Ts

Bs O —1s)Y). (3.5)

H£,2(T) = —m

The second solution is divergent at the horizon, so we discard it, while the first one is regular.
In particular, since ¢ takes integer values, Hg’l is a finite polynomial in r, while H&Q contains

r—Ts
s

containing logarithms.® Including a constant amplitude factor, we will write the physical

instead log ( ) terms. Imposing regularity at the horizon leads us to discard the solution

linear solution for the even variable ) H{™ as

2
(1)H£m(r):_5+ F(ﬁ—i—l)

_ [((+1)2
fe(f—1)r(20+1) PE(2r/rs—1)=¢,,

ng(e_l)r(2£+l)r(r—rs)ang(Qr/rs—l),

(3.6)
where the normalization is chosen to ensure that Hi™(r) = &} (r/rs)" + O(rt=1) for large
r, with Efm being the amplitude of the external even tidal field.

Let us now turn to (Dhy. Through the field redefinition

Dhgr(r(@) = e (1 - 2Ju(e), =2, (3.7)
eq. (2.20) can be recast in the standard hypergeometric form
z(1—z)u"(z) +[c— (a+ b+ Va]u'(z) —abu(z) =0, (3.8)
with parameters
a=—{—1, b=1{, c= -2, (3.9)

"In terms of hypergeometric functions, the two independent solutions can be written as [52]

F(é + Q)F(g + 3) 0+1 ' ™
H = -1 F (fu 1 ,7)
0,1(T) F(Z) ( ) 7"—7’32 1 b+ 73a s B
2+1
H5(r) = (’i) S ) (5, 1,0+ 1,2@+2;5>.
r rT—7Ts r

80ne can express the Zerilli variable [76] in terms of Hy and 9, Ho, and check that the logarithmic part of
the homogeneous solution gives a divergent Zerilli variable [22].
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which satisfy a + b — ¢ = 1. For this combination of parameters, the two independent

solutions are?
, rs(r—rs) re\ ! s
h074(r) =———|—=) oF1 ({4 +3;204+2;—= ), (3.10)
r r r
4 r2(r —ry) ,
ho5(r) —— 21 (2-4,0+3; L) (3.11)

Since the first argument of o F (2 — ¢, ¢ + 3; 4; i) in ho 5 is a non-positive integer, while its
third argument is a positive integer, it follows from the properties of the hypergeometric
functions that ho s is a finite polynomial with only positive powers of %'10 On the other
hand, o Fy (€,€+ 3;20 + 2; %) in ho4 contains an inverse power of r — rg and a log(r — rs),
going as oFy (€, 0+ 3;20+2; =) = r— F&()%e(ﬁ_g) + F(Zr_(fflfélq) log(;= — 1) + O((r — 75)%)
for r — r,. Note that, despite the divergent behavior of o F (¢, + 3;2¢ + 2; %=) near the
horizon, hg4 remains finite because of the r — rs prefactor in (3.10). Following [22], we
will demand that the Regge-Wheeler variable Wy, which is related to the odd field hg via

Urw o (2hg — rdrho) [22, 76], does not diverge at the horizon. This excludes hg 4, selecting

ho,5 as the correct physical odd solution, which we will rewrite for convenience as

4) I (E — 1) T2(r — rs) r
(1)h£m =& ( =2 F (2 — 0,0+ 3: 4; ) 3.13
0 (T’) m (2 E)Z 2(6 3)£ ) 7’2 241 ) ) Xy T ) ( )

where &£, is a dimensionless constant, corresponding to the amplitude of the linear odd field,
and (a), =ala+1)---(a+mn—1) is the Pochhammer symbol. The normalization factor is
chosen in such a way that (Vh§(r) = rs&, (r/rs)' + O(r) for large r.

Equations (3.6) and (3.13) are the final expressions for the linear solutions that we will
use in the next section to evaluate the quadratic sources in the second-order equations, to
compute the metric perturbations at second order.

3.2 Quadratic solutions

We have now all the ingredients to solve egs. (2.34) and (2.38) for the metric at second
order, induced by the coupling of two linear modes. The right-hand sides of (2.34) and (2.38)
are computed on the linear solutions (3.6) and (3.13), and are therefore known functions of
r. From the standard properties of linear ordinary differential equations, the most general
solutions to the inhomogeneous equations (2.34) and (2.38) are obtained from a linear
superposition of homogeneous and particular solutions. The particular solutions can be found

9See, e.g., ref. [79]. This corresponds to case 27 in the table in section 2.2.2 of that reference.
19T0 see this, it might be convenient to rewrite ho in (3.11) (or, equivalently, (3.13) up to an overall constant
prefactor) as

6(6—2)! T(+j+3) (r

r2 : (= )]j!(é—j—Q)!F(€+3)F(j+4) (r) ‘

(3.12)
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using standard Green’s function methods:

@ gimr) = 3 dr’ G, (, PSR (1) (3.14)
L1,my fo,ma TS
gy = > Ar' G (r, ) Sy (1) (3.15)

T
limyla,ma ™"

where Q%O (r,r") and Q,‘io (r,7") are the Green’s functions associated with (2.34) and (2.38),
satisfying

_ 2 2
02G Y, (1) + i?f(:;argfi,o (r, ") — Wgﬁo (r,r") = 8(r — 1), (3.16)
639;{0(7“, r') — mgﬁo(r, )y =6(r—1"), (3.17)

respectively. Following the standard procedure, it is easy to check that the most general
solutions for gf;o (r,7") and g,{o (r,7") that respect the correct boundary condition at the
horizon, and are continuous across r = 1/, are given by [52]:11

G 1) = S (I (7000 =)+ HE ()00 =] . (315)
Gholr:1") = [P6.4(r)R6 5O = ') + R 5(r)h ()0 = 7)) | (3.19)

where O is the Heaviside step function, while Hél, H&Q, h€74 and h€’5 are the homogeneous

solutions (3.2)~(3.3) and (3.10)~(3.11). The quantities W, and W,fo in the expressions above

are r-independent (but, ¢-dependent) dimensionless constants associated to the Wronskians

of the differential equations, and can be expressed as
1

Wi, = —5 =1+ 1)(0+2), Wi, = —

30(2¢ + 3)
(+1)T(+2)T(+3)°

(3.20)

The homogeneous solutions at second order to add to the particular ones are already
known: they are given by egs. (3.2)—(3.3) and (3.10)—(3.11), since the left-hand sides of (2.34)
and (2.38) are identical to the left-hand sides in the linear equations (2.19) and (2.20).
The corresponding arbitrary integration constants are chosen as follows [52, 54]: at second
order, we will set to zero the constant associated to the solution that has growing profile
at large r, since it is degenerate with the linear tidal field solution (in other words, it can
always be reabsorbed through a redefinition of the linear tidal field’s amplitude); we will
choose the remaining constant, associated to the amplitude of the decaying solution at
infinity, in such a way to remove any possible divergence at the horizon in the particular
solutions (3.14) and (3.15). Since the Green’s functions in (3.14) and (3.15) have already
been chosen in (3.18) and (3.19) in such a way to respect regularity, we will also set the

second integration constant to zero.

1Recall that, in section 3.1, we argued that the static solutions associated with regular behavior at the
horizon are Hgyl(r) in (3.2) and h€75(7") in (3.11).
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All in all, the inhomogeneous solutions for (2)H£m and (Z)hém that satisfy regularity
conditions at the horizon can be written in full generality as [52]:

1 mmim
) = e X o) [ a6 = ) Sy ()
"sYWHo 1,m1,2,mo
~Hia) [ a6 = ) BGOSR @2
1 " MMy
On) = e S [ [ Sy

ho £y,m1,82,m2
T
¢ ¢
~ thslo) [ " b () ST (3.22)
where the integrals on the second line of each equation are indefinite integrals.'?

3.3 Quadratic solutions induced by quadrupole X quadrupole

It is instructive to provide an explicit example of the previous expressions. We will focus
here on the case of two linear quadrupolar fields (i.e., /1 = 2 and ¢y = 2), generating a
second-order mode ¢ [52]. The ¢ = 2 linear even and odd solutions can be read off from
the general expressions (3.6) and (3.13):

T r
M) = £ (- - 1), (3.23)
m _ T2 T
Ohgn(r) = - (= - 1), (3.24)
S S

where in the amplitudes of the even and odd linear modes, respectively £7 and £~, we
kept the dependence on m generic.

Based on the angular momentum and parity selection rules, the induced quadratic mode
can only take the values ¢ = 0, £ = 2, or £ = 4.!3 In the following, we will discuss each
case separately, starting with the quadrupole and addressing the somewhat special case of
the monopole at the end. The analysis of the second-order solutions induced by generic ¢;
and 49 modes will be considered in section 6.

3.3.1 Quadrupole

Let us start by analyzing the second-order £ = 2 mode induced by two linear quadrupoles. In
the even sector, from the general formula (3.21), we obtain for () HZ™:

3r r3 r?2 r r2/ 2 r
(2)H§m: Z 0]32%27117712 [52m152m22 (12 3—142+—1)—5§rm15;m27£<27n2+—3>},

T T
mi,msa s S S S s s

(3.25)

12 Alternatively, they can also equivalently rewritten as integrals between r and some other arbitrary radius
ro. The latter is however completely immaterial, because it can be removed in general via a redefinition of the
integration constant of the growing homogeneous solutions Héyl(r) and h€,5(r) [52].

1?’Quadra‘cic perturbations with £ = 1 and ¢ = 3 vanish. This occurs because in these cases £ + {1 + £2 is odd
and, according to the selection rules discussed in table 1, only P H; and P h; can be generated. However,
these also vanish because the radial profiles of their sources are antisymmetric under ¢1m; <> f2mz and do
not explicitly depend on the magnetic quantum numbers.
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where the sums run over [m;| < 2 and |mg| < 2. By solving the constraint equations at
second order one can also easily find the other even scalars in the metric,

(2) gr2m 0 ymmime — _ 3 r r? rr o
H2 = Z 1—222 ( ) ggmngmzim 567“*3_5474*2‘}—7_1 52m152m2 3 41" +1 s
mi,m2 S s S s
(3.26)
1 r 3 _r? rt 2
2 2m 0 rmmima - —
@ g2m= %" [52m152m23<427~4_24r3+2r2_1) —& &, (2r4+8702—7>}.
mi,msa s s s s s
(3.27)
Since £ + ¢1 + {5 is even, (Q)H%m = 0, for all m.
In the odd sector, from (3.22) and eq. (2.39) for the source, we find instead
(2) 2m OImm1m25 8+ 1 T r
he™ == > Iy 2my©2ms 5 12 72 T 2). (3.28)
S

mi,m2
In addition, the other odd variable in the metric vanishes, 2h3™ = 0.

