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ABSTRACT: The near-zone “Love” symmetry resolves the naturalness issue of black hole
Love number vanishing with SL (2, R) representation theory. Here, we generalize this pro-
posal to 5-dimensional asymptotically flat and doubly spinning (Myers-Perry) black holes.
We consider the scalar response of Myers-Perry black holes and extract its static scalar
Love numbers. In agreement with the naturalness arguments, these Love numbers are, in
general, non-zero and exhibit logarithmic running unless certain resonant conditions are
met; these conditions include new cases with no previously known analogs. We show that
there exist two near-zone truncations of the equations of motion that exhibit enhanced
SL (2,R) Love symmetries that explain the vanishing of the static scalar Love numbers in
the resonant cases. These Love symmetries can be interpreted as local SL (2,R) x SL (2, R)
near-zone symmetries spontaneously broken down to global SL (2, R) x U (1) symmetries by
the periodic identification of the azimuthal angles. We also discover an infinite-dimensional
extension of the Love symmetry into SL (2, R) x U (1)]2/ that contains both Love symmetries
as particular subalgebras, along with a family of SL (2,R) subalgebras that reduce to the
exact near-horizon Myers-Perry black hole isometries in the extremal limit. Finally, we
show that the Love symmetries acquire a geometric interpretation as isometries of sub-
tracted (effective) black hole geometries that preserve the internal structure of the black
hole and interpret these non-extremal SL (2,R) structures as remnants of the enhanced
isometry of the near-horizon extremal geometries.
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1 Introduction

The engulfment of gravitational wave astronomy into the area of precision astronomy [1]
has attracted growing attention towards the tidal response problem of a compact body.
During the early stages of the inspiraling phase of a binary system, the tidal perturbations
of the bodies are parameterized by the static Love numbers [2, 3]. More importantly, Love
numbers are able to probe the equation of state of the involved relativistic configurations [4—
8], while their measurement has been proposed as a testing arena for strong-field gravity [9].

Love numbers’ imprint on gravitational wave signals can be calculated by means of
the worldline Effective Field Theory (EFT), a toolkit for the construction of gravitational
waveform templates during the inspiral phase [10-15]. Within the worldline EFT, a com-
pact body is approximated by its large-distance universal appearance as a point-particle
evolving along a worldline. Finite size effects are systematically captured by non-minimal
couplings of the worldline with various curvature operators. The Love numbers, in par-
ticular, appear as Wilson coefficients for operators quadratic in the curvature and their
computation reduces to a matching condition.

The static Love numbers for general-relativistic black holes have recently been gaining
a growing theoretical interest. In four spacetime dimensions, both static black holes [16—
19], as well as spinning black holes [20-28] have been shown to posses vanishing static Love
numbers. This fact raises naturalness concerns from the EFT point of view, calling upon
the existence of an enhanced symmetry structure [29, 30].

Black holes have been dubbed “the hydrogen atom of the 21st century” [31, 32]. This
statement has been given some rigor for asymptotically flat black holes in General Relativ-
ity [33-36]. It is ought to persisting hidden conformal structures of asymptotically flat black
holes, with the classic paradigms being the extremal [37-39] and the non-extremal [40, 41]
Kerr/CFT conjectures, while more efforts have recently been put forward to construct-
ing holographic-like dictionaries between black hole geometries and conformal field theo-
ries [42, 43]. It has also been suggested that conformal structures associated with black
holes can leave distinct signatures on polarimteric observations, see e.g. [44, 45].

We have recently proposed that one new form of such conformal structures of black
holes can be used to explain the vanishing of static Love numbers for general-relativistic
black holes in four spacetime dimensions [35, 36], see also [46] of its presence in SUGRA
black holes. This “Love” symmetry is an SL (2, R) symmetry manifesting itself in the near-
zone region, where perturbations have small frequencies compared to the inverse distance



from the black hole. The Love symmetry outputs the vanishing of the static Love numbers
as a selection rule following from the fact that the relevant perturbation solution belongs to
a highest-weight representation. Geometrically, it can be realized as an approximate isom-
etry of the black hole geometry, in the sense that it is an exact isometry of an effective black
hole geometry which preserves the thermodynamic properties of the black hole but approx-
imates (”subtracts”) its environment. Such geometries have been introduced in [47, 48] and
go by the name “subtracted geometries”. Interestingly, the Love symmetry appears to be a
cousin of another well-known SL (2, R) symmetry associated with degenerate black holes:
the enhanced isometry of the near-horizon geometry for extremal black holes [37, 49]. This
hints at the interpretation of the Love symmetry as a remnant of this enhanced isometry
for extremal black holes. It should be remarked here that there have been other attempts
of explaining the vanishing of black holes Love numbers via symmetry arguments, notably,
the “ladder symmetries” proposal [50, 51] (see also [52, 53]), which bares resemblance to
the earlier notion of “mass ladder operators” for spacetimes admitting closed conformal
Killing vectors [54].

The static Love numbers have also been studied for higher-dimensional general-relativi-
stic black holes in [55-57], all of which have been spherically symmetric. In these exam-
ples, the static Love numbers are in general non-zero and exhibit no running. However,
there exist some resonant conditions between the multipolar order ¢ and the spacetime
dimensionality d, for which the static Love numbers vanish again, which hints again on
a symmetry explanation. Specifically, for the case of massless scalar perturbations, this
happens when the generalized angular momentum / = ¢ /(d —3) is an integer. Despite
this more intricate structure of the black hole static Love numbers, the Love symmetry ex-
ists for any multipolar order and in any spacetime dimension, and explains these puzzling
results [35, 36]. Here, we extend this analysis to higher-dimensional asymptotically flat,
axisymmetric spinning (Myers-Perry) black holes [58]. We will devote the present work to
setting up the arena for this investigation by focusing to the d = 5 scalar Love numbers.

The structure of this paper is as follows. We begin by reviewing the definition of
the response coefficients in Newtonian gravity [3] and the subsequent generalization to
relativistic configurations within the worldline EFT formalism [10, 11] in section 2. We
also describe how it is natural to distinguish between the conservative and dissipative parts
of the response and we identify the former as the “Love” part of the response [25-27]. This
prescription is then applied to axisymmetric spinning bodies in 5 spacetime dimensions
whose background symmetries do not allow the mixing between different multipolar orders,
a case relevant for the Myers-Perry black hole, to extract a simple matching formula for
the extraction of the Love numbers from the microscopic computation.

In section 3, we treat massless scalar perturbations of the 5-d Myers-Perry black hole
with the scope of extracting the static scalar Love numbers. We introduce a near-zone ap-
proximation that allows us to analytically solve the equations of motion in terms of hyper-
geometric functions and extract the scalar response coefficients that are exact in the static
limit. We find some qualitatively new features compared to the case of higher-dimensional
non-spinning black holes, namely, that the static scalar Love numbers are always non-zero
and exhibit running for generic black hole spin and angular modes of perturbations. We



also explore the resonant conditions for which the Love numbers extracted from the near-
zone approximation acquire some seemingly fine-tuned properties in the form of “magic
zeroes.”

These resonant conditions are addressed in section 4 by introducing two Love sym-
metries for the 5-d Myers-Perry black hole, that is, by two enhanced SL (2, R) symmetries
associated with the two near-zone truncations of the equations of motion that had been
employed. Similar to the Love symmetry argument for 4-dimensional black holes [35, 36],
these resonant conditions are in one-to-one correspondence with the states spanning the
highest-weight representations of the Love symmetries. The highest-weight property then
outputs the vanishing of Love numbers, while the absence of running is also realized from
algebraic local criteria.

In section 5, we begin investigating the properties of the Love symmetries. We start
by their geometric interpretation as exact isometries of effective black hole geometries
which are identified as relatives to subtracted geometries [47, 48]. We then reveal an
infinite-dimensional extension of the symmetry structure into SL (2, R) x U (1)]2) that con-
tains both Love symmetries as particular subalgebras, similar to the infinite extension for
4-dimensional spinning black holes [35, 36].

This larger symmetry also contains a family of SL (2, R) subalgebras which are closely
related to the enhanced isometries of the near-horizon geometries in the extremal limit [37,
49, 59-62]. This is explicitly studied in section 6 where we show that appropriately taking
the extremal limit of these SL (2,R) subalgebras of the infinite extension precisely recovers
the Killing vectors of the near-horizon AdSy throat. This further hints towards the inter-
pretation of the Love symmetries as remnants of this enhanced isometry associated with
the extremal black holes.

We close with a summary and discussion in section 7. We also supplement with a
number of appendices. In appendix A, we review the geometry of the 5-d Myers-Perry
black hole. In appendix B, we introduce a modified spherical harmonics basis which proves
more natural to employ for the study of axisymmetric bodies in 5 spacetime dimensions.
In appendix C, we collect the formulas for the source/response split of the black hole
perturbations as dictated by the matching with the worldline EFT. We also compare our
findings with known results for Schwarzschild black holes [55, 56] by taking the spinless limit
of the relevant expressions extracted in the current work. Last, in appendix D, we sketch
the derivation of the SL (2,R) symmetries associated with truncations of the equations of
motion that preserve the characteristic exponents of the black hole near the event horizon,
a subset of which contains near-zone truncations and the associated Love symmetries.

Notation and conventions. We will employ geometrized units with ¢ = 1 and work
with the mostly-positive metric Lorentzian signature, (1,,) = diag (—1,+1,+1,...). Small
Latin letters from the beginning of the alphabet will denote spatial indices running from
1 to d — 1 for a d-dimensional spacetime, while small Greek letters will denote spacetime
indices running from 0 to d — 1, with 2% the temporal coordinate, and repeated indices will
be summed over. We will also be employing the multi-index notation a; ...ay = L, within
which 2z ... 2% = zL and Oq, - --0q4, = Or. Last, we will denote the symmetric trace-free



(STF) part of a tensor with respect to a set of indices {aj, as, ...} by enclosing the indices
within angular brackets (“(ajag...)”).

2 Response coefficients and Love numbers

In this section, we present the formulation of the response problem for general compact
bodies in terms of response tensors in any number of spatial dimensions with the eventual
goal to define the Love numbers in 5 spacetime dimensions.

2.1 Newtonian definition

Let us start with the standard formulation of the tidal response problem for a compact body
in Newtonian gravity [3]. This consists of solving the Poisson equation! for the Newtonian
gravitation potential Py,

d—3
Vioy = 587G, (2.1)

with p = p (t,x) the mass density of the mass configuration. In practice, this is accompanied
by two field equations; the continuity equation and Fuler’s equations. Once supplemented
with an equation of state, the problem is well posed.

The setup for introducing the tidal response coefficients begins with an unperturbed
mass configuration at equilibrium, practically being hydrostatic equilibrium, which is per-
turbed by a weak distant mass configuration sourcing tidal forces parameterized by its
tidal moments &£, (t). In response, the mass distribution of the body rearranges until a
new equilibrium state is reached. The response is encoded in induced mass multipole
moments Q7 (t) [3]. The perturbation in the Newtonian gravitational potential in the
exterior of the body is then given by, in frequency space,
= (6 —-2)! [ QL (w)] 1

(=2 ’

where we have defined the dimensionless constants

8 20+ d — 5)!
(d—2) Qs (—2)(d—5)"

with Qq_o = 27(@-1/2)T (%) the surface area of the unit (d — 2)-sphere S¥=2. Both the
tidal moments £y, and the induced mass multipole moments 6Q;, are rank-¢ STF spatial
tensors by virtue of the Laplace equation in the exterior.? We also remark here that we are

working in the body-centered frame where the induced dipole moment vanishes identically
and all the sums start from ¢ = 2.

Newton’s gravitational constant G is identified as the coupling constant appearing in the Einstein-

Hilbert action S = IG;G fddx v/—g R such that the Einstein field equations G, = 87GT},, preserve their

form in any number of spacetime dimensions.
2If V (x) is a harmonic function, then 9.V are rank-¢ STF spatial tensors. In the same way, OLTLZ%S,

which are involved in the multipole expansion defining the mass multipole moments, are STF tensors of

X/|—(d—3)

rank-¢, since |x — is a harmonic function of x in the exterior.



Assuming that the body exhibits no gravitational hysteresis, i.e. that it develops no
new permanent multipole moments after the tidal source is switched off, we can apply
linear response theory and define the dimensionful tidal response tensor Ap;: in frequency

space as the corresponding retarded Green’s function,?

50 (@) = — 3" Aupr () EY (W) (2.0
V=2

where the mixing of different {-modes is a necessary implementation for rotating and non-
spherically symmetric bodies and we are suppressing non-linear corrections. The tidal
response tensor Apys is STF with respect to the first multi-index L, while only Ay is
physically relevant. Although we have only displayed an w-dependence, Ar ;s will strongly
depend on other properties associated with the internal structure of the body, e.g. its
background multipole moments, including its mass and angular momentum, as well as other
parameters entering its equation of state. As a last conventional step, we introduce the
computationally favorable dimensionless tidal response tensor k1 (w), defined according to

R2€+d—3

—_— 2.