3.3.2 Hexadecapole

For the induced ¢ = 4 mode, the derivation follows the same logic as for the quadrupole.

The second-order solutions are

@i = %" Ofgg“mz 107; + 34)

82m152m2 2 (73

S

mi,m2
” 3 2
+ ng15ng< 139 + 119 =+ 17— - 3)] (3.29)
(2)H§1m — Z szgmlmz ( ) 52m152m2 3 (971” — 58)
mi,ma2 S
2 32
& & — | T— 17— 3 3.30
2m1“2mo TS(T _ Ts) ( 7,2 + = 7,3 =+ >:| ( )
! -3 2
@ gtm = 3 Ofggmm? 08 Ern Eams (291T4 —266 5 — 125 + 21)
mi,m2 S S s
4 3 2
— oo (21 525 =805+ 1)} : (3.31)
(2)p4 0 rmmim 1 T Tz
ho™ = Z Iypp! 252m152m25 5 (82 137 + 5) . (3.32)

my,my
By parity, @ H{™ = 0 = @pim,

3.3.3 Monopole

As discussed at the end of section 2.2, the case of the monopole is special because the metric
before gauge fixing contains only four (even) components: Hy, Hi, Hy and K. At the linear
level, a monopolar perturbation can be absorbed into the definition of the Schwarzschild
mass, consistently with Birkhoff’s theorem. However, this is no longer the case at second
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order because the two linear quadrupoles, £1 = 2 and ¢5 = 2, break the spherical symmetry.
Therefore, the generated quadratic monopole in RW gauge is a physical perturbation.

Despite its apparent singular behavior, the source in RW gauge in eq. (2.35) remains
finite for £ = 0 once the linear solutions are inserted and the limit A — 0 is appropriately
taken. Therefore, the quadratic equation (2.34) can be used to compute the monopole of
(2)H,. The result is

(2) H(())O _ Z 0](()]272mm

2 3 2
+ + r T T r
- -4 _9L _
E iy ( 2 3>
3

r—r r
m ) 55) S ° (3.33)
_ _ Ts T T T T
S & T (6 +20 — 6 — — +1)].
T ermom Ty ( 2 N i 3o * ﬂ

Moreover, the second-order constraint equations that relate Hy and K to Hg can also be
extended for A\ = 0, yielding

@) [0 = > 0 gmmmf(lmi 5;_,”6;,”748::8) <7:2 - 23:; + 267% - 11)

_ 52—_m52—m32i: (98:; - 1382 + 42:; + ri - 1)} , (3.34)
(2) 00 _ %:0 182—2’”7"% Ex Ed <2:i — 4:; + 2T iz _ 1)

+ Eg_mggm?;% ( - 20:; + 322 - 122 - TL + 2)] , (3.35)

while @ HY = 0.

It is important to note that this procedure has implicitly fixed a gauge. Notice that when
¢ = 0 the metric components corresponding to Hg, H; and G vanish trivially, see eq. (2.7).
Therefore, (2.9) does not fix any gauge: one can still perform a gauge transformation with
the freedom of choosing two arbitrary functions of r. In the way we took the limit, such
functions have been implicitly chosen to yield precisely the solutions written above. To
understand this better, let us follow a different logic. Instead of taking the limit £ — 0 in the
general-£ results, let us set £ = 0 from the very beginning. In particular, let us choose for
instance the gauge such that @ K% =0 and @ H 90 = 0. One shall then follow the standard
procedure, and find the solutions for (2)H80 and (2)H80. One can verify explicitly that these
solutions are indeed related to (3.33)—(3.35) via a second-order gauge transformation, up to
a homogeneous solution which can be reabsorbed into a redefinition of the Schwarzschild
radius in the background metric.

4 Worldline effective field theory

In this section we leave the framework of full GR to enter that of the EFT. First introduced
in [55, 56], the worldline EFT allows for a clear and unambiguous definition of the Love
numbers as Wilson coefficients of higher-dimensional operators. We will first briefly review
its main features (see refs. [10, 38, 39, 57-59] for more details), which we will extend to
account for nonlinear response. We will then introduce the background field method [80-82]
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and explain its advantages for our calculations. In this context, the metric perturbation is
computed using Feynman diagrams, which we will provide at the end of this section, and
solving the resulting (loop) integrals.

Only in the next section we will perform a similar calculation to the one discussed in the
previous section, but within the EFT context. By matching these results with those obtained
in full GR, we will be able to uniquely determine the values of the Love number couplings
induced by the quadrupole-quadrupole interaction. The extension to other multipoles will
be considered in section 6.

4.1 Point-particle action and nonlinear Love numbers

From far away, any object appears in first approximation as a point source. For non-rotating
bodies, the action describing the dynamics of a point particle in GR is

S = Sgn + Spp , (4.1)

where Sgp is the usual Einstein-Hilbert term, while S;;, is the point-particle action,

Spp = —M/dT = —M/ \/ — g datdz” (4.2)

with M the mass of the source, and 7 the point particle’s proper time. In the second
equality we used that dr = /=g da#*dz”. In terms of the proper time, we shall define
the four-velocity u* = dz#/dr.

Clearly, for a generic object eq. (4.1) cannot be exact. Finite-size effects and the tidal
deformation of the object can be described by adding to (4.1) a series of higher-dimensional
operators, organized in a derivative expansion and localized on the particle’s worldline. At
quadratic order, they take the form [56, 83]

Sv=3 [ dr (@4 By, + Qi Buy) + .. (13)
(=2

where ellipses stand for nonlinear couplings between Qg g and powers of I/ and B, and where
we have introduced the multi-index notation pz, = uq - - - e and the operators [52, 84]

_ vl 1
By = v(ul Vi o B ) (44
_ vl 1
By, = V<#1 Vi o Bue e (4.5
with 1
By = Cupvouu?, B = 567065@0”)50@”5”7 ’ (4.6)

corresponding to the electric and magnetic parts of the Weyl tensor C),,., respectively. The
symbol (---) denotes the traceless symmetrization over the enclosed indices, while

V/f = (6, +u"uu)V, (4.7)

is the covariant derivative projected on the hypersurface orthogonal to u*. In the following,
we will mostly work in the rest frame of the point particle, such that the only nontrivial
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components of E,,, and B, become the spatial ones, i.e. E;; = Cy;; and B;; = %etkij)tkl.

In practice, we will replace py, in (4.3) with the spatial indices iz, = i1 - - - iy.

In the action (4.3), the quantities Q%fB carry all the information about the response of
the body, as a result of the interaction between the worldline and the external fields E,, and
B,,. Such effective couplings, which have been kept fully general so far, do not capture only
the conservative tidal response of the body, but can be used also to describe dissipative effects.
In the latter case, the quantities Q‘]f;fB are interpreted as composite operators that depend
on additional gapless degrees of freedom, which live on the worldline and parametrize the
unknown microscopic physics that is responsible for dissipation, such as the internal dynamics
of the object, or absorption across the horizon in the case of black holes [56, 85, 86]. In the
spirit of the EFT, we will remain completely agnostic about the microscopic details of the
system, which are integrated out, and we will parametrize Q%fB in (nonlinear) response theory.

Concretely, one can express the one-point function of ’fEfB in the most general way as

(@) = 3 3 [dreedn ORE G T )
n=1k=0 (4.8)

X Ejp, (1) Ejp, () Biy, | (Tks1) -+ Byp, (),

where (")RE B represents the n''-order response function. As an example, when n = 1,
eq. (4.8) gives the linear response of the system and (I)RE, B reduces to the standard retarded
Green’s function [85, 86]. For higher values of n, eq. (4.8) captures instead the nonlinear
response.!* This is similar to nonlinear polarization theory in electromagnetism, where
the nonlinear polarization of an optical medium is parametrized as an expansion in powers
of the external field (see, e.g., [50]). Note also that, as opposed to the linear case where
the even and odd sectors are decoupled, at higher nonlinear orders an electric response
(analogously, a magnetic response) can be induced by combinations of both external electric
and magnetic fields [52, 84, 87]. Besides obvious symmetry properties under the exchange of
its multi-indices, there are some nontrivial constraints on the form of the tensor R. One
comes from causality, which forces R to vanish whenever any of its arguments 7 — 7;, for
j=1,...,n, turns negative. Moreover, the tensorial structure of ("R is further dictated by
the building blocks in the theory: these are the metric, the Levi-Civita tensor and possibly
the spin vector, in the case of rotating objects.

Since we are interested here in performing the matching with Schwarzschild black holes
at leading order in the static limit, a certain number of simplifications occur. In the absence
of rotation, the tensorial form of R boils down to simply a product of Kronecker deltas,
involving only spatial indices in the rest frame of the point particle [52, 84]. In addition,
in the limit of static tides, the system is non-dissipative and the time dependence in (MR
reduces to a product of Dirac delta-functions [48, 56, 85, 86]. For instance, to leading order
in the number of gradients, one has, schematically,

e S R o LR AN
k

Y4The case n = 0 captures the intrinsic multipoles of the object, which are irrelevant for our discussion below.
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where the sum runs over non-redundant permutation k of the indices (see, e.g., discussion in
ref. [84]; see also section 6.2 for higher orders in derivatives). Plugging the nonlinear response
theory solution (4.8) into the action (4.3) including nonlinear terms, one then finds a series of
effective interactions which, under the previous assumptions, take the form of local operators
involving contractions of F;; and B;j, and derivatives thereof.

For concreteness, up to cubic order in the number of fields and to leading order in
derivatives, the finite-size action St reads

St = / dr {/\gE)EijEij + 2P B,;BY
AN BB+ B BBl B+ AP i BY + \EPY B Bi BY |

(4.10)

The coefficients )\éE) and )\éB) are the linear Love number couplings, which are famously
zero for black holes in GR [14-16, 2022, 2427, 40, 46, 88]. In ref. [52], we verified that

3

this result is robust against nonlinear corrections, and we further showed that )\g%) = 0.
3 2

On the other hand, for parity reasons, one immediately concludes that Ag;) = A§’§2 B¢

in GR [87]. In section 5, we will extend our previous result [52] to the odd sector: we will
explicitly perform the matching at the nzext—to—leading order in powers of r, including the
operator Eiij wB¥;, and show that /\%;B ) — 0 for Schwarzschild black holes. We will finally

generalize the matching to all orders in the number of spatial derivatives in section 6.

4.2 Background field method

Given the EFT presented in the previous section, the starting point of our computation
is the following action

Slg, x(7)] = Senlg] + Spplg, (7)) + Stlg, 2(7)] (4.11)

where the terms on the right-hand side are given in egs. (2.1), (4.2) and (4.10), respectively.
The goal is to compute the response induced by an external field. More precisely, we separate
the full metric as

Guv = Guv + Khpuw (4.12)

where £ = v/327G. Here g, is an external “background” metric which includes the tidal
field and, therefore, has to satisfy the full nonlinear Einstein equations in vacuum, i.e.,

_ 1 _
R;w - §§;WR =0, (4'13)

with }_%W and R representing the Ricci tensor and Ricci scalar of Juv, respectively. The
second term, kh,,, denotes the response.

Given this split, it is convenient to use the background field method [80-82]. Specifically,
we insert g,,, from eq. (4.12) into eq. (4.11) and rewrite the action into two pieces, S[g, z(7)] =
Solg, x(7)] + Sklg, h, ()], where the first term, Sp, is independent of the response field h, .
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Then, we treat the massive object as an external source of the gravitational field. This
allows us to compute the effective action of the system, W[7], by formally performing the
following path integral,

o] = otSolge(T) / D[h] exp {iSh[éth(T)] +iSarlg, h] + i / d'yy/=37 "”(y)huu(y)}
(4.14)
The additional action, Sgr, is the usual gauge-fixing term arising from a Faddeev-Popov
procedure. We will work in the background de Donder gauge, i.e. we define

G
Vil (4.15)

Sar = — /d%\/—ggwfufw T, =3"V,ohoy —
where ?pgw, = (. This choice ensures that the final result is invariant under diffeomorphisms
of the external metric g, .

We are interested in computing the one-point expectation value of the field h,, , which
in terms of the effective action W[J] above is given by'®
1 SWI[T]

(P (1)) = V=gidTm (z)| ;o

In practice, we will compute the above equation by considering all Feynman diagrams with one

(4.16)

external h, () field. Although we are performing a path integral, we are ultimately interested
in the classical limit. Following [55], we enforce this limit from the outset by employing
a saddle-point approximation. Diagrammatically, this means neglecting all diagrams that
contain close loops of the field h,,. This is also why we do not need to add any ghost
fields in eq. (4.14).

One last step before proceeding is to write

Juv = M + Hyw (4.17)

where 7, is the flat Minkowksi metric and H,, is the external (static) tidal field, which
is determined by solving the vacuum Einstein equations and requiring regularity at the
origin. We will discuss the form of H,, in more in details in section 5.1. Equation (4.17)
allows to perform a perturbative expansion of the action in both the tidal field amplitude
and in the coupling constant x. By performing this expansion, one schematically obtains,
for the bulk action,

1 1
Senlg] + Scrlg, h] = -3 /d4x {@Lhag@“h"‘ﬁ - 26Mh8“h}
+ / dba [H(0h)? + h(OH)Oh + rh(h)’]

+ / dbe [H2(@)° + HW(OH)oh + xHR(Oh)? + KW (0h)?] + ...
(4.18)

where here and below indices are raised and lowered with 7,,,. From the first term on the
right-hand side we obtain the usual graviton propagator in de Donder gauge, while the

5Since Sy is a constant term, we shall drop it in (4.14).
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higher-order terms in the second and third lines give the self-interaction vertices (which we
have written here schematically without making index contractions explicit). Notice that, on
the right-hand side, we have not explicitly written any terms containing only the external
field H,,, as they belong to Sy[g, z(7)] and are immaterial for the following calculations.
Furthermore, since H,, satisfies the vacuum nonlinear Einstein equations, we do not have
operators with a single h,,. Additionally, for the choice of the gauge-fixing term (4.15), all
interaction vertices containing at least one tidal field H,,, receive a contribution from S,
while the self-interactions of h,, remain unaffected by Sg.

Finally, we have to expand the matter part of the action, i.e. Sp, and St. Rather than
using the proper time, it is convenient to choose a frame in which the massive object is at
rest at the origin, i.e. we choose the time ¢ such that

() = (£0,0,0),  vh(t) = ‘Zi: ~ (1,0,0,0). (4.19)

The point-particle action then takes the form

d
Spp = —M / dtd—; =-M / dt/=guviv”, (4.20)

and similarly for St.

In order to write the Feynmann rules, let us introduce the following conventions:

o = Ry, @~~~ = point-particle source,

X—— =H,, N = tidal-induced source .

Then, introducing the tensor

1
Puvpe = D) (MupMvo + Nuolvp — N Npo ) (4.21)

to define the graviton propagator in de Donder gauge, the Feynman rules obtained from
the bulk action (4.18) are

k

—> 1
M'li/vvvvvga - mpp,ljpo'a (422)

k kQ a2 2

= i“57(4)(k1 + ko + k3)Va151a2ﬁ2a3ﬁ3 ) (4.23)

12

|3
/5N

ks @383

ko asps

= iHg,p, (ko — k3) VP (4.24)

asfBaa3fB3 0

1

ks @3Ps

k2 asps
= i/Halﬁl (q)Ha2ﬁ2(_k2 — ks — q)v404151042ﬁ2a353a454 ) (4.25)
q

\

]{73 aqfy
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where (5_(4)(k:) = (2m)*0™W (k). V is the standard trilinear graviton vertex in de Donder
gauge, while V3 and Vj are cubic and quartic vertices in the gauge (4.15). Note that we
can ignore the 70" prescription in the propagator (4.22) because it is irrelevant for the
following static computations. On the other hand, we will only need the following rule for
the point-particle part of the action:'®

& M .
M M,Vﬁy = i/i?/dt etk a(t) g (4.26)

5 Matching with the point particle

In this section we will compute the linear and quadratic response to an external tidal field
in the EFT approach outlined above and match it to the full GR calculation of section 3.2.
First, we will derive the tidal field H,, at both first and second order, expressing it in a form
that is suitable for the calculation of Feynman diagrams in the EFT approach.

5.1 The external field

As mentioned above, by construction H,, satisfies the vacuum Einstein equations and is
regular at the location of the point particle, which we place for convenience at the origin of the
coordinate system. We shall parameterize it as described in section 2.1, and split it into even
and odd components, H,, (x) = H,, (x)+ Hpy,(z). We can then apply the decomposition from
egs. (2.4) and (2.5). Specifically, we will denote the components of H ffy with a bar and write

f(T)HO H,y VA7:[0
Hf,=| * ['(nH VaHt : (5.1)
* * r?Kyap + 1 (VAVB - %’YAB) G
00 —ea%Vehg
H,=|x0 —ea“Veohy . (5.2)
x x —2(ea%VeVE +epVeVa)hy

Moreover, since the gauge fixing in eq. (4.15) ensures that the final result is invariant
under diffeomorphisms of g, = 7., + H,, we can choose H,,, in any gauge we prefer. To
be closer to the GR calculation, we will work in the RW gauge (see eq. (2.9)). However,
since all calculations using Feynman diagrams are performed in Cartesian coordinates, it
is useful to first rewrite (5.1) and (5.2) in a Lorentz-covariant form, which will facilitate
their conversion to Cartesian coordinates when required. To this end, it is convenient to
define the spatial radial vector

rt =PF, 2" = (0", + vHuy,) ¥, (5.3)

and the unit vector #* = r#/r, ###, = 1, where we remind the reader that in this section
indices are raised and lowered using the flat metric. As derived in appendix C, egs. (5.1)

5There are no direct couplings with H,, coming from eq. (4.20) because H,, vanishes on the worldline.
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and (5.2) can be written in Lorentz-covariant form as
Hl‘fy = (Ho + K)v,v, + 2H1v(“fy) + (Hy — K)#ufy + Ky (5.4)
H/:V = —21)0‘50{,00(“1),,)?”8"}_10 + 2vaeapg(ufl,)fpc‘)"}_11 ,

where €40, is the flat-space Levi-Civita symbol (egi23 = +1).

Next, we insert these expressions into the vacuum Einstein equations, expand them
perturbatively in the amplitude of the tidal field, and solve for H,,, order by order, ensuring
regularity at the origin. To take advantage of the spherical symmetry of the background
when solving the Einstein equations, it is convenient to decompose into spherical harmonics,
as in section 2.1. In order to work in Cartesian coordinates, we shall then express the
spherical harmonics in terms of constant symmetric trace-free (STF) tensors Y

o (see
e.g., [89, 90]), as

Yém(e’ ¢) — yﬂ...aﬁm coLpae (5.6)
Here the STF tensors Y™

..o, Dave covariant indices, but they are purely spatial, i.e.,
P> Y =ym Vi € {1,...,¢}. This allows us to rewrite Hffl, in Cartesian

at...0...0y ay...B...ayp)
coordinates as

Z HW\m aéxal R AL (5.7)

where we introduced the tidal tensors H> o which are purely spatial constant tensors.

uvlag.

To illustrate the procedure concretely, let us expand the tidal tensor perturbatively, as
nymlmw = )HW|Q1 o T (2)Hi/|a1...a5 + ..., and derive the quadratic tidal tensor sourced
by two linear quadrupoles. This is what is required to match the GR calculation performed
in section 3. Solving the linear vacuum Einstein equations for ¢ = 2 and requiring regularity

at the origin, we find the even and odd linear tidal fields in RW gauge,

WHE (x) = Vs, g2’ (5.8)
with
R Zg;m( + 20,0,) Vi (5.92)
pvloB r2 My T 200 ) Yaf -Ja
2m o\m
« ) ,uu|aﬁ 42 71} V(u€v)ar ygﬁa (59b)

where Ezjn are the amplitudes of the even/odd tidal fields, chosen so to match the rs/r < 1
limit of the full GR tidal field solution, see egs. (3.23) and (3.24).