ALL’ (w) = kLL’ (w)
with R a scale associated to the unperturbed body’s size, e.g. its radius if it is spheri-
cally symmetric, such that the frequency space gravitational potential perturbation in the
exterior takes the form

(0 —2)! R\ HF4=3]
JON (w,x) = Y ( 7 ) 5LL”+kLU(W)<7n> e (w)a®. (2.6)

0,0/=2

Although we have presented an analysis for the tidal deformation of a self-gravitating body,
it can be extended to compact bodies supported by other types of long-range forces as well.
In particular, it can be extended to systems responding to spin-1 and spin-0 forces and
define the corresponding response tensors. Then, the ¢-sums will start from £ =1 or £ =0
respectively, but the general prescription outlined above can be carried away unaffected,
up to the conventional overall (¢ — s)!/¢! factor for a spin-s force system, and define the
spin-s response tensors kés]z,,

s —3)! 20+d-31 _
30 (w,x) = > < E,S)' [6L,L/+k:(;g, (w) (7:) ]g@)L w)zk.  (2.7)
0,0'=s :

In this language, the above analysis of the tidal response of a gravitational system cor-

responds to the Newtonian definition of the k(LzL)/ response tensor. For s = 1, ®) is

the electrostatic potential and k:(Ll,z, defines the electric susceptibility tensor of the body,
while there is an analogous definition of the magnetic susceptibility tensor associated with
induced electric current multipole moments in the vector potential profile which we do
not write down here. Last, for s = 0, ®©) is a scalar field for the potential of a system

interacting via scalar forces and k:(LOL) defines the scalar susceptibility tensor of the body.

3Lower and upper spatial indices in Newtonian gravity are raised and lowered with the flat space metric.



2.2 General relativistic EFT definition and Newtonian matching

When relativistic effects are taken into account, the definition of the associated response
tensors is more subtle. To begin with, the response tensors should be gauge invariant
under diffeomorphisms. In addition, the growing mode in the profiles of the potentials,
the “source” part of the field, acquires relativistic corrections and results in an overlapping
with the decaying mode, the “response” part of the field, thus, raising concerns for a
source/response ambiguity [63].

These concerns are all addressed within the framework of the worldline EFT [10, 11]
whose starting point is the universal point-particle appearance of compact bodies from
large distances. We will only briefly review the EFT definition of Love numbers here. A
more complete review fitted to the tidal response problem can be found in [26, 27], while
comprehensive reviews of the worldline EFT formalism can be found in [12, 14]. One is
effectively integrating out the short-scale modes associated with the internal structure of
the body, leaving an effective action whose degrees of freedom are the worldline position
Zem (A) along which the center of the mass of the body propagates and parameterized by an
affine parameter A, a set of vielbein vectors e# (\) localized on the worldline and capturing
rotational degrees of freedom in the case the body is spinning,* and the long distance
metric perturbations with respect to the Minkowski background h,, = gu, — 7. These
are supplemented with other types of bulk fields and symmetries in the case of non-pure
gravity, e.g. with a U (1) gauge field A, for the Einstein-Maxwell theory or a real scalar field
® for systems interacting via scalar forces. The effective action then contains a “minimal”
point-particle action, while finite-size effects are captured by non-minimal couplings of the
worldline with higher-derivative operators,

SEFT [xcma €, h, A, q)] = Shulk [77 + h; A, (I)]+Spp [-Tcma €, h]+5ﬁnite—size [-Tcm, €, ha Av (I)] . (28)

Love numbers are defined as particular Wilson coefficients in front of quadratic cou-
plings of the worldline with field strength tensors. For the simplest case of a spherically
symmetric, non-rotating body, for example, the static Love numbers are defined from

2 = CY) (s) (5)L
Stnitecsize D Stove = ZMZ il [dr &) (o (1) €9 (wem (1) + (€ BT) ;- (29)
s=0/4=s
where we have chosen the affine parameter to be equal to the proper time along the worldline
and Sjgs) = Eéf?..aé are the multipole moments of the electric-type field strength tensors
projected onto spatial slices orthogonal to the d-velocity u* = % of the body defined via
a set of local vielbein vectors el satisfying u,ef, = 0. For s = 0,1, 2,

EFT) — e et V@

T e
=1
gV — et eV By B =V Fy, (2.10)
=2 ez
g]gs ) = 6511 - .Gngwl S vue—zwaum sy B = uu Cupvo

41f the body is spinning, the notion of a “center of mass” is not invariant and one needs to supplement
with a spin gauge symmetry [11] to compensate for this. The center of mass is then fixed via a “Spin
Supplementary Condition” (SSC) corresponding to fixing the time-like vector of the worldline vielbein
n
el [12, 14].



and they are by construction rank-¢ STF spatial tensors. The Wilson coefficients C’éf )@ define
the spin-s electric-type static Love numbers. Although not written here explicitly, there
is also a magnetic version of this interaction term defining the magnetic-type static Love
numbers, while, for s = 2 in d > 4, one should furthermore take into account tensor-type
gravitational perturbations which define the tensor-type tidal Love numbers, see e.g. [56].
In the rest of this section, we will focus to the electric-type responses for economy but
all the analysis below can be straightforwardly applied for magnetic-type and tensor-type
responses as well.

(s

For a generic compact body, the Wilson coefficients C ) become “Wilson tensors”

C’éls )L ;. defining the static Love tensors,’

s~ S [ar ;1 ;,L EO (o () E (wem (7)) . (211)
s=04,0'=s
The time dependent conservative responses can be captured by operators like DEDE on the
world line, where D = (da#, /d7)0,. It is more practical, however, to switch to frequency
space in this case, and consider the “dynamical” Love number action of the form,

2O (L) €OV () (2.12)

electric el LL’
S, dynamical Love — Z Z /

s=04¢,0'=s

To compute the Love tensors, one matches onto observables of the full theory. We
will employ here the “Newtonian matching” condition consisting of inserting a pure 2¢-pole
background Newtonian source at large distances,

_ _ —g)! _
) (1w, x) = D) (w,x) + 60 (w,x), B (w,x) = ugﬁ W)z,  (2.13)

and matching EFT 1-point functions onto microscopic computations of perturbation the-
ory [26, 27, 55]. Diagrammatically,’

<5(I)(s) (w, X)> el LL/

“source” “response”

(2.14)

e
2

where the double line represents the worldline, straight lines indicate propagators of the
fields 60(5), a “x” represents a ®) insertion and wavy lines correspond to interactions of
the worldline with the graviton arising from the minimal point-particle action. We note
here that we are not including dissipative effects which will be addressed shortly. In the

SWe are also assuming parity invariance of the geometry of the unperturbed body here, i.e. we are
omitting mixing between electric and magnetic components which would otherwise be allowed.

SWe are employing the dimensional regularization scheme here which sets all the unphysical power-law
divergences to zero.



above diagrammatic representation we have also demonstrated how the worldline EFT
definition allows to unambiguously separate relativistic corrections in the “source” part
of the field profile from tidal effects [26, 27]. This splitting is in fact equivalent to the
method of analytically continuing the spacetime dimensionality d [55] or the multipolar
order ¢ [24, 26, 27, 64] as the “source” and “response” diagrams have indicial powers 7
with @ = ¢ and a = — (¢ 4+ d — 3) respectively. These receive PN corrections from the

@~" with positive

interaction of the graviton with the worldline which have the form r
integer n.
In the Newtonian limit, in a gauge where the fields §®(*) are canonical variables up to

. . S .
an overall normalization constant Nér())p in momentum space,

—1

<5<1>< >5c1><8>>( ) = ngfgppg : (2.15)
and in the body centered frame where x¢y, = (,0) and u” = (1,0), this gives
(s) s
(601 (w, %)) — + )y (@)
(2.16)
(0= & 271 <€ * %> (s) [Céi)ﬂ’ (w)}TRS 5 (s)L/ L
T E/Z; O, + 2d-1)/2 Nprop F20+d—3 e (W)™,
where,
S 1 S
O8] s = 5 (Cote @) + CELL (-w) (217)

with “TRS” standing for time-reversal symmetric. From this, we identify the explicit
correspondence between the electric-type Love tensor and the Wilson tensor for a compact
body of size R,

26-21 (5 + %) N {Ce(i)“' (w)]TRS

r(d=1)/2 prop R20+d—3 (2.18)

s)Love
K™ (w) =

We see therefore that the Love tensor is defined from the conservative response, i.e. the part
of the response tensor invariant under the time-reversal transformations which corresponds
to simultaneously flipping the sign of the frequency, w — —w, and the exchange L < L’.
This is implicit by the definition at the level of the action and the use of the in-out formalism
since

5 / Corri >]TRS EOL (—w) €W () =
> (2.19)

e ! ) s s)L'
> [ ILQZ, EGL (—w) EDL (w) .

0,0



2.2.1 Dissipation in EFT

As we just saw, only [Céf )L I (w)}TRS is relevant when computing 1-point functions via the
standard in-out formalism, i.e. local operators in the worldline EFT action capture only
conservative effects. Dissipative effects are incorporated by introducing gapless internal
degrees of freedom X. One then considers composite operators Q(Ls) (X)) corresponding to
the full multipole moments, including the dissipative multipole moments due to the internal
degrees of freedom X, but whose exact dependence on X is not known. These are then

coupled to the field moments [65-68],

2 oo
Sum =33 % / dr QU (X) EOL (20 (7)) + (€ & B,T) . (2.20)

s=0/¢=s

In order to account for dissipative effects at the level of the 1-point function, one then
employs the in-in (Schwinger-Keldysh) formalism [65-70]. Within this framework [27],

Q(S’E/

Q(s)i (2.21)

DR [2“F (4 42) (QQE) (~w)

S(s)L' L
¢! q(d=1)/2 r20+d—3 ]5() (w)z™,

U'=s

and the full electric-type response tensors kész/ (w) are matched onto the (retarded) 2-point

function [27],

) () (6 o
k?LL/ (W) = 7_‘_(d—l)/Q R2Z+d*3 (222)

Note that the real part of k(;z, is indistinguishable from kfg%ove and therefore can be

ignored. Its imaginary part though cannot be reproduced from a local world line action
and thus it encodes non-conservative effects such as horizon absorption.

2.3 Love numbers of 5-d rotating bodies

So far we have formulated the response problem in terms of the response tensors k:(Lsg, In

practice, one is interested in the harmonic response coefficients arising after performing
a harmonic expansion thanks to the 1-to-1 correspondence between spatial STF tensors
and spherical harmonics. From these, the Love numbers are identified as the conservative
harmonic response coefficients [26, 27]. Isolating the conservative part of the harmonic
response coefficients is in general non-trivial, but for some particular configurations, e.g. the
remarkably integrable black hole perturbations, this decomposition allows one to identify
the Love numbers as the real part of the harmonic response coefficients, while the imaginary
part captures dissipative effects.



While this can be done in d = 14 3 spacetime dimensions by performing an expansion
into spherical harmonics over S? [24], it fails to work for a general rotating body in higher
spacetime dimensions. For d > 4, an expansion into spherical harmonics on S%2 allows us
to extract a simple isolating prescription of the conservative part of the response coefficients
only for spherically symmetric and non-rotating bodies. For axisymmetric distributions,
one should instead perform a modified harmonic expansion over [Sl}N C S%2, with N =
L%J factors of S', appropriate for the isometry subgroup [U (1) € SO (d — 1) of such
configurations. In d = 5 spacetime dimensions, this is a modified harmonic expansion over
the S! x S! part of S? in accordance with the U (1) x U (1) azimuthal symmetries. This
modified spherical harmonics basis for d = 5 is introduced and analyzed in appendix B.

To this end, we begin by expanding the 4-dimensional spatial STF tensors gés) into
modified spherical harmonics of orbital number ¢ € N,
EO =3 & Vi (2.23)
m7]
where the constant STF tensors y}mj are given by
(20 +2)!1 ~
Viing = gz o 90 i (). (224

with Yo, () = Yo (0,6,9) the modified spherical harmonics on S, QF = 2°/r and
asterisks indicate complex conjugation. For future reference, the explicit limits of the sums

over the azimuthal numbers m and j are

() f:( 3'?' (...)). (2.25)

m,j m=—{ \j=—({—|m|),2

We note that the j-sum is being performed with a step 2. This is merely a convention
chosen such that the azimuthal number m resembles the usual azimuthal number of scalar
spherical harmonics on S2.