We now use these linear solutions to solve the vacuum Einstein equations at second order.
As discussed in section 3.3, given a £ = 2 mode at linear order, the quadratic solution is
given by a superposition of £ = 0, 2,4 multipoles. Solving the vacuum Einstein equations
at second order and imposing regularity, we find

(2)Hiy = @Dyt T g2 g g (5.10)

uvlaasasoy
where the tidal tensor can be divided into monopole, quadrupole and hexadecapole parts, i.e.,
(2) g+ _(2) £, =0 1(2) gy =2 1.(2) gy =4 (5.11)

wlotasazos ploasazog uvloasasoy w|laiasazoy
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Their explicit forms are given by
(2)qy+:£=0

uvlaasasoy

e &r
Om m m1“2mo R s s
2\/’ z : 0221 2 § : 2 2 |:(C7(70 p)nuu 01(;0 p) UMUV) Poq (o) C$=O p)]P)al,u]Pagu} Pa3a4 )

Ts
mi,msa p==%

(5.12a)

()9 =2
uvlaasasoy

gpml gpmz
5 g S o (8 20,0, By P B | Y

mi,mz2 p==%
(5.12b)
2)q/—,{=2 0 (m1+m2 m1m252m152_m2 a 2)p m+ms
. prlaraeazay =—4 Z I T,U U(ugu)aaagd ozlagygal4 s
mi,m2
(5.12¢)
P op
(2)g =4 = 0 p(matmz)mims M ( p) (4,p) m1+ma
HMV\a1a2a3&4_ Z 42 Z e Nuv+Cy 7 Uy Uy ya1a2a3a4,
mi,m2 p==%
(5.12d)
(2) - E 4 —_ (m1+m2 mima2 52m1527m2 o mi+mo
uu\a1a2a3o¢4 8 Z 422 Tv V(uév) cwal yga2a3a4 (5126)
mi,m2

The numerical coefficients ¢(“?) and d¥) appearing in these expressions are given in appendix B.

In order to perform the computation in the next sections, we need the tidal field in
Fourier space. From eq. (5.7), the coordinate dependence of the tidal field is given by the
products ™ - - - x*, which are contracted with spacelike tensors. Therefore, all we need to
know is the Fourier transform of r®! ...r%_ which reads!'”

_ig- N o
/d4x e T phL L pHe — (_2)65 (4)(Q)IP)‘LL1V1 Co Preve 78qu — aqw . (5'14)
Introducing the shorthand notation
aé
— /0

a/(g)mw = (=) dgr ... Oqve’ (5.15)

the tidal field in Fourier space at linear and quadratic order is given by
(1)ij(q) — 6*(4) (q)( )fH:I: |a1a2 a{g{l)o[2 7 (5.16)
O HE (q) = 6~ W(q) >Hi I/ N (5.17)

17To derive this relation, note that, in the coordinate system where r® = (0, aci), we have
—i ; i _ o° _
4 g j1 Je 0\ ¢ (3)

/dxe 2t =68 (q )i 78%1...8%5 (q)- (5.13)

When the right-hand side acts on a function of ¢*, one gets

9 f(a)

_ o _
6 ()i = (—i)f 2D
/q @O 50 @) = (i) 5

qt=

Therefore, using this relation and upon covariantization of eq. (5.13) one finds eq. (5.14).
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where (U’Hiiyloaaz = 77a1ﬁ17704151(1)’}.{2:1461,82 (see eq. (5.9» and (Z)Hi:l/‘al.,.a4 =

nibi . ..770‘252(2)’}-[;%”.54 (see egs. (5.11) and (5.12)).

5.2 Quadratic response

We are now ready to compute the one-point function due to the interaction between the
external tidal field and the point particle, hy, (z) = (hu(2)). This can be expanded as

h/,LI/ = Z (n)hm/, (518)
n=0

where (™) h,u is the response at nth-order in the tidal field amplitude £. Diagrammatically,
(”)hu,, can be represented as

M 17 A 1%
(M (2) = e m , (5.19)
£ £ £ £

where the blob stands for all possible interaction vertices between H,, and h,,, at a specific

order in perturbation theory. Thus, this diagram distinguishes bewteen two types of nonlinear-
ities. Those that arise from higher-order vertices in the bulk action (see eqs. (4.24) and (4.25)),
corresponding to O(rs) corrections to the external tidal field, which are represented by the
first diagram on the right-hand side. Additionally, there are nonlinearities that arise as a
genuine vertex response of the worldline, receiving r4-corrections from bulk interactions. They
are represented by the second diagram on the right-hand side.

In the following, we will show that the first diagram on the right-hand side alone
reproduces the full GR calculation at leading order in ry/r, implying that the response
nonlinearities must be absent, i.e., A = 0. The matching can be extended to higher orders in
rs by considering diagrams with multiple mass insertions on the worldline and, eventually,
reconstructing the full tidal field profile computed in GR in section 3. However, these
corrections are not needed to derive our conclusions; see e.g. [86] for an extensive discussion
in the linear case. Nonetheless, as a sanity check of the validity of our method at higher-order
in 74, we have verified that in the simplest case of n = 0, i.e., in the absence of the tidal field,
multiple mass insertions reconstruct the Schwarzschild metric perturbatively up to O(r2).
The calculation is reported in details in appendix E.

We now perform the computation of hy,(x) up to linear order in r, and up to quadratic
order in the amplitude of the tidal field &, i.e.,

Py () = Oy () + Dl () + Oy () + O(E) (5.20)

where (Wh,,(z) is the Schwarzschild metric expanded at O(rs); see in appendix E. The
diagrams to compute are represented in figure 1. The only diagram for the computation of
Mh,,(x) is figure 1(a), while to compute Ph,, () we need 1(b,c,d).

Taking the linear tidal field to be an ¢ = 2 mode, we have

— 1.0\ Lik-x (1a)po
Wpt (g = WM [Tk )e / —(@)( \(DayE araz gla) (Aw UW))
hw(w) > /. 12 , ) Hpo, Oy =g , (5.21)
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Figure 1. Feynman diagrams needed for the computation of h,,. Diagram (a) yields the order-r;
correction to the linear tidal field solution. Diagrams (b), (¢) and (d) represent instead order-r;
corrections to the tidal source at second order in the external field amplitude.

where

A}(}Va)pa(k’ Q) = vﬁlvélpﬁltﬁﬁmb Vp05262/8363P5353HV : (5'22>

Performing the contraction and integrations using the explicit form of the tidal tensors
in eq. (5.9), we eventually obtain the even and odd part of the linear one-point function,

respectively,
f&mL@%:L§:$¢@;3+m»W””), (5.234)
kDhy, :—QFE:@mvv QT VIRPRT (5.23D)

We can now compute (Q)h,w(a:) from the last three diagrams in figure 1. They can
be recasted as

5 KM [ 6= (K0)etT [y 5 o amaser AL ero1 (k,q)
( )huy(x)lb:T/k 52 1) ( )(Q) Z( )HZ10'1‘ 12 4804(11)(12043114 —r (k—q)2 )
q p==+

(5.24)
2 _ M ko b 4 4 1 aras (1 oz
( )h / o ( ) Q1 5 ( ) QQ Z Z ( )ledl\ vox ),HP202\ ’ 480‘(]11‘128‘(3‘%20)‘4
q1,92 p1=%po=
ATV 01010202 (k g1, g)
X< - (k—q12)? ==, x€{e,d}, (5.25)

where 12 = q1 + ¢2. Clearly, figure 1(b) has the same form of figure 1(a) with the linear
tidal field replaced by the quadratic solution. On the other hand, figures 1(c) and (d) are
new topologies arising at quadratic order, with

AE}VC)Pwmwz (k:, q, q2) = _ P10 P5151/32 2Vr)10152525353 P53535454 Vp2ﬂ2ﬁ454ﬁ555p

(5.26)
B1 4,01
VPl
"ét/(illfd)pmlpy72 (k,q1,q2) = 2 P51515252mepoUQ[BQJZ/BJ%P Badzuv - (5.27)

Notice that there is an extra factor of 1/2 in the last amplitude from the symmetry factor
of the diagram.

We split once again the quadratic one-point function into even and odd contributions,
@h(x) = (Q)h/fu(a:) + (2)hﬁy(m). The even contribution of eq. (5.24) comes from inserting the
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quadratic even tidal tensor, egs. (5.10) and (5.12), while the even contribution of eq. (5.25)
comes from replacing the tidal tensor by either two even linear modes (1)7.[;;'%3 or two
linear odd modes (1)7-[;0‘0‘/8, see eq. (5.9). Therefore, for each diagram, the even one-point
function is the sum of a part proportional to (%) (the even x even “response”), denoted
by (Q)h,(f;ﬂ (7)1x, and a part proportional to (£7)? (the odd x odd “response”), denoted by
(z)h,(u_,_)(x)lx. Here we report explicitly only the ¢¢ component, as this is the one relevant
for the matching. After using the identities involving the STF tensors )/ in appendix D
and after summing over the three diagrams, one finds

n@)h;(a:):([)g >

s
mi,m2

+ + 70 0mimae 70 (m1+m2)m1m2 m1+ma At AJ
82m182m2 ( I + I y’Lj rr

4\/’ 022 222

35 OLEg";1+m2)M1mz ym1+m2 pipdpkp l)
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— — Omima _ 30 p(mi+ma)mima m1+me aiaj (5'28)
+Em1 Eoamy f 01553 1222 Vij T

Liml +ma)mima ym];l-‘rmz pipipkp l) ]
j .

The computation of the odd modes of h,, is analogous. We use the odd quadratic
tidal tensor for the diagram in figure 1(b) and the product of one even and one odd linear
tidal tensors for the diagrams in figure 1(c) and (d). Therefore, the odd contribution to
the one-point function is always proportional to ETE~. We report the components ti, that
are the ones relevant for the matching. They read

() 0 (ml—&-mg)mlmz mi+ma 13() (m14+ma)mimaymi+ma Apaq Ajal
hy (z)= & Eam,E 5°15 R 1459 Vitpg PP )PP

ma,ma

(5.29)

Before proceeding to do the matching, as a consistency check we have verify that the
obtained hy,(x) satisfies the gauge condition

_ 1-
g*P (vahgu - QV,JW) =0, (5.30)

where ?afyw = 0, imposed by the gauge-fixing term (4.15) in the action. Inserting g,z =
Nap + Hap in this equation and working at linear order in the tidal field amplitude, this
equation becomes

(naﬁaa(”hﬂu—;aﬂ(”h> () o8 (8a(0)hﬁu_;au(0)hocﬁ) O (aﬁ(l)Hﬁa_;aa(l)H) _o(E?).

(5.31)
Since it is linear, this identity must be satisfied independently for the even and odd per-
turbations. Indeed, replacing in this equation the linear even solution, eq. (5.23a), the
first term becomes

00, Vng, — fa,ﬁ = o TQZ SRV (5.32)
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which cancels with the second term, while the last term vanishes. For the odd solution,
eq. (5.23b), each of the terms in this equation vanishes individually at O(E), so that the above
identity is trivially satisfied. Proceeding analogously at second-order, we have verified that
also at that order the one-point function (z)hw(ac) satisfies eq. (5.30), which is a non-trivial
check for both even and odd solutions.

5.3 Matching

Here we want to compare the one-point function computed in the previous subsection with
the solution derived in section (3.3). However, the former has been derived in the gauge
that satisfies eq. (5.30) while the latter has been derived in RW gauge. To compare the two,
we find it convenient to rewrite the EFT result in RW gauge. In the context of the EFT
calculation, the field h, is treated as a spin-2 field propagating on the curved background
9w = M + Hyy. The linear gauge transformation z# — z# + & that converts h,, to the
RW gauge is given by (see, e.g., [62])

KRS = Kby — £, — 20,(,00)E° + O(€2), (5.33)

where we have included only terms up to linear order in £, as higher-order terms contribute
only at higher order the r, expansion.'®

For the even sector, we match the ¢t component of the metric, since the other components
are determined by it through Einstein’s equations. Additionally, at this order in perturbation
theory, the ¢¢ components are parity-odd, allowing us to use them to match the odd sector.

In the static limit, the transformations for the ¢ and ¢i components of the metric simplify as

rhig” + = rhjy — €O Hy (5.34)
khi" = khy; — "0 Hy; — Hy 06" (5.35)

where to write the right-hand sides we have used that H;{ = 0= H,, and that & is purely
even. Moreover, note that £ appearing in these two equations must be even because €0, H;t
and §k8;€Ht; must be respectively even and odd. For the gauge transformation at linear
order in € we need &* = O¢i where (Vegr = 57 is the coordinate transformation of the
Schwarzschild metric from de Donder to RW gauge. For the quadratic order, we insert
¢n = Ogn 4 Mer where

2
Mgt =37 &5V (20 = 37 ) (5.36)

is found by imposing that (Q)hEXVJF is diagonal as in the RW gauge.
Finally, since H,, is already in RW gauge, we can compare the metric perturbation

obtained with the EFT calculation after transforming to RW gauge, i.e., 5955 T=H,+

¥We need to perform a second-order gauge transformation in £ but at first order in 5. Since the gauge
parameter £ is at least of order rs, any second-order term in eq. (5.33) contributes only to higher rs-corrections
that we do not compute here. Note that (V¢ is one rs-order higher than the tidal field, as seen from egs. (5.9)
and (5.36).
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Figure 2. Feynman diagrams responsible for the (a) linear ad (b) nonlinear tidal deformation. In
principle, one could have terms proportional to )\gE’B) in the topology represented in figure (b). These
are excluded because the matching at leading order in the tidal field implies )\éE’B) = 0. See also
section 6.2.

RW 19
Khyy s

in Cartesian coordinates. The latter reads

with the exact metric perturbation obtained in the full GR calculation, converted

g3t (2)=2_f(r ) [ HE™ )+ (VD HG™ (r)+ @ HE™ (7)) Vi o7+ O H™ (1) Vi o 7777
(5.37)
Ogy; (@ Z% 70k [(DR3™ (1) + P R™ () ) Vi 7 + O R (1) Vit 77 797
(5.38)

respectively for the t¢ and #i components. We remind that the GR solutions are given in sec-
tion 3.3, see egs. (3.23) and (3.24) for the linear solutions and egs. (3.25), (3.28), (3.29), (3.32)
and (3.33) for the quadratic solutions.

As anticipated, we find that 5gEFT matches the full GR solution above at leading and
next-to-leading order in rg/r, without the inclusion of any of the tidal operators in the
action (4.10). This implies that the contributions coming from the diagrams depicted in
figure 2 must vanish. As a result,

E B EB?
)\é ) = Aé ) = 0, /\§22) = )‘522 ' =o0. (5.39)

We will extend this result to all orders in derivatives in the next section.

6 Higher multipoles

In section 3.1, we computed the static solutions for the metric perturbations induced at
second order by two quadrupolar static fields. In particular, we have checked explicitly that
the solutions for Hy and ho (see egs. (3.25) and (3.28) for the induced quadrupole, and
egs. (3.29)—(3.32) for the induced hexadecapole) take the form of simple finite polynomials
with only positive powers of r/rs. This was crucial in the matching performed in section 5 to
conclude that the quadratic Love number couplings vanish at lowest order in the number
of spatial derivatives in the worldline EFT (i.e., eq. (5.39)).

Our goal in this section is to show that this conclusion remains true to all orders in the
derivative expansion. First of all, we will show in full generality that, for generic multipoles,

19We match only perturbations linear or quadratic in &, since the lowest order matches trivially with the
Schwarzschild metric.
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the static solutions induced at second order in full GR do not contain any decaying falloff of the
form 1/r™, with n > 1, when expanded at large distances from the source. Then, in section 6.2,
will use this result to perform the matching at generic order in the EFT and show that all
quadratic Love number couplings vanish for Schwarzschild black holes in general relativity.

6.1 General polynomial form of second-order static solutions

We start by discussing the full GR solutions for generic multipoles. For the sake of the
presentation, we will consider the even and odd induced solutions separately.

6.1.1 Even sector

Let us start by considering eq. (2.34) for the second-order even mode 2 H{™(r). The source
is given in eq. (2.35). For ease of notation, we will conveniently redefine the right-hand side

mmims

of (2.34) simply as X2, 1, r0.mo Sty 10,6, (T) = S, in such a way that (2.34) now reads

A2 f(r) + 172
2 (2) rrém (2) grtm o s (2)
87" HO (T) + 7“2f(’l“) 87“ HO (T) ’r‘4f(7‘)2

The solution is given by (3.21), with H&l and H&Q provided in egs. (3.2) and (3.3), i.e.,

2r —rg

H{™(r) = Sf;’g"(r) . (6.1)

2
O™ (r) =

T/rs
= i (Gterr 1) [T auuto - DRy - DS

(6.2)
r/Ts
~PRr/ro= 1) [ dyyly - D@Hy - DS ).

where we have redefined the integration variable as y = r//rs. The goal is to show that (6.2)
does not contain any 1/r" falloff, with n > 1, for generic /.
To this end, let us relate P?(2y — 1) and Q?(2y — 1) in the above expression to the

20

Legendre functions of the first kind P,(2y — 1). Using well known identities,”” we can write

PP(2y—1) = —y(y — )0, Pu(2y — 1), (6.3)

@3y 1) = yppCy - iog (L ) + (6.4)

where Ty(y) is a superposition of Legendre polynomials of the first kind and derivatives thereof,
1
Te(y) == 52y = DP(2y = 1) +y(y — 1)9y Pe(2y — 1)

e ¢ 1 B B (6.5)
(v = D% | > P2y = DPer(2y = 1) | .
k=1

20We recall the identities
d?Py(x)

Pi(z) = (1 —a?)

1+
r—1
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The complete expression of Ty(y) is not particularly important in what follows. For the
moment, it will be enough to observe that T;(y) is a finite polynomial with only positive
powers of y. In particular, Ty(y) is generally nonzero at y = 0 and y = 1. A second important
ingredient for our argument is the form of the source Sfi}:. Plugging the linear-order physical
solutions for Hy (eq. (3.6)) and hg (eq. (3.13)) in the source (2.35), it is easy to see that
Sﬁ}g is a rational function of the form

polynomial(r)

(r—rs)?

S n(r) = (6.6)

Then, by using eq. (6.4) in (6.2) we can write the second-order solution of eq. (6.1) as

(2)Hgm( )= V[Z;f[o{ PZ(2r/rs— )[log<r_rrs) /fﬁs dypgm(y)—/r/rs dylog< )Pem( )}

Tlr) WLWSHEW} 67

r/rs

r/rs
Im _ p2 o
e | P PR/ |
where eqgs. (6.3) and (6.6) imply that the quantity
P (y) = yly — 1P (2y — 1)SH; () (6.8)

appearing in the integrands is a finite polynomial. Let us first focus on the square bracket
on the first line of eq. (6.7). By writing P*™(y) in the second integral as sz( ) =
9y J¥ dy P (y') and integrating by parts, one can remove the term containing log(;=;-) and
r/rs Ydy PU(y') = —log(r/rs) [y dy P (y) + ...,Where

the ellipses denote contributions that are in the form of a finite polynomial in r/r;. Moving

write the square bracket as [

to the second line, since P“™(y) is a finite polynomial in r /7, the integral [| r/rs dy P (y) is
a polynomial that vanishes at r = rg, cancelling the prefactor 1/(r — ry). As a result, the
first term in the second line of (6.7) has the structure 2 x polynomial(= ) Note that, besides

positive powers of 7/rs, this potentially contains a 1 / T term, given by fo dyP™ (y).

Finally, let us consider the last integral in the curly brackets of eq. ( . ) We are going
to show that it is a finite polynomial in r/rs. Given the ﬁ factor in the source, see
eq. (6.6), it is not immediately obvious that this term does not have any decaying tail at far
distances. To show this, we observe that it is only the part of the source involving the odd
modes that generates the m factor, while the part of the source coming from the even
modes is always a polynomial. In particular, inserting the odd linear solutions into (2.35),
one can recast the part of the source from the odd modes in the form

’ 1 l1—202—2 4 i+j+n
SHrt? - (7" —r )2 Z g@1m1 loma Z Z Z ], Zm( ) ’ (69)
S/ 0y,m1,la,mo i=0 j=0 n=0

where ¢ and j run over the series representation of the linear odd solution (see eq. (3.12)), while
the sum over n stems from the additional r/rs terms in the source (2.35). The coefficients
Cg}jn@
in Ty(y) that might give rise to a tail in (Q)Hgm after integration are those in the first line on

can be extracted from the general expression of the source (2.35). Moreover, the terms
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the right-hand side of eq. (6.5)—the second line is proportional to (yy — 1)2, which cancels the
singular prefactor in the source. Using the series representation of the Legendre polynomial,

J4
ris-0 =0y () (1) e (6.10)

k=0

and (6.9), the last integral in eq. (6.7) can be recast as®!

r/rs m 1 r _ _
/ dyTe(y)Sﬁfo (y)zzlog(r—l) > Ermi€tyms

S
£1,mq,l2,m2

l1—202—2 4 (6'11)

XY N CF g 0+ 1) = (i+j+n) —2]+ ...,

=0 j=0n=0

where, as usual, we have dropped polynomials in r/rs. For fixed values of ¢ and m, using the
explicit expressions for the coefficients C7" " om and summing over n, we get that the second
line of (6.11) is proportional to

{351(€1+1)€2(£2+1)01gg”glm2+[2+€(£+1)—2él(€1+1)—2£2(£2+1)] Ly ™ +2 Iggl’gm}

X“Z%Zz Jiti €1+z+2) (Lot §+2) 2(i+§+6)— b1 (L141)— o (La+1)

i=0 j=0 (l—=i=2)! (fa—j=2)! i(i+3)!5!(+3)!