(s)

st (w) are related to the response tensor kfg/ (w)

Then, the response coefficients k
according to

s 47T2£! s .
kéﬂ’)Lj;f’m’j’ (w) - mkég/ (W) nymjyé/m’j/ . (226)

Using the fact that the induced multipole moments 5@5;8) (t) and source multipole moments
Sés) (t) are real in position space as well as the assumption that the response tensors kfg, (w)
are analytic in w, i.e. that

ke (@) = S k), (i)™ (2.27)
n=0

with real-valued modes k:(LSIZ,_n, we see that,

kel (@) = k) (—w) - (2.28)
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From the complex conjugacy relation of the modified spherical harmonics, )74’;1 = %,,m7, r
we then deduce the following complex conjugacy relation for the response coefficients

k) (w) = Kk i (~w) . (2.29)

mj;glm/jl £77m77j;£/77m

We can now translate the conservative/dissipative decomposition of the response tensor
(see (2.18), (2.22)),

—

kel (@) = 5 (k) @) + k5 (—w)

B (@) = 5 (k) (@) = kL (—w))

N

(2.30)

at the level of the response coefficients kéfg pa— (w). The definition (2.26) and the complex

conjugacy relation (2.29) immediately imply

(s)Lov o 1 (s) (s)
kgm]';z';/j' (w) - 5 (kfmj;f’m’j’ (W) + ké’m’j’;fmj (w)) , (2 31)
s)diss 1 s 5)% .
kémjiglm/]" (w) = Z (kérr)Lj;K’m/j’ (w) - ké/m’j/;fmj (w)) ,
such that
S s)Love .5 (s)diss
Eimgiermp (©9) = Koy (0) + ki () (2.32)

We note, however, that k§2JL.;z,V;,  (w) and kéfi?:;,sm, j» (w) are in general complex numbers.
We now focus to axisymmetric configurations. The axisymmetry of the background
implies the decoupling of m-modes and j-modes, while we further specialize here to the
particular case where there is no f-mode mixing either, a case relevant for Myers-Perry
black holes. Then,
kéir)zj;ﬁ’m’j’ (w) = k’éqﬁzj (w) 000/ Ormm 051 » (2.33)
and the frequency space potential perturbation harmonic modes in the Newtonian limit
simplify to

— q)!
54)&2] (w7T) = (El”S)

20427
L+ ki (w) (77?) ] e (W) . (2.34)

() (w) will in general be analytic functions in the angular

These response coefficients k| j

momenta of the rotating body as well as the frequency w with respect to an inertial observer.

The complex conjugacy relation, which now reads k(s); (w) = kL)

o 0 g (—w), then allows

to explicitly separate the m- and j-dependencies of the response coefficients as

Ko@) =k @)+ x 3 S0 K (w,xg xe) (im)™ (i)™, (2.35)
n¢=1 TLw:l

with x4 and x, the dimensionless spin parameters associated with the Jy and J, angu-
lar momenta and the overall formal y is to separate the non-spinning part kzéo) (w). All

kénd”nw) (w, X¢, Xv) are smooth functions of x4 and xy, satisfying the complex conjugation

relation ké%’nw)* (w, X¢s Xw) = ké%’%) (—w, Xos xw)-

- 11 -



Let us now extract a necessary condition for such a decoupling to occur. This analysis
is the d = 5 version of [24]. Starting from the physically relevant part of the response

tensor,
21
(s) 4m={! Imyj* Zm]
kpion (W) = @iron2 ”Zkem] w) VYL (2.36)

with ¢ = ¢ understood, the expansion (2.35) 1mphes

s 0 > = ng+n
bl (@) =k @) o +x > 3 (—1)retn

n¢=l ’I’szl

2n4,2n 214,20, 2ng4—1,2n—1
k‘é‘”’ w)( (2ng “’)—k’éd’ » )(

ny—1,2np—1
W, Xy Xoo) Ry [/ (2rg=12ny—1)  (2.37)

w, X Xyp) R

+ ké2n¢,—1,2nw) ( I(2n¢,—172nw) + ké2n¢,2nw—1

2,2y —1
vaq%X",D) LL' I( o ):|7

) (w, Xo» X)L

(s)

and the tensorial structure of k; (L) is completely determined by two real-valued symmetric
and two real-valued antisymmetric STF tensors,

R(Qn,¢,2n,¢,) 872/ Ze: ein 2n¢]2nw Re {yfm]*yfmj }
LL (2 +2)1 = — )2

290 L t=m , .
(2ng—12ny—1) _ 8m=t! 2ne—1 :2n4—1 Imgsk~yfmj
oy S X\ X e )
I(2n/¢ 1,2ny) — 87T2£! EE: Zil 2n¢ 1 2n¢ Im {yﬁmg*yfm]} (2 38)
LL 20+ 2)1 = P ’ :

l—m

(214,25 —1) 8! 2y 2my—1 mjxtmj
7 _on s ¢ i2nyp=1T / :
0 T mZZI j__(;m)Qm 72 m { Yty })

2ng—1,2n,4—1 2ng4—1,2n,,—1
¢ v ¢ P

2n4,2n 2n4,2n
R — 4RO RO +RY ,
I(2n¢ 1 2”1{)) I(2n¢ 1,2n,) I(2n¢ 221 — 1) I(2n¢ 121 — 1)
LL L'L ’ LL L'L

Finally, let us write the conservative/dissipative decomposition of the response coeffi-
cients (2.31) for the current special configuration, which is also the main result of interest
of this analysis,

Fimg"* () = Re {ky0); (@)}
kg™ (@) = Im { k{3 (W)} -

tmj Imyj

(2.39)

The Love numbers are therefore just the real part of the response coefficients, while the
imaginary part encodes all the dissipative effects. We remark here that dissipative effects
can survive even in the static limit due to frame dragging [25-27].

3 Scalar Love numbers of 5-d Myers-Perry black hole

We will now apply the tools presented in the previous section to compute the static scalar
susceptibilities of 5-dimensional Myers-Perry black holes and identify the corresponding

- 12 —



static scalar (s = 0) Love numbers. We will begin with a description of the equations of
motion to be solved. These will be supplemented with boundary conditions as dictated by
the 1-body worldline EF'T which motivates the use of the near-zone approximation. Then,
this microscopic computation will be matched onto the worldline EFT 1-point function
definition to extract the conservative and dissipative contributions of the static scalar sus-
ceptibilities. We will finally analyze various cases of interest associated with the vanishing
or the non-vanishing/RG flow of the static scalar Love numbers.

3.1 Equations of motion and boundary conditions

The 5-dimensional Myers-Perry black hole geometry is presented in appendix A. The mass-
less Klein-Gordon equation in this background is separable,

4
D)

with the radial and angular operators given by, after introducing the variable p = 72,

- (a? — b?) 1 1 1
Oun = 8, A0, - <p+a28§)—p+b28i>—<p+a2+b2)8t2

V20 = < [Opn — Pr] @ = 0, (3.1)

4 4
(p+ a?) (p—i—bQ)rg( a b >2
- 0 Oy + —— 0 (32)
4A t+p+a2 ¢+p+b2 V)
1
Pra = ~1 [Aéﬁ? + (a2 sin? 0 + b? cos® 0) (9752} .
In the above expressions, the discriminant A is a quadratic polynomial in p,
A=(p—ps)p—p-), (3.3)

with pg the locations of the outer (“+”) and inner (“—") horizons and the warp factor 3
for the 5-d Myers-Perry black hole is given by
¥ =r? 4 a®cos? § + b?sin? 4. (3.4)

We have also identified the scalar (s = 0) Laplace-Beltrami operator on S® in the current
direction cosine angular coordinates,
1 1 1
A = 3 (sincos00p) + —5= 02+ —5 3.
$* = Sinfcosf (sin cos§ 9y) + sin2f ¢ + cos2f ¥
which is used to define a modified spherical harmonics expansion in the static case from

(3.5)

which the Love numbers are more naturally extracted. This expansion is illustrated in
detail in appendix B.
After separating the variables,

(I)wémj (t7 P, 97 (ba w) = eiiwteimgbeijd)wamj (IO) Swfmj (0) ) (36)
this 5-d scalar Teukolsky equation decomposes to

Ot Pootmj = (€ + 1) pm; »

R (3.7)
]P}fullq)wfmj = £<€ + l)q)wfmj ’
with ’ ’

and ¢ an effective orbital number which is in general non-integer for w # 0.
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3.1.1 Near-zone approximation

In order to match observables onto the 1-body worldline EFT according to (2.14), we should
solve the massless Klein-Gordon equation in the appropriate regime. The physical setup
consists of a binary system of compact bodies during the early stages of their inspiraling
phase where a Post-Newtonian expansion is accurate. Centering the body of interest at the
origin, the companion sources perturbations with frequency equal to the orbital frequency
of the system w = wqyp. The system loses energy by emitting radiation with frequency
Wrad X Worb Which is then detected by an observer located at infinity through, for example,
an interferometer.

The worldline EFT arises after integrating out the short scale internal degrees of free-
dom of the centered compact body, i.e. it is valid for low frequency perturbations. Fur-
thermore, the 1-body worldline EFT ignores the dynamics of the companion body sourc-
ing the perturbations and a second condition for its validity is that the frequency of the
perturbations is low with respect to the inverse separation of the two bodies. This com-
bination of conditions defines the mear-zone region. For the current configuration of a
black hole of outer horizon r, the near-zone approximation consists of working in the
regime [25, 35, 40, 71-73]

wr—ry) <1, wrp<Kl1. (3.9)

In the near-zone region, one imposes the asymptotic boundary condition

oo = _

Rutmj = Etmy (w) 7° = Eumy () ", (3.10)
indicating the presence of a source at large distances with multipole moments ggm]’ (w),
along with the ingoing boundary condition at the event horizon. Ingoing boundary condi-
tion at the future/past event horizon is imposed by requiring ingoing waves at the horizon
in advanced (+)/retarded (—) coordinates,

r—r4 T(:t) (w) e—thieimvi eijyi Sw@mj (0) , (3.11)

q)wfmj Imj

with Té(nil)- (w) the transmission amplitudes. The relation between advanced/retarded co-
ordinates (t4,r,0,¢+,y+) and Boyer-Lindquist coordinates (¢,r,6,¢,1) is given in ap-
pendix A and implies

Rutmj ~ (p— p) 577 (p— p )57 asp— py | (3.12)
_ T+ Ps ) | o) 3.12
Zy(w=+——""—(mQ, "+ —w),
) 2 pi —p- (me2 v )
where Q(i) = —2 _ and Q(i) = _b Physically, of course, we are only interested in
¢ p++a? P pr+b2° y Y ) y

regularity at the future event horizon and Qq(;r) = () and Qq(;) = () are identified as the
black hole angular velocities with respect to the two rotation planes.

An important remark here is that the near-zone approximation extends beyond the
near-horizon or the low frequency regimes. In particular, not only does it preserve the
near-horizon dynamics in the radial operator for any frequency w, but it also overlaps with
the asymptotically flat far-zone region r > r, where outgoing boundary conditions are
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imposed. The overlapping intermediate region r, < 7 < w~! then serves as a matching
region that probes the response of the centered body in the outgoing waves that are detected
at infinity.

It should be noted that the near-zone approximation is not unique as there are infinitely
many ways to truncate the equations of motion as long as they differ by subleading terms.
In practice, the truncation is done such that the equations of motion are exactly solvable in
terms of elementary functions. There are two particular near-zone truncations of interest
in the current work controlled by a sign o = +. We split the radial operator as

Ot = 8, A, + V7 4 eV (3.13)

with € a formal parameter which is equal to unity for the full equations of motion and equal
to zero for the near-zone approximation and

0_ P @
= s ()
(p—p-) (3.14)
pips (Qy— 0 Q) 0y (9 — 7 Dy) |
- -0 —0 ,
2(pr —p)(p—po) 0 TR T
ps (a—ab) [p, — (a+ ob)”
1(0) = [ } Oy (6¢ — O'aw)
4(py —p-) (p—p-) (3.15)
_ P 1 2 | 2 2
For the angular operator, we use the splitting
_ Ll o 2 2 2 .2 2
Py = ~1 [AS?’ +e (a sin” 6 + b” cos 9) 84 , (3.16)

that is, we are near-zone approximating it with the static angular operator. In the static
limit, the angular problem is solved by Sy, (¢), given in appendix B, from which ¢ is set
to be an orbital number ranging in the set of whole numbers, ¢ € N, m is identified as a
spherical harmonics integer azimuthal number |m| < £ and j is a second integer azimuthal
number ranging from — (¢ — |m|) up to £ — |m/|, but with step 2.

3.2 Near-zone solution and scalar Love numbers

After separating the variables as in (3.6) and introducing

2 2

r-r P— P+

— 5=, (3.17)
ry =T P+ T p-

X

the near-zone equation of motion for the radial wavefunction can be massaged into

LR =4 CO NP A )

=00 +1 : 1
dx dx x 1+ux Rotmi = L+ 1) Rt , (3.18)

with Z (w) given in (3.12) and dictating the near-horizon behavior of the solution and

Z(_a) (W) = T+ Ps (mQy + jQp — ow) . (3.19)
2 py—p-
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Singular point z=0 rz=-1 T — 00
Characteristic exponent 1 || +iZ (w) +iZ) (w) l
Characteristic exponent 2 || —iZ4 (w) YA (W) | -1

Table 1. Characteristic exponents of the near-zone-truncated radial equation of motion, Eq. (3.18),
for scalar perturbations of the 5-d Myers-Perry black hole. These are expressed in terms of the
rescaled orbital number / = £/2 and the parameters Z, (w) and A (w), given in Eq. (3.12) and
Eq. (3.19) respectively.

We note in particular that Z'”) (w=0)=Z_(w=0)in (3.12) reflecting how the near-zone
approximation becomes exact in the static limit. The above differential equation has three
regular singular points at + = 0, = —1 and * — oo with the characteristic exponents
given in table 1.