(6.12)

One can check that the sums on the second line of (6.12) admit an analytic result, which
is identically zero for generic, unfixed, values of £; and f5. We stress that the vanishing of
this term is not a consequence of the selection rules enforced by the first line in (6.12) but
is a consequence of the specific radial dependence of the source.

All in all, we conclude that the second-order solution in the even sector has the structure

1 1
@i () = W < 2p2(2r/rs—1)log(r/rs) — —Tg )) /0 dy P (y) + polynomial (r/rs) .
Hy
(6.13)
This shows that the second-order even modes do not contain 1/r" falloffs with n > 1 when
expanded at large r. Although we cannot provide a general proof here, we find that the
integral above vanishes exactly,

/dy?zm /dyy —~ )P} (2y — D)SH(y) = 0, (6.14)

21To obtain (6.11), one can plug (6.10) into (6.5) and (6.9), and use the identity

—1 m— 1)’

Y=y =)W T Y P+ R

with yo = 1, to first rewrite
y' 1 (2y—1)y° 1 s+2

=—+..., =
y—1 y—1 (y—1)2 (y—1)2 y-1

+...,

dy
(y=1)2
terms with an inverse power of r — rs, but this gets canceled when multiplied by the associated Legendre

polynomial P?(2r/rs — 1) (see eq. (6.3)); the integral fT/ ydy produces instead the log in (6.11). Finally,
resumming in k yields the combination $C75 [¢(¢ +1) — (i +j +n) — 2].

up to simple polynomials in y. Then, one can perform the integral in y: the integral fr/m

generates
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for fixed values of ¢, ¢1 and /o, after using the explicit expression for Sﬁ}:. This implies that
neither the 1/r nor the log(r/rs) terms are present in (6.13), and that the second-order even
solution (2)Hgm is indeed just a finite polynomial.

6.1.2 Odd sector

Let us now turn to eq. (2.38) for the second-order odd field 1™ (7). The quadratic source on
the right-hand side, that here we denote for simplicity as 3>, 1, ¢5.ms She o610 (7) = S (r),
is of mixed type, given by the product of a linear even mode and a linear odd one (see
eq. (2.39)). The solution to (2.38) is given by eq. (3.22):

r/

" 7’? r/Ts - s -
D) = [h€,4<r> | st ) —nis) [ dy b )T <y>] ,
0

(6.15)
where héA(r) and h€75(r) can be read off from egs. (3.10) and (3.11). It is worth noticing
that the odd source Sﬁg”(r) computed on the linear field solutions MVArg™(r) and N HE™ (r)
is a finite polynomial in  and vanishes in r = 0: S,‘Z)n (r) = r - polynomial(r).

One important ingredient in the argument for the even case was the possibility of recasting
the non-analytic terms in the quadratic solution in the form of the first line in eq. (6.7).
This was a direct consequence of eq. (6.4), i.e. of the fact that all the z-dependence in the
coefficient of the log in Q7 is fully determined by the first Legendre solution P?. Note that
this is not special of the Legendre polynomials, but it holds more in general for solutions of
generic Fuchsian-type second-order ordinary differential equations [91].22 In the case of (2.38),
one can indeed show that the independent solution h6’4(r) in eq. (3.10) has the structure [91]
Ge(r)

>h€75(r)+ mt (6.16)

r

B 4(r) = aglog (

s

where h6?5 (r) is the polynomial in eq. (3.12), while ay are constant, /-dependent coefficients,
and (y(r) is an analytic function of r in the neighbourhoods of » = 0 and r = r5. In
particular, it follows from the properties of the hypergeometric function that (;(r) is a finite
polynomial in r [79].

Thus, we can follow the same logic as in the case above and write

2 T/Ts T/Ts
)= atate) oe (22) [ mbstnsizon- [ o () sathsiz ) ..

r—rg

(6.17)
where we kept only terms that could potentially give rise to inverse powers of r at large
r. From the same algebraic manipulations that we used for the first line in (6.7), we can
then conclude that PA§™(r) has no induced decaying 1/7" falloff (with n > 1) at r = oco.
As for the second-order ) HE™, pf™ takes the form of a polynomial in r/r, with only
positive integer powers, except for a % and a log(r) term, which will not affect our argument
in section 6.2. Nevertheless, the coefficients of these terms are proportional to the integral

1
/U dy b 5 (1) S{™ (y) = 0, (6.18)

22This happens whenever the roots of the indicial equation for a given regular singular point (r = 0 and

r = rs in the case of (2.38)) differ by an integer number [91].
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which we find to be vanishing after fixing specific values of £1, ¢ and ¢, although we cannot
provide a general proof here.

6.2 Matching to all orders in derivatives

In this section, we will perform the matching between the worldline EFT and the full solutions
for (Q)H{;m(r) and (2)h6m(7") discussed above, for all values of £. As opposed to section 5,
where we studied the matching for ¢ = 2 tidal fields and showed how to reconstruct the
nonlinear tidal solution at the next-to-leading order in the large-r expansion, here we will
keep £ generic, while working at the leading order in rg, i.e., neglecting the contribution from
the point-particle action Sy, in eq. (4.2). This will be enough to conclude that all quadratic
Love number couplings vanish in the EFT in the case of Schwarzschild black holes.

After imposing parity invariance, the generalization of the cubic Love number action (4.10)
to higher orders in derivatives is

St = /dT{ Z [)\EE) i1 wE“ g + )\(B) z1 --ieBilmie}
=2

D7 Nod By i B gy B IR (6.19)

n,m,l

nml

+ Z A EB2 11 ..Z‘ljl...jnBilmilkl...kmlemj"klmkm +0 (E4,E232, B4) } ,
n,m,l

where F;,..;, and B;,..;, are respectively defined in egs. (4.4) and (4.5), while n, m and [ are
non-negative integers. The cubic terms in the second and third lines of (6.19) correspond
to couplings of /1 =1+ n, {2 =1+ m and ¢3 = n + m multipoles. Since Ej,..;, and B;,...;,
are STF tensors, in order to avoid overcounting, the sum in the second line of (6.19) is
constrained to run over [ > n > m > 0, which translates into ¢1 > o > {3 (with £y, l9, (3 > 2).
The sum in the third line of (6.19) runs instead over non-negative integers n, m and [, such
that | > n, with again £1,05,03 > 2.

To perform the matching, we will first solve the quadratic equations obtained from the
EFT action at leading order in r5 and compute the induced response. We already know that
the linear Love numbers vanish [14-16, 20-22, 24], so we can set )\éE) =0= )\EB) in (6.19).
This will considerably simplify the analysis below. In particular, as we will see, it will be
enough to work with the linearized components of the Weyl tensor. In the static case, they read

1 1
Ejj = —50i0;0gu + 0(09*),  Bij = — 52" 0;0k8gi + 0(3g?) , (6.20)

where here dg,, = g, — M- Then, the variation of the action S = Sgu + St with respect
to g,w, including only quadratic corrections, yields schematically

ES
MP%]G/W ~ Z )‘gﬂzfs 418“ aiel (6(3)(37)EL2EL3)
£1,02,03

+ Z )\ff@feg) 149, - - Oiy, (5(3) (z)Br, BLs) + perms} 5255

£1,02,03 (6.21)

N Z &123[3) 228tj7:1i28i1 Oy, (5(3) (w)ELlBLg) + perms} 5{u5£)
f1762,z3

= J"(x)6,0, + J; (x )5{ ot

v)o
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where the precise form of the contractions among the tensors on the right-hand side will

not be important for our argument. We are interested in solving the previous perturbation

equations on flat space at second order in the fields. Since the right-hand side is already

quadratic in the Weyl tensor, as anticipated, the linear expansions (6.20) will suffice.
Equations (6.21) can be also written as

1 B .
ME R, ~ J*(x) (6;55 + Qnﬂy> + J5(2)5],0,) (6.22)

Let us decompose the metric fluctuation as
O0Guw = Hyup + by (6.23)

where H,,, represents the external tidal field, while h,, is the response. Each field is in turn
expanded in perturbation theory as H,,, = (1)HW+(2)HW+. ..,and by, = (1)h,w+(2)h,w+. .
to be plugged into (6.22). By definition, H,, solves the homogeneous vacuum Einstein
equations i.e., R, [h = 0] = 0. Since the linear response vanishes, (l)hW =0, the left-hand
side of (6.22) is simply M3 MoR,, [ h], where VSR, denotes the first-order variation of
the Ricci tensor, evaluated on the second-order perturbation (Q)hw,. Instead, the right-hand
side of (6.22) depends quadratically on O uv» after the Weyl tensors are evaluated on the
linear tidal field solution. All in all, (6.22) becomes at second order an inhomogeneous
equation for (Z)hm,, with a fully known source, which can be solved through standard Green’s
function methods.
To this end, it is convenient to choose the de Donder gauge, defined by

1
039, — 50,09 =0, (6.24)

with §g = n**8g,,.>> In such a gauge, a certain number of simplifications occur on flat
space, in particular (5(1)RW = —%Dég,“,. For the static linear tidal field — to plug in
the expressions (6.20), which we will need to evaluate the sources J* in (6.22)—we shall
thus take [22, 24]

WHu(7) = &F a2, WHG(E) = &, a2 (6.25)
The relevant equations in (6.22) boil down to
V2@hy = —MpPat (@),  V2Ohy = -MpPJ (z), (6.26)

where the sources J;E (z), evaluated on the tidal fields (6.25), are proportional to derivatives
of the delta-function [22]. The solutions can be straightforwardly obtained by going to
momentum following [22, 24], and are found to scale at large r = |x| as P hy ~ 1/, and
similarly for (Q)htj, with ¢ corresponding to the multipole number of the induced second-order
field and such that ¢ > 2. (This scaling can be also understood by simple power counting,
by looking at the x-dependence in the sources in (6.21).) These solutions should then be

ZHere the gauge fixing for H,, is slightly different from the one that we chose in section 4, where H,, was
in RW gauge.
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compared with the expressions for 2 H{™ and PAE™ in eqs. (6.2) and (6.15), obtained in
full general relativity. Note that in general such a comparison requires some care, as the
two calculations are done in two different gauges, as we extensively discussed in section 5.3.
However, as long as one is interested in the matching at leading order in the flat-space
limit, one can easily check that, under the assumptions of vanishing linear response (i.e.,
(l)hW = 0) and static limit, the metric perturbations (2)6gtt and (2)6gtj in the RW and de

Donder (dD) gauge coincide, i.e.,?*

@ogiV = g, @ggiV = BDggib . (6.27)

This makes the matching of @) hy and (Q)htj from (6.26) with their counterpart solutions in
the full theory straightforward. In particular, since we showed in section 6.1 that (2>H§m
and (Q)hf)m take a simple form with no 1/r™ (n > 1) falloff at large r, one then concludes
that all the Love number coefficients A(Z*) and A(¥B%) in (6.19) vanish to all orders in
derivatives. Subleading corrections in rs to the nonlinear tidal field solution are expected
to be reconstructed by including contributions from the point-particle action Sy, as we did
in section 5 for an external quadrupolar tidal field.

7 Conclusions

In this work, we provided the first comprehensive analysis of static quadratic perturbations
and quadratic Love numbers of Schwarzschild black holes in general relativity, extending the
previous results of [52]. We studied both even and odd sectors, with no restriction on the
angular dependence of the modes. We derived the second-order equations in Regge-Wheeler
gauge and obtained an analytic expression for the sources (see section 2.3). We showed that,
when evaluated on the linear solutions, the sources take a simple form, which is in turn
inherited by the induced second-order metric perturbations. In full generality, we proved
that the latter take the form of simple polynomials with only positive powers of r, except for
potentially a 1/r and a log(r) term; although we could not provide a general proof of the
absence thereof, explicit checks for fixed values of the angular momentum quantum numbers
of the modes show that their coefficients generically vanish (see end of sections 6.1.1 and 6.1.2).
We then used the worldline effective field theory [10, 38, 39, 55-59] to defined the nonlinear
tidal deformability and quadratic Love numbers of compact objects. By performing an explicit
matching with the full solutions derived in section 3, we concluded that all quadratic (even
and odd) Love numbers vanish for Schwarzschild black holes.

Our results raise a series of interesting questions on the fundamental nature of black
holes in general relativity. First of all, the vanishing of the quadratic Love numbers appears
as a fine tuning in the worldline EFT, mirroring the case of the linear Love numbers [39, 40].
In the latter case, symmetries acting on the static sector of the linearized perturbations have
been found [23, 24, 41] and proposed as a resolution to the puzzle. Our findings here are
suggestive that the ladder symmetries of [23, 24, 41] admit an extension to nonlinear order,

24This can be seen also by using eqs. (5.34)—(5.35) and carefully taking the rs — 0 limit in eq. (5.36). Indeed,
by dimensional analysis the scale of the tidal field is set by E¢y, /7%, which should be kept finite when taking
this limit. In this case (V¢* = 0, barring residual large gauge transformations satisfying 0™ ¢* = 0, which are
allowed in de Donder gauge.
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which could be used to explain the vanishing of the nonlinear tidal response of black holes in
general relativity [92, 93]. In addition, the simplicity of the obtained results, in particular
the form of the sources and of the second-order solutions (see section 6.1) suggests that one
might be able to reorganize perturbation theory in a way that takes full advantage of the
symmetries of the system and simplifies the intermediate steps. One notable example of
this is given by axisymmetric (even) perturbations: for this subset of modes, the full metric,
including perturbations, can be recast in the Weyl form, which has been used to show that
there is no static, axisymmetric induced response to all order in perturbations [21, 51, 92, 93].
This applies to the even sector and for modes with zero magnetic quantum number. On the
other hand, we showed here that also the odd sector displays a very simple structure. It
will be interesting to understand this further, and find a more systematic way to perform
the matching, and generalize our results to cubic and higher orders in perturbations beyond
axisymmetry. Finally, it will be interesting to study subleading tidal effects, in particular
nonlinearities, for different black hole solutions, such as Kerr spacetime, black holes with
charge, and solutions in higher spacetime dimensions [22, 27, 28, 94, 95]. We leave all these
aspects for future investigations.
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A Integration of tensor harmonics

In this appendix we provide details on how to perform the angular integrations of tensor
harmonics, egs. (2.26)—(2.30). We remind the reader that V4 is the covariant derivative
on the unit 2-sphere 52, esp is the Levi-Civita tensor (with non-vanishing components
€0¢ = —€pp = sinf) and that we use the metric on S?, yaB, to raise and lower indices.

We will use the so-called “pure-spin” harmonics approach, following ref. [63]. We construct
symmetric trace-free (STF) tensor harmonics by acting on scalar spherical harmonics with
covariant derivatives V4 and with the Levi-Civita symbol e4p. In particular, we define
even and odd STF s-index tensors of spin s > 1 (s is integer), angular momentum ¢ and
magnetic number m, respectively as

2,4, = (Vay .. Va,Y")s1r, (A.1)

X{an, = (€42 Z"5 0, 4.)sTF, (A.2)
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where by the index STF we denote the part. We discuss the case s = 0 separately below.
We can rewrite the integrals in compact form as

I = /dQ Y2 g 2 e (A.3)
e = [AQyrp, Lz e (A4)

Then, we can express the products of two spin-s spherical tensors with all the indices
contracted, into spherical harmonics, i.e. [63],

1442

VA1 Ag 040142 y4
Z g aZp et = (<)t Y [ (m)atR] ey (A.5)
L=|€1—L2|
aa 1442
XZIALHASZZ% 1eAs —Z(—l)s Z |:1 _ (_1)€+€1+€2:| Eiﬁ%jnﬁll ' szmlerg ’ (AG)
L=|€1—L2|

where the factor [1 + (—1)“(1“2} ensures that only terms with a specific (¢ + ¢; + ¢2)-parity

(even for + and odd for —) are picked up in the sum. The coefficients of these expan-
‘
S2Z1n72n1z’

Specifically, they are given by

sions, B can be written in terms of Clebsch-Gordan coefficients (¢1 m1 2 ma|¢ m).

k(g ’3 Dk(£2 ‘32|) mima(mi+m s152(s1+s
s2 lo m 1, (91 , + 4
= R e g Come T G, (A7)
where C’ZL[};ZQ"L = (61 my l2 mall m) and
(A +20)(L+ )
k(l,s) = \/ Gy (A.8)

We can now solve the integrals (A.3) and (A.4). Using the expansions egs. (A.5)—(A.7),
the orthogonality condition, [dQ Y;" Y5 = §,06™™ | and the relation

k(ly, [s)k(C2, [s]) — o—jg [(L4261)(1 +265) (L + [s])!(l2 + [s])!
=2 : (A.9)
k(¢,0) Ar(1+20) (L — |sPW(le — |s])!
we obtain,
srmmim 1 S mim
Iéflfgl 2 _ 3 [1 + (71)€+€1+€2} IZLM; 2 (A.IO)
S ymmim 1 S mim
JMM; 2 —15 [1 — (_1)€+€1+€2} 12721@21 2 (A.ll)
where
. 15:260) (1426) (i +1s)! (o +]s))! _
sgmmimz — 91 |s] —1)8 ( mimam 550 A12
551[2 ( ) 477(1+2£) (ll_|s|)!(l2_|8|)!cflfgg Cflfgé ( )
The case s = 0 is well known, i.e.,
me (L +200)(1+265) .,
T = \/ i ran Char Clte (A-13)
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so the following definition,

(1 +26)(1 + 26) (b + [sD!Uz + 18] mymam
Ar(L+20) (I — |s])1(a — |s|)1 ~atet

—ss0
Cfl ol

(A.14)

=0

holds for s > 0.
We note the following symmetry properties of the Clebsch-Gordan coefficients:

0+01+2 0+01+02 ~—m1—mo—
Cg?gzlzm — (_1) +41+ 20;12121721711 — (_1) +41+ 204122% ma—m (A.15)
Since C’[jjg = C’[Q‘zg, *Iyy/p, ™ has the same symmetries as Cy))7%", ie., Iy "™ is
symmetric under the exchange ¢1mq <> fomo if £ + ¢1 + £5 is even, and antisymmetric if
0+ 01 + 03 is odd. Therefore, egs. (A.10) and (A.11) can be rewritten as

1
™ = S Gy ™+ Ly ™), (A.16)
2
i
i = =5 T = T ) (A17)

respectively. Note also that, if £ + 1 + f2 is odd, eq. (A.15) implies SIZOI%OE = 0 and

SIZt%l’?lm = 0. The same properties hold for SJ;ZZ;"LQ.