The differential equation can be solved analytically in terms of Euler’s hypergeometric
functions. For future convenience, we introduce the parameters

T (w) = Z1 (W) F0 27 (w)

- %mp%p_ [(m=£0j)(Qp£0Qy) —w(l£1)]. (3.20)
The solution that is regular at the future event horizon then reads
P r \4+W)
Reemj = Remg (w) (1 n x) .

(o) ~ ~
(1+ x)zria(w) o Fy (5 +1+ ZTSEUU (w), =+ zFﬂfj (w);1+2iZ4 (w); —x) )

where Rgmj (w) is fixed from the asymptotic boundary condition (3.10) to be proportional
to the source moments harmonic modes &p,; (w) according to (see appendix C for more
details)

ér(€+1+ir(f3(w))r(é+1+if(_"3)

T (2041)T (14 2iZ4 () (3:22)

Rimj (w) = Epmj (W) (o5 — p-)

Up to this point in solving the static problem, we only assumed that the orbital number
! is a generic real number. This prescription is known as “analytic continuation.” It is often
used for the Newtonian matching within the worldline EFT from which the Love numbers
are defined [25-27, 55], see also [71, 72] for the first practical use of this approach. Namely,
in order to extract the response coefficients from the above microscopic computation, one
should first analytically continue ¢ to be a real number, then expand around large r to read
the coefficient in front of the r~¢~2 term and then send ¢ to its physical integer values at
the end. Doing this, we find, before sending ¢ to take its physical values,

s () — (=20 -1)1 (04140 (@) T (04140 <p+ _ p_)zzﬂ )

T (2041) 1 (=040 (@) T (=0 +i0'7) ps
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Range of parameters Behavior of k;ﬁﬁl‘f (w=0)
e 2N+1 Running
¢ c 9N la] = |b] OR |m| = |j] Vanishing
jal # 1b] AND || £ j Running

Table 2. Behavior of static scalar Love numbers as a function of the 5-d Myers-Perry black hole
angular momenta a and b and the scalar field perturbation orbital number ¢ and azimuthal numbers
m and j. For generic angular momenta and azimuthal and orbital numbers, the static scalar Love
numbers exhibit a classical RG flow. The only exception is when the orbital number is even (f is
integer) and the angular momenta or the azimuthal numbers are equal in magnitude in which case
the static Love numbers turn out to vanish.

which can be massaged using the mirror formula for the I'-functions into the more trans-
parent result

Eomj (w) = Apmj (w) X { —isinh 27724 (w)
(3.24)

—0

+ tan 7/ cosh wffg (w) cosh 7T — cot 7l sinh wffg (w) sinh WF(U(;} ,
where Ayp,; (w) is a real constant given by

0 (74140 (@) ‘2 0 (f4+1+%) ’

py — p_ 2041
Agmg (@) = - _ ( ) . (3.25)
27T (20 +1) T (20 +2) ps
The conservative/dissipative decomposition (2.39) then implies
k:?fﬁj (W) =—Apmj (w)sinh2rZ (w) , (3.26)

k};&‘]’? (w) = Apj (w) X { tan 7/l cosh ngfg (w) cosh 7TF(_°2 —cotlsinh 7r1“(f3 (w)sinh 7rF(_002 } .

(3.27)

At this point, we would like stress out that the above results should be trusted only for
small values of w. Indeed, the near-zone approximation is accurate only for low frequencies.
In particular, in the near-zone split (3.13)—(3.16), we are already approximating at order
@ (wa,wb,wz) [36]. Nevertheless, the above result is accurate in the static limit which is
also the case of interest. In the rest of this work, we will be using the above w-dependent
expressions but it should always be kept in mind that they are accurate only in the static
limit for non-zero spin parameters. The Love numbers behaviors following from eq. (3.26)
are listed in table 2 and in table 3 for static and time-dependent cases, respectively. Let
us discuss the Love number phenomenology in detail.

3.3 Running Love

We begin analyzing our above result for the scalar Love numbers by first addressing the
divergent behavior associated with RG running. For general non-zero spin parameters a
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Range of parameters Behavior of k;;%-e (w#0)

if‘f) (W)—(¢7Z Running
T (W) —l=kez —0<k<0 Vanishing
OR

ZT(_U) (W) — /—kez | kF>00RE<—{| Non-running and non-vanishing

Table 3. Behavior of w-dependent near-zone scalar Love numbers as a function of the parameters
F(lf) (w), given in (3.20), and the generalized orbital number ¢ = % of the perturbation. For generic
angular momenta and azimuthal and orbital numbers, the static scalar Love numbers exhibit a
classical RG flow. However, there is a discrete series of imaginary-valued F(f )% for which the near-
zone Love numbers do not run. For the 1“82 branch, these are unphysical, accompanied by conical
singularities in the scalar field profile. For the F(fg (w) branch, the —¢ < k < 0 modes acquire the

interpretation of Total Transmission Modes.

and b and general azimuthal numbers m and j and frequency w, i.e. for general non-zero
Fgﬁ_’g (w), the scalar Love numbers always diverge, either as cot 7l for integer i (even ¢) or
as tan 7/l for half-integer ¢ (odd £). More specifically, in the limit ¢ — 0 where 20 = n — ¢
approaches a whole number n € N, the response coefficients (3.23) develop a simple pole
due to the diverging F(—Qg —1). From the residue of the I'-function near negative integers,

I'(—n+¢)= CU% 4o (€9), the developed pole can be worked out to be

nle

(c17 D(3+1+T @) (5+1+0) /), —p \n+!
nle (=2 +ir{) (@) (-4 +ir) (n—l—l)!< ps > +0()

kemj (w) = —

(3.28)

The full solution, however, is regular due to a compensating divergence in the “source”

part of the scalar field profile. More specifically, as is illustrated in detail in appendix C, the

source/response split is performed prior to sending the orbital number to take its physical
values with the end result

_ : Ds 20+1
Rt (9) = Eamy @) 9 [ S () + K ) (22) 220 <p>],

2 $i0'Z(f)(w)
s%ur(j;e( ) ( P+> (F F)

P P — P+
X oF} (—@Jrifg (w),—g—iFiTg (w) 5 —24; M) , (3.29)
P+—0p
—i— ’i0'~(o)w

Zrequnse(p):( _p.;,.) =1 (p_p_>:F Z(w)
wlmj P PR

X 2h1 <?+1+if$3<w>,2+1_irggg(wmug;/w) ‘

P+ =P

source
wlmj

develops a simple pole. The diverging component of the “source” part of the solution can

In the limit ¢ — 0 where 20 = n — ¢ approaches a whole number n € N, pé also
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be obtained from the following residue formula for the hypergeometric function

Fa+n+1)T'(b+n+1)
@) T (b) (n 1 1) (330)
><Zn+12F1(a+n+1,b+n+1;n+2;z)+(’)(50) ,

oF) (a,b;—n+e;z) =T (—n+e¢)

and, consequently,

source __
wlmj —

| T+ @) (3 +1-i0)) e
_mer(—gﬂr&’;(w))r(—g—z'r("g)(nﬂ)!( Ps )

y <ij>n+1 Zresponse +0 (80) ’

(3.31)
wlmyj

which exactly cancels with the divergence in the scalar Love numbers whenever n is an
integer.

From the EFT point of view, this diverging behavior of the scalar Love numbers is
interpreted as a classical RG flow. More specifically, power counting arguments reveal that
whenever 2¢ € N, the Wilson coefficients defining the Love numbers get renormalized from
an overlapping with the “source” part of the 1-point function, namely, from the following
type of diagrams [27, 36, 55]

®D 97411 i@ . (3.32)

From the theory of differential equations point of view, whenever 20 e N, the series solutions
of the radial differential equation fall into the degenerate case where the characteristic
exponents near x — oo differ by an integer number and, thus, according to Fuchs’ theorem,
only one of the independent solutions can be written as a Frobenius series around there,
while the second independent solution will unavoidably contain logarithms. More explicitly,
the solution regular at the future event horizon is still given by (3.21), but its analytic
continuation at large distances must be taken as a limiting case with the end result being

_ o N2 ()
Rutmi = Eom; (0) o} (== )

: A
" { (P—P+>ZXE: <_€+ZF+0 (w)>k (£ —k)! (—z)
im0 (—k+i+1+i0) UK

(1400 W), (r41)
(

(—k—@+iff) (k+04+ 1) k!
%)k

p— i) T -
£ Res (ke (w)}( *) > (42)~"

Ps

X [logx+w(k+1)+w(k+€+2)—¢(k+€+1+z‘r(ﬁ,(w))—w(—k—éﬂr(j})]},
(3.33)

~19 —



where we have identified the coefficient multiplying the second term as the residue (3.28)
of the response coefficients as ¢ approaches a whole number. From the EFT point of
view, this residue is precisely the S-function dictating the classical RG flow of the Love
numbers [27, 36, 55],

4 (o) ¢ ()
kg () D(E+1+T0 @) (541+07) <f’+ - p)m (3.34)
dL (-5 i) @) (=5 +ir) e+ 1!\ e

This B-function is evidently real and is therefore entirely associated with the running of
the Love numbers, while the dissipative response exhibits no RG flow.

3.4 Vanishing static Love

We now turn to the possible resonant conditions for which the S-function associated with
the near-zone Love numbers is zero. Let us start with the case of static scalar Love numbers,
which is after all the only regime within which the near-zone approximation is accurate for
generic spin parameters. The static scalar Love numbers vanish only if /eN (¢ is an even
integer) and

) w=0=0= 27" (q, + 00, =0,
OR (3.35)
) —o0= 21" @, - 00, =0.
In other words, these conditions are satisfied if either |a| = |b| or |m| = |j|. The first case

describes an equi-rotating Myers-Perry black hole in 5 spacetime dimensions, which has the
property of being equipped with an enhanced isometry group U (1) x U (1) — U (2), while
the second case can be regarded as a higher-dimensional generalization of “axisymmetric”
perturbations [19, 22, 24] that actually includes here non-axisymmetric cases (m,j # 0).
This situation is also similar to the higher-dimensional Schwarzschild black holes [55]: for
integer 7, the static scalar Love numbers vanish, while for half-integer 1 they are non-zero
and exhibit a classical RG flow discussed above. The corresponding static scalar field profile
for / € N is given by

_ s \T/2 . . o
Ri—0,6mj Fe)_g = Rym; (w=0) (1 T a:) 2 F (ﬁ +1,—4;1+ ZF:FU; —:c)
+o—
: T L () g e O
= Rim (0 =0) (1 +:c)

B (),

where we have used the polynomial form of the hypergeometric function whose one of first
two parameters is a negative integer and (a),, is the Pochhammer symbol.

The vanishing of static Love numbers raises naturalness concerns from the point of
view of the worldline EFT [29, 30]. In the absence of any selection rules imposed by an
enhanced symmetry structure, the Love numbers are expected to be O (1) numbers and
exhibit running. In contrast, we find here situations where the static Love numbers vanish
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at all scales and call upon a symmetry explanation to be presented in the next section.
Related to this, for generic real values of the orbital number, the “source” and “response”
parts are given by two infinite series in inverse powers of p, see appendix C. These two
series overlap when ¢ takes its physical integer values. When the static Love numbers
vanish, the final result after summing these two series is the quasi-polynomial form shown
above. However, the “source” and “response” parts are still given by two infinite series
which now conspire to give the quasi-polynomial radial solution. In particular, it is these
infinite cancellations resulting in the quasi-polynomial form that need to be addressed by

a symmetry argument.

3.5 Non-running Love

It is also interesting to investigate other situations where k;ﬁﬁl‘f

¢ (integer /), we find that the scalar Love numbers (3.23) exhibit no RG flow under the
conditions

(w) are fine tuned. For even

Z'F(fg (w) €EL = wi = J +20m <Q¢ + O'qu) + ék,
OR (3.37)
T ez =17, - 00y) = ——k,

B

where k € Z and we have introduced the inverse Hawking temperature of the 5-dimensional
Myers-Perry black hole,

1 PsT+
= = . 3.38
P 2rTy py —p- (3.38)
In particular, for -0 <k< / the scalar Love numbers vanish identically, while for k > /+1
or k< —0— 1, they are non-zero but still exhibit no running.

Similarly, for odd ¢ (half-integer ¢), the conditions read

o 1 ] ) 1
iT) (W) €Z+ 7 = wy = & om (Qp + 0Q) + = (k+) ,
2 2 3 2
OR (3.39)

() 1 _ j—om _ _ ¢ 1)
I, eZ+ 5 = 5 (Qw O'Q¢) = 3 <k‘—|— ,

with vanishing Love numbers whenever -7 <k+ % < /.

(o)

—0

Regarding the conditions on I''*"/, these are in general accompanied by conical deficits
in the scalar field profile because they imply imaginary azimuthal numbers which break
the periodicity of the scalar field with respect to azimuthal rotations. The only situation
where this does not happen is when I‘(_Ug =0 for / € N.

Despite their unphysical nature in certain cases, the vanishing/non-running of scalar
Love numbers beyond the static limit and for all the situations in (3.37)-(3.39) is still an

interesting result. The corresponding near-zone radial wavefunction for integer ? takes the
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form

. )irg(w)

Rwémj = R@mj (w) (1 Tz

T (w)=k (3.40)

(L4 22 9B (0 14k, —0+ ks 1+ b+ T (w) 3 —x) .

For k£ < @, this again takes a particular quasi-polynomial form to be addressed in the
next section via symmetry arguments as well. As we will see, it is the highest-weight
property that dictates this quasi-polynomial form. Nevertheless, for k < —0 the polynomial
starts developing p_g_1 terms. The absence of logarithms indicates that this is not due
to an overlapping with PN corrections to the Newtonian source and therefore these are
interpreted as non-vanishing and non-running Love numbers.

As we will see in the next section, the highest-weight representation relevant for the
properties of the near-zone Love numbers is actually an indecomposable SL (2, R) repre-
sentation of type “o[o[o”. The states “sandwiched” between the two highest-weight modes
are the ones for which the near-zone Love numbers vanish, while the states spanning
the irreducible (lower) highest-weight representation have non-vanishing and non-running
near-zone Love numbers. As for the vectors spanning the upper ladder above the reducible
(higher) highest-weight representation, these will be spanned by the states characterized
by the resonant conditions with k > 7+ 1. For half-integer / for which zI‘(fg (w) or ZF(_‘? is
a half-integer, the same conclusions are drawn after replacing k — &k + %

4 Love symmetries

In [35, 36], we have demonstrated the emergence of an enhanced SL (2,R) symmetry,
dubbed “Love symmetry”, of the near-zone equations of motion for black hole pertur-
bations. In the context of this symmetry, the vanishing of Love numbers appears as a con-
straint imposed by the highest-weight Love symmetry representation structure, to which
the relevant black hole perturbation solutions belong. In particular, the highest-weight
property dictates a (quasi-)polynomial form of the regular radial wavefunctions which is
the behavior indicative of the vanishing of the Love numbers. The intricate structure of
the scalar Love numbers for 5-d Myers-Perry black holes extracted in the previous section
sets a good example of examining this hypothesis. In this section, we will demonstrate the
existence of SL (2,R) structures of the near-zone Klein-Gordon equation for all values of
the spin parameters and azimuthal numbers. As we will see, it is only when the scalar Love
numbers vanish that the corresponding regular scalar field solution belongs to a highest-
weight representation of the corresponding SL (2,R) and the vanishing of the scalar Love
numbers will be immediately implied through the highest-weight property.

To demonstrate the enhanced symmetry structure of the near-zone equations of motion,
it is convenient to introduce the following sum/difference azimuthal angles,

Ve =v+o. (4.1)
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The corresponding angular velocities and azimuthal numbers with respect to these two

directions are then ]
_JEtm

2
The two near-zone splits (3.13)—(3.14) have the property of each being equipped with

O =Qy+Qy, my (4.2)

an SL (2, R) structure. Indeed, for each sign 0 = 4, we can find a set of three vector fields
satisfying the SL (2, R) algebra,

LG, L] = m=n) L, mon=0,+1. (4.3)

m—+n >

These generators are given by the vector fields

LY = —B(0h + % 0s) ,

LE) = e*P | 5VA 0, + 0, (VA) B0+ 0 0) + %59_0 0_o| .

with 01 = 0y, = (0y £ 0y) /2 and [ the inverse Hawking temperature (3.38) of the 5-d
Myers-Perry black hole. The corresponding Casimirs,

(4.4)

ZU [0'2 1 [0'[0' [0'[0'
2)_ g)) 2<+(1) —(l) (—1) —i—(l))
(4.5)

2
= 0,00, — B (9, + 0,0, +9_0.)2 - P82 (9,40, 0,) 0y Oy,
4A p— p—
are precisely equal to the two near-zone truncations of the radial operator (3.13)—(3.14)
when working in the initial Boyer-Lindquist azimuthal coordinates (¢, ). We will denote
the individual algebras generated for each sign o as SL (2,R)( o) A crucial property of
these generators is that they are regular at both the future and the past event horizons as
can be seen by switching to the advanced and retarded null coordinates respectively (see
appendix D).
Solutions of the near-zone equations of motion then form representations of the corre-
sponding SL (2, R)( o) Symmetry, labeled by their Casimir eigenvalues, which are equal to

the angular eigenvalues /(7 4 1), and the Lo-weights [74, 75],
CSV D mi = 00+ 1) By, L D = BBy - (4.6)
We remark, in particular, that
W =i (@ = meQy) = —iT) () . (4.7)

4.1 Highest-weight banishes static Love

We saw in the previous section that the static scalar Love numbers vanish whenever
meQe = 0 for ¢ = + or 0 = — and only for integer ¢ (see eq. (3.35)). We will show
here that the vanishing of the static Love numbers follows from the fact that the relevant
solution of the near-zone equations of motion belongs to a highest-weight representation of
SL (2,R) ()"
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Let us construct the highest-weight representation of SL (2, R)(U) with highest-weight

h(jé)o = —0 [35, 36, 74, 75]. The primary state ’U(jé)o satisfies,
(@), (@) _ _;,() (@), (@) _
Ly Vio= —Ev_é’o, Ly Vi = 0. (4.8)

Supplementing with the condition of definite azimuthal numbers,

+) (o o
J(g )U(—é),o = miv(—é),o y (49)
where J(gi) = —104 are the two so0 (3) Jy-generators of the rotation group algebra so (4) ~

50 (3) @ s0(3) (see appendix B), we find, up to an overall normalization constant,

S
I

. ) 1
@ —F, (p) €M (Yo =Sat) gim—c¥—o {et/ﬁ\/g} ; (4.10)

with the form factor given by

_ im_ofQ_ /2 _ i) /2
fumz(ﬂf”> :(ﬂf”) . (4.11)
p—p- p—p-

This highest-weight vector is regular at the future event horizon but singular at the past
event horizon. From the regularity of the generators, all the descendants will also be
regular at the future event horizon and singular at the past one. For generic parameters,

the highest-weight representation is an infinite-dimensional Verma module and is spanned
by the vectors [74-76]

U(jé),n = {L(fl)} U(:’ZO, n>0, (4.12)
whose charge under L(()g) is
W) =n-10. (4.13)

Let us compare with the properties of the regular static solution with m,{, = 0 and
o)

/ € N which corresponds to vanishing static Love numbers. This is a null state of L(()
regular at the future event horizon and is therefore identified as the n = ¢ descendant in
the highest-weight multiplet,

o e é g
DPoy=0,6m; x v = [L(_l)] v (4.14)

00 60

Me$2e=0

Noticing that, for generic v (p),

(LG (7o (pyemetvomfebeimeton (o)) =

A A n dr (4.15)
.FO' (p) ezma(wg_ﬂgt)eszo'wfo' |:—€t/6\/gj| WU (p) )
we see that the highest-property,
o)1 E+1
[LEH)} w=0,mj =0 s (4.16)
Mes=0
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dictates a quasi-polynomial form of the near-zone radial wavefunction,

¢
Rw:O,ij = .7:0 (p) Z Cnpn . (417)
meQe=0 n=0
This is precisely the quasi-polynomial form (3.36) that we wanted to address. In conclusion,
we have seen how the vanishing of static scalar Love numbers of the 5-dimensional Myers-
Perry black hole is automatically outputted as a selection rule following from the fact
that corresponding solution belongs to a highest-weight representation of the near-zone
SL (Q,R)(J). On the opposite route, the conditions for the regular at the future event
horizon static solution to belong to a highest-weight representation are that / € N and that
my$; = 0, which are precisely the conditions of vanishing static scalar Love numbers.
Let us briefly comment on the structure of the lowest-weight representation of

SL (2, ]R)( »)» spanned by ascendants %) ofa lowest-weight state o)

+4,n +é,0’
—(0) _ (@)™ (o)
Yiin = {_LH] Yiio’ (4.18)
satisfying
L") =406 L8 —o (4.19)
0 420 +00° 17400 ’ :

and having definite azimuthal numbers. We find

U

_ —ir(?) /2
('Op*) T (4.20)

, , 2 _
= Fo (p)emetemtieemorioe [enOVAL L Fo (o) = (D=

(o)
+£,0
This state is a solution of the near-zone equations of motion that is regular at the past
event horizon, but singular at the future event horizon. As a result, from the regularity
of the generators, all the ascendants will also be regular at the past event horizon and
singular at the future one, with Lo-charges Bgyg
(o)

the n = ¢ ascendant TJM i will be the static solution of the Klein-Gordon equation with

me§ly = 0 that is singulér at the future event horizon. We have just demonstrated that

—=/—n.In particular, when /s an integer,

the static solutions regular and singular at the future event horizon belong to different,
locally distinguishable, representations of SL (2, R) ()3 the highest-weight representation
and lowest-weight representation respectively. This is the algebraic manifestation of the
absence of RG flow for the static scalar Love numbers in the particular case of / € N and
my§l; = 0. The construction of these highest-weight and lowest-weight representations is
demonstrated graphically in figure 1.

4.2 Highest-weight banishes near-zone Love

Interestingly, the near-zone symmetries can address all the situations in eq. (3.37) and
eq. (3.39), even the unphysical ones.
If / is an integer and zI‘Sfa) (w) = k € Z, then the corresponding near-zone solution has

the form

Dot o ekt/Beime(Wo=Qot) gim—otb—op .. (p) , (4.21)
i) (w)=k i) (w)=k
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v/
—0,0 5(9)
o) (o) (TR
©) L=y LYy 40,0
Yoia
’ 1@ 1@ o)
) -1 +1 +, 1) @)
—£0,2 @(J) +1 -1
4,1
o) ’ 7@ 1@
—L,0 _(0) +1 —1
U+é,0
(a) The highest-weight representation spanned by (b) The lowest-weight representation spanned by
states {v(:})n\n € N} which are regular (singular) states {Ez)n\n € N} which are singular (regular)
at the future (past) event horizon and have weights  at the future (past) event horizon and have weights
h(jé)n:nff. Bi‘gn:tﬁfn.

Figure 1. Infinite-dimensional highest-weight and lowest-weight representations of SL (2, R) ()
containing near-zone solutions for a massless scalar field in the 5-d Myers-Perry black hole back-
ground with multipolar index £. Whenever 0= g € Nand m,Q, = 0, the solution regular (singular)
at the future event horizon is the £'th descendant (ascendant) in the highest-weight (lowest-weight)
representation.

where we are suppressing the #-dependence, and therefore satisfies

L(()G) (I)wﬁmj

(4.22)

i) (w)=k

If £ < @, the regular at the future event horizon solution is then recognized to be the
n="0—k descendant,

-k
D0 xo? = L(_al) ) (4.23)
wlmy i) ()<t —bi—k { } —£,0
The highest-property,
0—k+1
2 wtm; =0, (4.24)
zFf;(w)—k<€

does not directly imply any useful quasi-polynomial form itself. Rather, it is the fact that

k .
1)k L(J) U(U)A for0<Ek</
(-1 (23] 7, SRS (4.25)

i —k
£k {L(fl)} U(_?Z for k<0

(@)  _

v ==
—/

and the quasi-polynomial form of the static element v(_gé) P that give a useful expression for

the relevant near-zone solution. From (4.15), and an analogous relation for the action of
L(_Ul) we conclude that

i~k
R (p) = Fo (p) A*2 Y cap”, (4.26)

i) (w)y=k<l n—=0
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which has the exact quasi-polynomial form of (3.40) with k < /.

Another remark here is there are in general two possible highest-weight representations
of SL (2, R); one has h(9) = —/, which is the one we saw, and the other has h(®) = +0 + 1.
Both highest-weight representations contain solutions that are regular at the future event
horizon. Since the welghts differ by the integer amount 20 + 1, we see that the prlmary
state with h(®) = 40+ 1 is actually a descendant of the primary state with h(?) = —Z,

v s

—£,0°

20+1
“] i (4.27)

Uyit10 = [ -1

Therefore, the highest-weight Verma module of SL (2, R)( ) We have been working with so

far is actually of type “[o[o”. With this fact in hand, we see an interesting algebraic inter-

pretation of the elements of this representation: the irreducible (lower) highest-weight is

spanned by states with non-vanishing but also non-running near-zone scalar Love numbers,

while the quotient representation sandwiched between the two primary states is spanned by

all the possible near-zone solutions regular at the future event horizon that have vanishing
scalar Love numbers.