Finally, note that the s = 1 integrals can be expressed in terms of the s = 0 ones using
integrations by parts. For instance,

1
= [aayev =g [ v [ae (Vi) Y MY AeY;
1
=5 [ D bt 1) 1) I

(A.18)

B Coefficients

Here we provide the explicit expressions of coefficients appearing in the text, starting from
those in the sources in section 2.3. The coefficients appearing in eq. (2.35) are

1
ag= Z()\—2)()\—)\1—)\2))\,

A A A AD2) =M A)  MA(20-10X =62 +3M1Ag) | 1

“m=Ty 2(A1—2)(A\2—2) 2(\—2) (A2 —2) +§)\1()\1—)\2)
ay— MA1=A) A2(2X2— A Ag—4)  A(B+A1(4—6A1+A1A2))
4 4(M—2)(X2—2) 40 —2)(A2—2)
by — A2 d)  AATHANH20-6) M3 +2X0-6)
4 2(A1—2) 1A—-2)

1
Cq = 5)\1)\2()\—2))\,

1
C3:Z{A3—4>\2—12)\+2)\[()\1+)\2)(5—3)\)+2)\1)\2(6—)\)]+()\%+)\§)(—6+11)\)

—6(AT+A3)F12(Mi+X2)? ),
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1
cQ:g{—5A3+44)\2+92>\+(>\1+>\2)(—92—120>\+21)\2)—)\1>\2(132+56)\—4)\2)
+(AZ4AD) (76350 +19(N3+XA3) = A da( A1 +A2) ),
1.
c1:§{3A3—58A2—112A+(Al+A2)(112+164A—9A2)+13(A%+A§)A+A1A2(124+16A)
—TATHA3) —106(AT+A3) + M A2 (A1 +A2) },
1
coz§{19A2+38A—(A1+A2)(38+58A)+39(A§+A§)—40A1A2},
d —1(A3+4A2+20A+2A A3 A2 —BAZA—9NZA—22 0] A— 10X Ao A— 16 X0 A +2X3 +5)3
2= 1 2 1 2 1 1A2 2AF2AT+0A5
F18AZ 2\ A3 1203 —207; +3A2 Ao —26A1 A2 —20)2),
A3

1
di=—"+7 (—2>\1—3)\2—12))\2+% (52241020 A1 +48)1 +9X3+422-36 ) +

1
+1 (—2A§—3A2A§—36A%+2A§A1 46X\ +36A1—5A§—30A§+36A2) ,

11, A 1
do= ZA2+Z{22f32(A1+A2)}+Z {21()\%+)\§)—22()\1+)\2)—20)\1)\2} :

A3 \2 A
62:_Z+§(2)\1+2>\2+4)+§(_4)\1_4)\2)7
DY A 1 , ,
e = Z+§ (—2)\1—2A2—12)+§ (26)\1 +26/\2—16)+§ (—14)\1+12)\2)\1+16)\1—14)\2+16)\2)

1 A 1
en= 5N+ 2 (~13N — 13X+ 8) 4 (972 =102 A1 —8X1+9A3 -8, )

1 1
f3:6—>\+6)\1, f2:§(3)\—9/\1—46), f1:§(56—)\+3/\1),

go=—104+A—A1 =32, g1 =18—=A+A1+3)\o,

The coefficients appearing in eq. (2.39) are
A2 — A +2X)

az = A=A — A2+ Mg, i = —
=

+ A+ X — A,

A2- A +2)) 1
Q(All— 2) 2 _5()\1_)\2)7 (Bl)

do = —

B 1 /A6 —3A — 2))
b1 = =24+ A1 — Ao, bo——2( N2

The numerical coefficients appearing in eq. (5.12) are given by

+3(A1 — >\2)> ;

(0 =1, Cgo,+):%, C£0,+):; 0 =15, Q(Jo,—):_%’ c&o,—):_%,
(B.2a)
1 5 7 63 99 105
(27+) —— (27"'_)—_7 (27+)—_7 (27_)—7 (27_)—7 (27_)—7
Cn - ) C'u - 8’ Cr - 87 Cn - 8 ) C’u - 8 ) Cr - 8 )
(B.2b)
97 85 7 73
‘T3 Ty “ 36" @ 18’ (B.2c)
1 8
d?—=_Z da® =2 B.2d
2’ 5 (B.2d)
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C From spherical to Cartesian coordinates

The goal of this appendix is to express the tidal field in the RW gauge in a Lorentz-covariant
form, making it easy to express it in Cartesian coordinates, which is the most convenient form
for Feynman diagrams. As discussed in section 5.1, the tidal field represents a perturbation
around Minkowski spacetime, i.e., H,, = g — 7. We can decompose this perturbation
into even and odd modes, denoted as H/jy and H,__, respectively. In the RW gauge and in

puvo
spherical coordinates, these take the following form:
Hy Hy 0 0
Hy Hy 0 0
+ 1 2
Bw=10 0 2k o ’ (C.1)
0 0 0 7r2sin?0K
0 0 —2M singayhy
Oph1 . -
_ 0 0 — 2221 5in AOgh,
Hy =1 oo o a0r 00 (C.2)
~eind S1n (9(99/11 0 0
— %0 in 09phy 0 0

To rewrite them in covariant form, we remind the reader that v* is the four-velocity of
the massive object, which defines our time-like direction. In its rest frame, where we work,
v =(1,0,0,0). The radial direction is defined by the spatial vector r* = (§*, + vHv,)x", or
by the unit vector parallel to it, #* = r#/\/rPr, = (0,1,0,0), where the indices are raised and
lowered with the Minkowski metric. Finally, projecting orthogonally to these two directions,
we obtain the metric on the unit 2-sphere, i.e.,

Qv = N + V00 — Tty . (C.3)
Therefore, the even part of the tidal field simply reads
H;j—u = H()UHUV + 2H1’U(Mfy) + KQ/LV
= (Ho + K)UMUV + 2H1U(Mfy) + (H2 — K)fufy + Kn;u/ , (0.4)

where for the last equality we have used eq. (C.3).
To obtain the odd part of the tidal field, it is convenient to introduce the two basis
vectors on the unit 2-sphere

o
6‘2 = 837‘ ) I'A € {07 d)}? (05)

which are obviously orthogonal among each other and to the other two vectors, and satisfy
nuwehes = Qap. (C.6)

Since by eq. (C.2) only Hy, = v"ey H ,, and H_, = e’ H,,, are nonzero, we can write

H,= _2U(N€11/4)H0_A+272(U611?)HT‘_A = QU(Mef) EABQBOaciL()/—2f(uef)6ABQBCaciL1 . (C.7)
Replacing e4p on the right-hand side using the identity eqp = v eﬁe%ga/gpg, we

finally obtain

H;;u = —2va5apa(uv,,)fp8”?zo + 2v°‘5apg(uf,,)fp8"le . (CS)

— 44 —



D Symmetric trace-free tensor relations

Here we derive some useful relations involving the STF tensors )" ; introduced in section 5.1.
We recall their definition,

Y[M(0,0) = Vi g, 71 e = Vit (D.1)

i1...7¢

where in the second equality we use the multi-index notation introduced in section 4.1.
Using this, we rewrite the normalization relation of two spherical harmonics with the
same ¢ in terms of the STF tensors,

/

ey [do = g (D.2)
Solving the angular integral,® we obtain
/ (2¢+ 1!
ZLL* an (5i1i2 o '52'%—1izz + perms) = Témm ) (D'3)
from which we can derive
315 /
yzgkzl zjkl 327r5mm ) (D4)

which is needed for the computation in section 5.2.

We can follow a similar procedure for the products of three STF tensors. In particular,
rewriting the definition of “Zj;"y1™? (eq. (2.26)) in terms of the STF tensors and solving the
angular integral for ¢ + ¢; + /2 even, we obtain

(40 + 6+ 1)1,

,m*ym1 mi (5i1i2 . 52.22_12.2[ + perms) — IZZZL;mQ . (D.5)

(IR ) PRI PN A7
For the computation in section 5.2 we need the following contractions
WOymyne = 15013;3”"2, (D.6)
VRV = ;;)501;’;;““2 , (D.7)
VIRV = S 20 (D.8)

Finally, in order to simplify the final expression for the one- point function computed in
section 5.2, one needs to decompose the following tensor y;;“ . For symmetry reasons,
one necessarily has

ygll kl = 105051 + QCg(Si(k(Sl)j + ng%lfskl + C4y£;52‘j + 2c¢5 (y;&(sl)j + yﬁkél)i) + CGyZ'Lkl .
(D.9)

The coefficients ¢, can now be find by contracting the above expression with all possible
combinations of d;;, ygy* and Y- v One eventually obtains

0 70mimg

Vij Yu® = % (35i(k5l) 5u5kl) Iyop 1 (yij O + Vit 0ij — 5 Vi(0n; — y (’“5”’>
+ 055 Yy
(D.10)

25We use [dQpitpiz | pilze-ipiee — __Am (5. 5. . 4 perms).
(2¢+1)1 172 20—-1%2¢
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Figure 3. Feynman diagrams that reconstruct the Schwarzschild metric up to order r2.

E Recovering the Schwarzschild metric

In this appendix we show how one can consistently reconstruct, from the EFT worldline
approach, the Schwarzschild metric in de Donder coordinates. We perform the explicit
calculation up to O(r?), in which case the metric takes the form (see e.g. [96])

2 2 2 2
2_ rs L7 2 rs OT 7rs (x-dx) 3

See also [55, 96, 97] for previous results and [98, 99] for a recent reconstruction of the
Schwarzschild metric to all orders. For the calculation we will assume dimensional regu-
larisation in d = D + 1 dimensions.

Since for this computation H,, = 0, we only need the two diagrams in figure 3. At
leading order we only have the point-particle sourcing h,,,, i.e. the diagram 3(a). This gives

—ik-(z(t)—x)
K Oh,, (x) = —87Trs/dt UP’UU/ICGTPPO'MV + 0O ((TS/T)2)

1

= 8nr (v vy + = > ﬁ +0 ((r /r)2> (E.2)
s Uy o kv . L2 s

T

(N + 2v,0,) + O ((Ts/’r‘)2) ,

s
r

D
where r = Va2 = \/dijztal and we used [, (e,::; = (M)lD/Q F(F%;)a) (‘%2)@_5 for the last
equality. One can check that g,, = 1., + H(O)hwj(x) reproduces the Schwarzschild metric
in de Donder gauge (E.1) expanded up to O(ry).
At next-to-leading order we have to compute the diagram 3(b). Using the rules defined
in the previous section, we explicitly get

et (z(t1)—=(t2)) —ik-(z(t1)—)
& a*k*(k — q)?
Ppwlmﬂl PpwzazﬁzvalﬁlaﬁmgﬁgPasﬁslw

/ﬁ(o)hw(x)lb = —327r27“§ /dtldtz v”lvalvpzv”/

ezk-x

_ 57 (¢%)
:2“/5 K0 Tk, ky, + 3k*n,, — k? ,,/7
™ J 0 ) T (ki o 3 o) ¢ Pk —q)?

(E.3)

where the second equality follows from integrating in ¢; and to and from tensorial reduction
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of the integrands. Solving the integrals in the last line?® and adding this contribution to
the leading order one, we finally obtain

2

s s A
(v + 2v,0,) + 2 (5N + 3vv, — TFu7y) + O ((7’5/7“)3) 7 (E.4)

ﬁ(o)hu,,(:c) — = I

where we recall that the normalised vector in the radial direction is ## = (0,z°/r). This
result reproduces the Schwarzschild metric in de Donder gauge (E.1) expanded up to O(r?)
and agrees with refs. [96, 97].
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