Let us now supplement with the case where k > /+1 for which the scalar Love numbers

are not zero but still exhibit no running. For the sake of this, we need to look into states

{’U(Ug) |n € N} that span the ladder above this highest-weight representation. These

states are ascendants of the state v( 7)

—0,-1’
e _ 1 1@ @)
—0,— —(n+1) - n!(%A—l— 2) { +1} Ufé,fl’ (4'28)
which satisfies
L) ==+ o) L) =) (4.29)

The resulting first-order inhomogeneous differential equation can be solved to get

imo (Yo —Qot) yim—cQ_o 41
@) _ Folp)e € (et/ﬁ\/g) *

T (o —p) ((+1+19)

(4.30)
X o F) (1,22+ 2;2+é+z'r(”3;—p_p+) :
P+ — P-
which is regular at the future event horizon and singular at the past one. Consequently,
(o)
—L,—(n+1)
near-zone solutions, with Lg-eigenvalues h

all the ascendants v , with n € N will also be regular at the future event horizon

(o )

1) = —(n+{+1). From this, we therefore

identify
Drmi x U(U) N X L(U) (U) 4.31
R D) (w)=k>0+1 —L—(k=1) [ H} Vet (431)
As already discussed around (3.40), we do not expect to find any conspiring quasi-polynomial
solution for k > /+1. However, we have supplemented with the algebraic property of these
remaining states to span the entire type “o[o[o” representation of SL (2, R) (o) for which the

(o)

highest-weight state has weight b ' = —7 (see [75] for our notation).
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v X N
—0,—2 " - +0,20+2 o .
Vi1 2 Uittt s
() L (o) L
v L [T
—£,0 +0,20
L(") L(U)
L@ - H 5@
-1 +01
() ()
Ly L7}
L@ 5@
—0,20 o) +4,0 s
() L () Lo
VYL v
AL () ) -l (o) o)
(o) L7} Ly () Ly L7y
(TRNPEN v/
—0,20+2 +0,—-2

(a) The type “olo[o” representation spanned by (b) The type “o]o]o” representation spanned by
states {U<U)]|] € Z} which are regular (singular)  states {Ef) |7 € Z} which are singular (regular)

at the future (past) event horizon and have weights at the future (past) event horizon and have weights
R =4 R =0 ;.

—0,5 +£,5
Figure 2. The type “o[o[o” and type “o]o]o” representations of SL(2,R),, containing all the

near-zone solutions for a massless scalar field in the 5-d Myers-Perry black hole background that
have vanishing/non-running Love numbers regarding the conditions on F(U) (see (3.37)—-(3.39)). For

integer Z the relevant condltlon is zF = k € Z and is depicted above. For half-integer E the
condition becomes il'"’ +U =k+3 L ke Z, and the structure of the representations is as in the above
figures after replacing k — k + =

As for the near-zone solutions singular at the future event horizon, these can be simi-
larly worked out to span the entire type “o]o]o” representation of SL (2, R) (o) for which the

lowest-weight state has weight h( )
of the absence of RG flow of the Love numbers. These constructions are shown graphically

= —1—@ thus providing us with an algebraic argument

in figure 2.
Last, if / is a half-integer and ’LF( %) ) (w) = k+ 3, with k € Z, then we are looking at

near-zone solutions of the form

Dy e(k+1/2)t/ﬁeimcr(w0*90t)eim—ow—aRwemj (p) , (4.32)
'LI‘E:; (w)—k+é lFSiZ (w)=k+%
which satisfy
(o) _ 1
LO q)wﬂmj =—|k+ 5 q)mej (433)

i) (w)=k+1 i) (w)=k+1

The above analysis is then carried away identically, after replacing k — k + %
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4.3 Local near-zone SL (2,R) x SL (2, R)
(o)

-0
lor ZF(_U(Z € Z+% for half-integer EA, even for w # 0. This is ought to the observation that the
particular near-zone truncations are equipped with a larger SL (2, R) (o)L X SL (Q,R)( o) R
structure. The first SL (2,R) factor is the Love symmetry SL (2,R),

Somewhat surprisingly, we can address the remaining situations where iI""/ € Z for integer

SL(2,R),1, = SL(2,R),, , (4.34)

generated by the globally defined vector fields (4.4), Ll = ng), m = 0,+1. The second,
SL (2, R)( »),R» factor is generated by the following vector fields

L(()U)’R =—fQ 400,

_ 4.35
LR = -0/ (B2-0) [;ﬂa,, +0, (VA) BQ 0o + L2509, + 05.0,)] - (435)
2VA
The Casimirs of the two commuting SL (2, R)’s are exactly the same,
csIR = clrt = () (4.36)

In addition, the sets of vector fields generating the two SL (2,R)’s are regular at both
the future and the past event horizons with respect to the radial variable, i.e. they do
not develop poles as p — p;. However, SL (2,R)(0)7R is spontaneously broken down to
U (1) (0),R by the periodic identification of the azimuthal angles, ¥+ ~ ¥+ + 27, under

which ngl) R develop conical deficits.
Despite this breaking of SL (2, R) ()R by the periodic identification of the azimuthal

angles, it can still be used to explain the vanishing/non-running corresponding to the
(o) (o)

situations where iI'"; € Z for integer { or I'2g

€ Z+ % for half-integer ¢ in a similar
fashion as in the previous subsection. Solutions of the near-zone equations of motion will
furnish representations labeled by the Casimir and Lg-eigenvalues,

CéU)VR(I)wfmj = g(ﬁ + l)q)wfmj ) Lg)a)ﬁq)wémj - h(g)7R(I)w5m]' ’ (4'37)
with
hOR = _iBm_,Q_, = —il'%) | (4.38)

Let us construct the analogous highest-weight representation of SL (2, R)(a),R- The primary

state with highest-weight h(fg’OR = —f, satisfying
()R ()R _ _ 7 (o)R ()R, ()R _
Ly Vo = —Ev_é’o , Liy vy T 0, (4.39)

and having definite azimuthal numbers and frequency is given by, up to an overall normal-
ization constant,

VOB _ PR () gmiwtgimate 0o (B A2 FR () = <P — P+ (4.40)

> iv) (w)/2
4,0 p—p—
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This state is singular at the past event horizon and develops conical deficits as we go around
the azimuthal circles, but develops no pole at the future event horizon with respect to the
radial variable. The descendants,

VR {Lfl)’Rr v
0

“r (b (4.41)

share the same boundary conditions, with the conical deficit measured by their charge
under L((]U)’R,
@R __ _
hfé,n =n—/. (4.42)
If / € N, there exists a particular descendant that develops no conical deficit and is
therefore truly regular at the future event horizon. This is the n = ¢ descendant which is

),R (o) _ 0.

a null state under L(()G and corresponds to the regular near-zone solution with I'} 7 =

Noticing that

L] (F3 (o) teimvmn (p) ) =

R () gt gimotio [ oo /(B20) /A]™ 4" (4.43)
PR gy etgnese [-o-ol8-VE]" L)
for generic v (p), we see that the highest-weight property,
o),R é-ﬁ-l
{Lg_l) } q)wﬁmj =0, (444)
r')=o
implies the following quasi-polynomial form for the radial wavefunction
i
Rstm, =T () > enp”, (4.45)
9 _o =0

which exactly matches the one from (3.36) we wanted to address. The absence of RG flow
is also encoded in the representation theory analysis of SL (Q,R)(U%R, with the solution
singular at the future event horizon (and regular at the past event horizon) being the n = ¢
ascendant of the locally distinguishable lowest-weight representation of SL (2, R) ()R with
lowest-weight BE&{’OR = 4.

For the other situations of vanishing/non-running scalar Love numbers that regard

the conditions on F(fg for which the relevant near-zone solutions develop conical deficits,
we can follow the same procedure as in the previous subsection and show that all the
relevant regular (singular) at the future event horizon near-zone solutions span the entire

representation of type “o[o[o” (type “olo]o”).

5 Properties

In this section we will present a number of interesting properties of the Love symme-
tries. First, we will show how the near-zone SL (2,R) symmetries acquire a geometric
interpretation as isometries of effective geometries within the framework of subtracted
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geometries [47, 48]. Then, we will demonstrate how both near-zone symmetries can be
realized as subalgebras of a larger, infinite-dimensional SL (2, R) x U (1 )V extension, which
is interpreted as the 5-d version of the SL (2,R) x U (1), infinite extension of the Love
symmetry for Kerr-Newman black holes [35, 36]. We will also present another interesting
generalization of the near-zone symmetries which will exhaust all the possible near-zone
truncations of the equations of motion that are equipped with an enhanced SL (2, R) sym-
metry and acquire a subtracted geometry interpretation. We will close this section by
proposing a physical interpretation of the states in the highest-weight Love multiplet we
saw in the previous section. In particular, by employing a partial wave analysis of the
black hole scattering problem, we will argue that states with vanishing Love numbers can
be interpreted as total transmission modes [28, 77-79].

5.1 Near-zone symmetries as isometries of subtracted geometries

To introduce the notion of subtracted geometries, we begin by writing the geometry of the
5-d Myers-Perry black hole as a fibration over a 4-d base space [47, 80],

ds®> = —A;**G (dt + A)2 +Ay%ds?,

dp*
41X

5.1

ds? = + db? + - Z Yijdd'de (5:1)
1,j=1

where we use small Latin indices from the middle of alphabet to label the azimuthal angles,

with ¢! = ¢ and ¢ = 1. In the notation more conventionally used to write down the line

element of the geometry (see appendix A),

X:A7 AOZE?)? G:Z<Z_p5>7

_ PsE .2 2
A= G (asm 0d¢ + bcos Hdw),

medgbzdg}? = (asm 0 d¢ + bcos® Gd@ﬁ)

, (5.2)
p+0”
by

,0—|-a2
by

d¢® + d? .

Let us forget for a moment what the explicit expressions for Ag, G, A, X and ;; are.
The generic effective geometry then describes a stationary, axisymmetric black hole whose
event horizon is the larger root of the function X. The function G captures the static
limit at the surface G = 0, setting the boundaries of the ergosphere. The thermodynamic
properties of the black hole are completely independent of the warp-factor Ag, while they
only depend on the near-horizon behavior of the function G, the angular potential A and
the induced metric ~;; [47]. The warp-factor Ay can therefore be interpreted as to encode
information about the environment surrounding the black hole, rather than its internal
structure. A subtracted geometry is then a geometry obtained by a modification of the
warp-factor, while keeping all the other metric functions fixed [47, 48].

To reveal a connection to the Love symmetries, it is more convenient to look at the

inverse metric,

4 1 Ag
9" 9,0, = NG {X&ﬁ +30 - —G82 +2_ 1" DiD; } Di=08;— Aidy,  (5.3)
O 7.]
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with 4% the components of the inverse of the induced azimuthal metric vij- The Love
symmetry SL (2, ]R)(o) can then be realized as an isometry of the effective geometry with
inverse metric

o 4 o 1., AY i 7(0) () 5 () 1)
0 1,7
(5.4)
where
AY) = 16p. p? [1 + 6% (9 — UQWQ} :
(5.5)

2 2
Al) = —pigs (€2 O + Qy Oy) — 'Og_pp__i (Qp — 0Qy) (05 — 00y) -
More importantly, this effective geometry has exactly the same 4-d base space ds? and
preserves the entire form of the function G which captures information about the static
limit. The only difference relevant to the original definition of subtracted geometries [47, 48]
is that the angular potential is itself modified, but in such a way that the thermodynamic
properties of the black hole remain unaltered.

As a side note, we remark here that it might be possible to realize subtracted geometries
by a scaling limit of the full geometry, see e.g. [81]. It would be interesting to investigate
whether the effective geometries associated with the Love symmetries can be manifested
as similar scaling limits of the full 5-d Myers-Perry black hole geometry. We leave such an
analysis for future work.

5.2 Infinite-dimensional extension

In the previous section, we presented how two different near-zone truncations of the mass-
less Klein-Gordon equation admit two different SL (2, R) symmetries, SL (2, R)( o) 0 =+
Both of these SL (2,R) algebras can be realized as subalgebras of the semi-direct product
SL(2,R)p g x U (1))2;, where SL (2,R) o is generated by the following vector fields

Ly = -pa,,

_ 5.6
L0 _ /8 p- (5.6)

VA, +0,(VA) o+ = Lop (0, +0-0)| .

2VA

Each of the U (1),, factors is generated by vector fields of the form v 38, 0, with v belonging

to a representation V of SL (2, R)[Om, for each sign o = +, — respectively.

Let us construct one such representation V = {vg s, k € Z}. We first specify vgg = —1,
which belongs to the singleton representation of SL (2, R)[Opp satisfying L[ﬁ’lo} vo0 = 0, and
[0,0]

has vanishing azimuthal numbers, therefore further satisfying Ly "vo0 = 0. We then built
the vy 41 states, under the conditions that they can reach the singleton state via the action
of L[ﬁio] and that they have weights h = F1,

Ly Mo a1 = Fvoar, LYo a1 = Fuog. (5.7)
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Figure 3. A representation V of SL (2, R) , ; used to construct the SL (2,R)g ; % U (1)32 extension.

Solving these, we arrive at the following basic states of the representation V

voo =—1, wvo+1= ett/8 m, (5.8)
p—p-

which are automatically regular at both the future and the past event horizons. The rest
of the representation V can then be constructed by climbing up or down the ladder,

n—1 — n/2
V0,40 = {L[f’lo]} vo1 = (£1)"7 (n — 1) =P (g_?) ; (5.9)

with integer n > 1. This construction is depicted in figure 3.
Consequently, we can extend SL (2, R), ) into SL(2,R)j g X U (1)]2/, via the U (1)%
elements

v="> vok (gt By Oy + ik QD) . (5.10)
kEZ

Within this infinite extension lies a particular 2-parameter family of SL (2,RR) subal-
gebras,
SL (2,R) (4, o ] CSL(2,R) g0 x U (13, , (5.11)

generated by the vector fields
Llosa=l — L0 g (o) B4 0y +a- QD) , m=0,+1. (5.12)

The corresponding Casimir operator is given by

oy ] P3P+ 2
C T = 0, A0, — SR (O + Q4 04 + Q- 0-)

+pp+_;pp_ﬁ2 (8t+a+9+8++a, Q_ 87)[(OZ+ —1) Q+a+—|—(a7 — 1)(2787] .

(5.13)
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Note that for an arbitrary pair (a4, a_), these Casimirs do not correspond to any consistent
physical near-zone truncation of the Klein-Gordon equation in the background of the 5-d
Myers-Perry black hole, except in two cases;

o2 =1 AND oM =0, (5.14)

for ¢ = 4+ or 0 = —. These are precisely our two SL (2,R) symmetries of the near-
zone truncations (3.13)—(3.14) which are now realized as subalgebras of the same larger
structure. In the current notation,

However, the Casimirs with generic ay and a— have another remarkable property: they are
the most general globally defined and time-reversal symmetric truncations of the equations
of motion which preserve the characteristic exponents in the vicinity of the event horizon
(see appendix D).

5.3 Infinite zones of Love from local time translations

Beyond the infinite extension described above involving subtracted geometry truncations
of the radial Klein-Gordon operator equipped with an enhanced SL (2, R) symmetry, there
is another, different type of generalization that gives rise to all the possible near-zone
truncations of the equations of motion such that an SL(2,R) symmetry emerges. The
corresponding generators make up two towers of near-zone SL (2, R)’s and are given by

LY g (p)] =LY (0], .
LG [g(p)] = eX9@/BLE) [0] + X+90D/BVA (8,9 (p)) 0

where L7 [0] are the Love symmetries generators (4.4) and g (p) is an arbitrary radial

function which is regular and non-vanishing at the event horizon. All of these SL (2, R)
algebras, however, can be realized as cousins of the Love symmetries, corresponding to
local p-dependent temporal translations,

t=t+g(p) . (5.17)

Indeed, when writing the generators using this time coordinate, they acquire the same form
as the Love symmetries generators,

L (g (p)] = =B (9 + 2 0s) |

L9 (o)) = 77 |3VAD, +0, (VA) 501+ 00 05) + 5L —2=P0 00

The associated Casimir is then given by (4.5) with ¢ replaced ¢. Furthermore, the argument

(5.18)

of vanishing static Love numbers remains unaltered even when using these generalized Love
symmetries. Namely, when the conditions for vanishing static Love numbers are satisfied,
the corresponding regular at the future event horizon static solution is a descendant in the
highest-weight representation of these generalized near-zone SL (2,R)’s and the highest-
weight property dictates the (quasi-)polynomial form of the solution.
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5.4 Vanishing Love numbers as Total Transmission Modes

In section 4 we have demonstrated that highest-weight multiplets are spanned by near-zone
solutions with vanishing Love numbers. We will argue here that another interpretation of
these states is that they are total transmission modes of the effective near-zone geometry.
To show this, we consider the full radial operator in (3.2) and treat it as a scattering
problem. The field redefinition

=AU, A(r)= \/(T2 . a2)r(r2 - (5.19)

brings the radial problem to its canonical form,

9 9 r2A
82 — K2 ~ V| w=o, (5.20)
* (r2 +a?)* (r2 + v2)

where K = 0 + 55205 + ng’_bz Oy and with the reduced scalar potential given by

a’b? 1 1
V = 4Py — (

2 1 A

The setup then consists of an incident scalar wave of frequency w coming from infinity
and scattered by the black hole. After separating the variables

\I’wﬁmj = e_iwteimqseijwpwﬁmj (T) Swémj (9) s (5'22)
the asymptotic radial wavefunction FJj . satisfies the following differential equation in the
far-zone region r > ry,

d? s L(l+2)— % o
[dﬂ vt DA p o, (5.2

with ¢ an effective orbital number in terms of which the angular eigenvalues are ¢ (¢ 4 2),
but which is non-integer for w # 0. The asymptotic solution can then be found in terms
of Hankel functions to be

[Twr _im(p. 3 (042
jj?mj = Te 2 (Z+2)Igmj [Héi)l (wr) + Remj (w) e”(£+2)Hﬁ)l (wr)} . (5.24)
The integration constants were fixed such that

Yo = Tomy [ €7 + Ry (w) 7] (5.25)

wlmyj

that is, \Igmjlz is the incoming flux and Ryy,; (w) is the reflection amplitude.

Let us now look at what happens in the near-zone region, wr < 1. For the asymptotic
wavefunction solution (5.24) to be supported in the near-zone we must of course also have
wrs < 1 such that the intermediate region r, < r < w™! is non-empty. From the
asymptotic behaviors of the Hankel functions for small arguments, we see that we get an
expression of the form

wrLl A 0+ 3 Ts 2642
a??mj I Ifmj (W) r +3 1 + ]Cgmj (w) <) s (526)

r
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from which we can match the response coefficients onto the reflection amplitude. This
is in turn related to the real-valued (conservative) phase-shifts d, (w) and (dissipative)
transmission factors 7, (w) that enter a partial wave analysis of the scattering problem [82—
84]. Namely, to linear order in the response coefficients, we have [28]

9 2042
2i5p(w) _ im(e+3) _ 2msinw(€+1) <W7’s)
ne (w)e e 2) R0 (w) 1+1F(£+1)F(£+2) koo (w)  (5.27)

2
and, therefore, we can extract a matching condition between the real and imaginary parts
of the response coefficients and the phase-shifts and transmission factors respectively [28§],

2rsin? 7 (0 + 1) (wrs

2042
I(C+1)T(€+2) 2> Im {keo (w)}

ne(w) =1~

5.28
msin?r (0+1)  [wrs (5.28)

W = Tar T T 9 ( 2

which is an alternative way to see that the Love numbers enter only in the conservative

2042
) Re {00 (@)} ,

dynamics. From these expressions, one can then compute elastic and absorption cross-
sections. In d = 1 + 4 spacetime dimensions a partial wave analysis of the scattering
problem results in

167 &
Oelastic — T:— (6 + 1)2 (E + 2) sin? O¢ (w) ,
A o (5.29)
7I
Oabsorption = E (6 + 1)2 (6 + 2) |:1 - 77!% (w)] .
£=0

Consequently, vanishing (dynamical) Love numbers for certain frequencies imply a vanish-
ing partial elastic cross-section,

Oelastic,l — 0 if k%(;)ove (W) =0, (530)

while the corresponding partial absorption cross-section is maximized. Vanishing Love
numbers are, thus, interpreted as reflectionless, total transmission modes [28, 77-79]. We
note, however, that strictly speaking, the connection of the Love symmetries highest-weight
multiplet states and total transmission modes is not 1-to-1. For instance, the analysis of [78]
indicates that, for the d = 4 Kerr black hole, the corresponding Love symmetry highest-
weight multiplet [35, 36] does appear to capture these algebraically special modes but is also
over-counting them, in the sense that it also contains states that are not true algebraically
special quasinormal modes of the full geometry that includes the asymptotically flat region.
This feature is quite surprising because the Love symmetries manifest themselves only in
the near-zone region and, therefore, their highest-weight multiplet states are expected
to be accurate only in the regime of low perturbation frequencies. We leave a better
understanding of this connection for future work.

6 Relation to NHE isometries

We have seen that the near-zone SL (2, R) symmetries can be realized as particular subal-
gebras of the infinite extension SL (2, R) x U (1)]2/ and that all of these SL (2, R) subalgebras
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of the infinite extension are approximate symmetries of the 5-d Myers-Perry black hole, in
the sense that they are isometries of geometries that preserve the internal structure of the
black hole. Here, we will relate these approximate symmetries with the exact isometries of
the near-horizon region of the extremal 5-d Myers-Perry black hole.

We will start with a brief review of how an enhanced SL (2,R) symmetry for the
extremal 5-d Myers-Perry black hole arises in the near-horizon region [37, 49, 59-62].
Then, we will demonstrate how to take an appropriate extremal limit of the approxi-
mated SL (2, R) symmetries which will precisely recover the SL (2, R) Killing vectors of the
near-horizon extremal (NHE) geometry.

6.1 Enhanced symmetries for NHE Myers-Perry black hole

Consider the extremal 5-d Myers-Perry black hole geometry. The extremality condition
reads,

’a’| + ‘b’ =Ts, (61)
with the degenerate horizon located at,

ps_az_b2

5 = |ab| . (6.2)

P+ =p-=

To obtain the near-horizon geometry, we perform the following change into co-rotating
coordinates [37, 59, 60]

ﬁ:p_)\p+, T=AM, ¢=¢-Qst, D=1 —Qut, (6.3)

and take the scaling limit A — 0. The resulting NHE geometry is then given by [59-62]

) ~ N\ 2 2 d~2

2
. + 5:: D' DG . 6.4
Po P0 2p/  po 2 % (6.4)

i,j=1

In the above expression, p3 = pip?, ¥4 = py + a®cos? 0 + b%sin? 0, small Latin indices
label the azimuthal angles with ¢* = ¢ and ¢? = 1), 7i; is the induced metric at the horizon
along the azimuthal directions,

2
e - N2
Z Fijdo'dg’ = Zp—s (a sin? 0 dp + bcos? 0 dw)
i.j=1 * (6.5)
+ <p+ + a2) sin? 0 dp? + (p+ + b2) cos® 0 di)?
and D¢’ = d¢' + k*pdr with
Q¢ sz

- b2 - 2
k= =2 |cos 0+ —sin? 0| , kY = =¥ [sin®0 + L cos29)] . (6.6)
Xy P+ Xy P+

This form of the NHE metric makes the enhanced isometry of the geometry manifest. More
explicitly, the NHE geometry of the 5-d Myers-Perry black hole has an SL (2,R) x U (1)2
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isometry, with U (1) generated by the azimuthal Killing vectors and the SL (2, R) Killing
vectors given by

§o=T70; — pOp, 41 =07,

2 _ s (1 1 (6.7)
£ = <p+ps +7'2> Or —27p 05 — PP (aad;+ b(?d;) .

452 25
In the initial (t, p, ¢, 1) coordinates, the SL (2, R) Killing vectors read

So=tK—(p—ps)8p, En=2"K,

N N Ny S S & P | (6.8)
g_l)\[<4(p—p+)2+t>[( 2(p p+)8p 2(p_p+)(a8¢+b&p>},

where K is the Killing vector that becomes null at the event horizon,
K:8t+§2¢8¢+9w8¢:)\67. (6.9)

The Casimir associated with this SL (2, R) algebra is given by

2 s (1 1
C2SL(2,]R) _ (9,3 ﬁ2 8ﬁ o P+Ps 872. + P+P (a aq; + ba@) 87—

17’ 2 (6.10)
:a(p_er)?@_erpgK2+p+pS<la¢+1a¢>K '
g " a(p-p)?  200-p)\a b ’

and correctly reproduces the full radial operator for the Klein-Gordon equation in the NHE
limit after supplementing with the U (1)2 contributions,

1
Opan = C5 "% — 1 (205 — p+) (Qp 0+ Qy 0y)> + O (V) . (6.11)

6.2 NHE algebra from infinite extension

Let us demonstrate now how the NHE SL (2,R) Killing vectors can be recovered from
the non-extremal SL (2,R) x U (1)% We parameterize the extremal limit in terms of the
Hawking temperature, Ty — 0. For example,

lal + [b] = 75 (1 = 4xT%r2) + O (TF;) - (6.12)

Consider the SL (2,R) subalgebra of SL (2,R) x U (1)\2, corresponding to the choices”

Noe g e (L1
o _1+Qi <aib>7rTH. (6.13)
The generators of this algebra are given by
K r 1 1
LNHE:——+<8 8)
0 ol 2 \a %)

(6.14)

K p—p+ T 1 1
LNHE —_ +2n Tyt A A + '+ ( - )
+1 € FVAY, + 9, (\F) 21Ty * p—p_ 2 \a %+ b %)l

"We note here that we can always consider a family of such SL (2,R) subalgebras for which one adds
arbitrary O (Té) terms in at. We also remark that ag,, =1+ ZaTy + O (TI?I) and a5, = O (Tfl),
where o4 is the sign of the product of the two spin parameters of the black hole.
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and produce the following Casimir operator

2 1 1
CNHE _ g N g _ PHPs g2 P+Ps (8 —|—8)K
2 P P 4A 2(p_p_) a ¢ b ( (6.15)
p+ —p-py (1 1 )2
Pr=P=Pr (g4 ~9,) .
i p—p- 4 <a oy

Even though this Casimir does not give rise to a near-zone truncation in the non-extremal
case, it has the special property of precisely reproducing the Casimir operator (6.10) asso-
ciated with the NHE SL (2, R) Killing vectors when taking the extremal limit,

CYHE — oSER) 4 o (1) . (6.16)

In fact, by considering the following linear combinations in the extremal limit

NHE NHE
LNHE _ [ NE

= ljp =L =1
Lo Tho 2 ’
=271 Jim 27Ty LYHE (6.17)
E1=A lim LL\I&IE i LI:HI{E il 2L0NHE

we precisely recover the NHE SL (2, R) Killing vectors (6.8) after identifying A with the
near-horizon scaling parameter. We see, therefore, that the infinite extension SL (2,R) x
U (1)]2, contains both the Love symmetries SL (2, R),) associated with the non-extremal
near-zone truncations as well as a family of SL (2, R) subalgebras which in the extremal
limit recover the exact SL (2, R) Killing vectors of the NHE geometry.

7 Summary and discussion

In this work, we have extended the proposal of the Love symmetry resolution of the seem-
ingly unnatural values of the black hole Love numbers [35, 36] to higher-dimensional rotat-
ing black holes in General Relativity. Namely, we have explored in full the case of static
scalar responses of the 5-dimensional Myers-Perry black hole.

Compared to the examples of Kerr-Newman black holes in d = 4 spacetime dimen-
sions [26] and Schwarzschild black holes in d = 5 spacetime dimensions [55], we find some
interesting exact results. To start with, static scalar Love numbers do not in general vanish
in d = 5 for generic spin parameters, not even when Ve N, in contrast to the Schwarzschild
case [b5]. Beyond vanishing for “axisymmetric” perturbations [19, 21, 22], we also find
that the static Love numbers vanish for equi-rotating black holes, which does not have a
counterpart in d = 4. We remark here that the current results can be straightforwardly
extended to include the case of 5-d electrically charged Myers-Perry black holes, mainly
due to the fact that the discriminant function remains a quadratic polynomial in p [80, 85].
Scalar Love numbers for 5-d charged Myers-Perry black holes were also considered in [43],
who however focused on their slowly-rotating limits thus missing the classical RG flow
feature, which we study in detail here.
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It appears that the vanishing of static Love numbers for rotating black holes in d = 4
is an exception rather than the norm. Indeed, as we have demonstrated in this work, Love
numbers for rotating black holes in d = 5 are in general non-zero and exhibit running, in
agreement with Wilsonian naturalness arguments. Regardless, we were still able to find
near-zone truncations acquiring SL (2, R) Love symmetries just like in d = 4 Kerr-Newman
black holes and d > 4 Reissner-Nordstrom black holes [33-36]. In the special situations
where Love numbers do vanish, however, it is the highest-property of the corresponding
Love symmetry that outputs this vanishing as a selection rule. We see therefore that the
existence of near-zone Love symmetries appears to be routed in black holes in General
Relativity, rather than only with background geometries and perturbations with vanishing
Love numbers.

At the same time, we have demonstrated here that the highest-weight representation
of the near-zone SL (2,R)’s, along with its full extension into the representation of type
“o[o[0”, plays a special role in the scalar response problem: it is entirely spanned by near-
zone solutions with vanishing/non-running Love numbers. These properties are in fact 4
posteriori seen to be shared with the Love symmetry presented in [35, 36] for the d = 4 Kerr-
Newman black hole. These two features, the existence of near-zone SL (2, R) symmetries
and the vanishing /non-running of Love numbers, appear therefore to be mutually inclusive,
with the solutions of vanishing Love numbers furnishing a quotient representation of the
highest-weight Verma module of the near-zone SL (2,R). We remind here, though, that
only the static results can be trusted within the near-zone regime.

On that account, it is interesting to further study this hypothesis. On the one hand,
it is instructive to extend the analysis to other general-relativistic black holes. The ob-
vious next candidate to analyze is the higher-dimensional Myers-Perry black holes whose
scalar field perturbations are still separable [86, 87]. A technical obstacle in this approach,
however, is the fact that the angular eigenvalues in d > 5 are not known in closed form,
but can be obtained as an expansion in spin parameters ratios, see e.g. [88]. It would
be interesting, in particular, to analyze the fate of scalar Love numbers for equi-rotating
Myers-Perry black holes in odd spacetime dimensions which have the enhanced isometry
subgroup U (1) — U (N). Moreover, it only deems appropriate to extend to higher-spin
fields, namely, electromagnetic and gravitational perturbations. At least for spin-1 pertur-
bations, this should be very similar to the work done here thanks to the separability of
electromagnetic perturbations in the background of Myers-Perry black holes [89].

On the other hand, it is still an open question whether Love symmetry exists in the-
ories of gravity beyond General Relativity. A preliminary analysis around this was done
in [36], where a sufficient geometric condition was extracted for spherically symmetric black
holes. It would be interesting to supplement that analysis with sufficient and necessary con-
straints, investigate what type of theories of gravity support such geometries and whether
the corresponding Love symmetries live up to their names, i.e. whether they can address
the potential vanishing of Love numbers. As a counterexample, it was shown in [36] that
Love symmetry does not exist for the case of Riemann-cubed modifications of general rel-
ativity, see also [90-92]. This nicely fitted with the corresponding computation of static
scalar Love numbers which were found to be non-zero and exhibit the expected RG flow.
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The nature of the Love symmetry is still not fully understood. From arguments stated
here and in [36], the approximate Love symmetry for non-extremal black holes can be
interpreted to be a remnant of enhanced isometries of extremal black holes. This could
be further supported by studying the perturbations of black objects with non-spherical
horizons, namely, black p-branes [93]. One would then attempt to identify near-zone trun-
cations admitting an SO (p + 1,2) symmetry. We leave this for future work. If such an
analysis turns out to yield affirmative results, then the Love symmetry may shine more
light on the potential holographic descriptions of asymptotically flat general-relativistic
black holes [37-40].

There are some unconventional features of the Love symmetries regarding their prop-
erty to offer IR selection rules. In particular, they have the feature of mixing IR and UV
modes as can be seen from the fact that representations of the near-zone SL (2, R) have
non-zero frequencies and, thus, they are not directly manifested at the level of the world-
line EFT. The Love symmetry proposal is then somewhat different from the standard ’t
Hooft’s notion of naturalness [30]. However, the Love symmetry does provide selection
rules that dictate the vanishing of Love numbers and hence restore the naturalness in the
broader sense. Furthermore, while there are non-zero corrections at next-to-leading order
in the near-zone expansion (see, e.g., [26]), these are all suppressed within the near-zone
regime and, more importantly, the near-zone approximation becomes exact for static per-
turbations. Regarding the spectrum of the Love symmetry highest-weight multiplets, the
damping of these frequencies comes in the form —Im {w,} = n/f5 and, therefore, the closer
to extremality the black hole is (large (), the more states in the multiplet will be within the
near-zone regime, at least for the simplified case of non-rotating black holes. Moreover, in
the extremal regime the Love symmetry reduces to the exact isometry of the near-horizon
Myers-Perry black hole throat. As one can see, in this case the vanishing of static Love
numbers also follows from the generator algebra and the highest-weight property of the
relevant representation, see [36] for the d = 4 version of this. Away from extremity, our ar-
guments are still valid, but the exact form of black hole perturbations requires corrections
which formally become order-one for generic black hole spin values. Static perturbations,
nevertheless, do not acquire any corrections and hence the results remain exact for them.

The frequencies of the non-static states furnishing representations of the Love sym-
metry are themselves also phenomenologically interesting. For the highest-weight repre-
sentation, the corresponding frequencies have the same form as the “near-horizon” modes
presented in [94]. More interestingly, the purely imaginary spacing is precisely equal to
the universal QNMs level spacing as extracted from Padmanabhan’s argument [95]. An-
other possible connection to the QNM spectrum has been suggested in [36], where the
complex frequencies of highest-weight elements were contrasted to highly damped QNMs
and total transmission modes [78, 79]. We would like to stress that the near-zone expan-
sion that makes the Love symmetry explicit, can capture only those properties of QNMs
that are sensitive to the near-horizon part of black hole effective potential, and therefore
may not be sufficient for the recovery of the QNM spectrum. A more direct way to reveal
such “beyond-near-zone” connections would be to identify symmetry-breaking parameters
that depart from Love symmetric near-zone configurations and apply a spurion analysis to
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extract relations similar to the Gell-Mann-Okubo mass formulas [96, 97]. A potential ap-
proach along these lines would be to identify the effective black hole geometries, for which
Love symmetries are isometries, as scaling limits of the full asymptotically flat Myers-Perry
black hole solution, see e.g. [81].
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A Geometry of 5-d Myers-Perry black hole

The Myers-Perry geometry describes an electrically neutral, rotating black hole in higher
dimensional spacetimes [58]. In the present work, we focus to the 5-dimensional case with
the geometry in Boyer-Lindquist coordinates given by

2 2 ,,,.22
ds? = — dt> + = (dt — asin®0de — beos? 0d "= a2+ 5 do?
s + E< a sin 10) cos 1/)) + A + (A1)
+(r2+a2> sin2«9d¢2+(7“2+b2> cos? 0 dip?
where
Y =12+ a%cos® 0 + b%sin? 6,
(A.2)

A= (r2 + a2) (r2 + b2) —r2r?,

and 0 € [0, 7] is a direction cosine angle, while ¢ € [0,27) and ¢ € [0, 27) are periodically
identified azimuthal angles. This geometry describes an asymptotically flat black hole with
mass M and angular momenta J, and Jy along the two orthogonal planes of rotation,
related to the parameters 75, a and b appearing in the line element above according to

3T 2 2
@ri, Jo = gMa, Jy = Mb. (A.3)

M =

The horizons correspond to the roots of the discriminant A and are located at radial
distances r = ry, with

1
ri =3 {r? —a®> -+ \/(rg —a? - b2)2 — 4a2b?| . (A.4)
The absence of a naked singularity imposes the inequality
la + [b] < s, (A.5)

with its saturation indicating the extremality condition. The event horizon r, = r4 and
the Cauchy horizon r¢ = r_ are Killing horizons with respect to the Killing vectors

K® =o,+ Y 0, + 00 0, (A.6)
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respectively, where Qf) = Qi > and pri) = +b2 In particular, Q( ) = =y and QS;F) =
Ti a

2y, are the black hole angular velocities as reahzed by a static observer at the exterior.
The inverse metric components can be extracted to be

Y 1 (r? +a?) (r? +b?) r? _a b 2

1 a2 —b*| 1 b? — a?
sin?@  r2 + a? cos20 124 b2

(A7)

aw+A82+89}

while the only additional term needed to construct the massless Klein-Gordon operator
involves the Christoffel symbols,

1d /A 1 d
o = — — P e— i
9", 05 {r o < ) Or + B cosd do (sin @ cos 0) 89}. (A.8)

To investigate regularity at the future or the past event horizon, one employs ad-
vanced (“+7) or retarded (“—") coordinates respectively, related to the Boyer-Lindquist
coordinates according to

2 2\ (12 | 12
dti:dti(r +a7) (r +b)dr,
A
2 b2
d(pi:dgb:tarz dr, (A.9)
2 2
dys = dip £ b .
A
Explicitly, they are given by
_ { | r— Ty | T—T’H}
= ryln —r_In ,
r+Tri r—4r_
1 b2 — 2 42 —r_
or=0¢ 5 a it In |- el =% In|—" ‘ , (A.10)
Ty r+ry r_ r4+r_
T,Z):tl b r++a1 r—ri r3+a21nr—r_‘
= —_ n _
Y 2r i Ty r_ r+r_||’

where the integration constants have been fixed to ensure the asymptotic behaviors

t4 H—°°>t:t7' cpiH—OOH;S, yiH—oo>w, (A.11)
as well as a smooth extremal limit,
ty Ty _Ts 27°s7’2+7's r—ry :
2 T *T'_,'_ 2T+ T+T+
r_—r a |B2+712 ror b2 — 12 r—ry
o 0 2, e ] ; (A.12)
T4 i Tt —ri 2 1 T+ Ty
r_ Ty " b a2+7"3r rer +a2—ril r—rg
& + 27y r%r r2 —ri 21”3r rH+rel|
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B Modified Spherical Harmonics basis

In this appendix, we present the basis used for the modified harmonic expansion, naturally
associated with the computation of Love numbers for axisymmetric distributions in d =5
spacetime dimensions. For the sake of this, we need to perform a harmonic expansion over
the S! x S! subpart of S3, appropriate for the general isometry group factor U (1) x U (1)
of such configurations. The basis we are looking for is extracted by solving the eigenvalue
problem for the Laplace-Beltrami operator on S? expressed in the direction cosine angular
coordinates appearing in the Myers-Perry black hole line element,

1 . 1 1 5 v
Op (sin b cos 0 Og) + 95 + o2 d 92| Ya(0,¢,9) = AYA(0,0,¢) . (B.1)

sin @ cos 0 sin2f ¢

Let us present first how this is indeed the Laplace-Beltrami operator on S?. In usual

spherical coordinates (r, 91,2, ¢), the 4-dimensional spatial position vector with compo-

nents (2!, 22 23, 2%) in Cartesian coordinates is written as

z! = rcost,

2?2 = rsin Yy cos ¥s ,

3

(B.2)
x° = rsiny sin¥s cos ¢,

zt = rsin vy sin Y sin g,

where x! plays the role of the 3-dimensional z-axis. In these coordinates, 91 € [0, 7] and
Yo € [0,7] are two polar angles, while ¢ € [0,27) is a periodically identified azimuthal
angle. The Laplacian operator acting on scalar functions then reads

1 1
Dy= 07 +05 +05 + 0] = 0, (r*a,) + ﬁAéQ : (B.3)
with Ag;,) the Laplace-Beltrami operator on S? acting on scalar (s = 0) functions, which
in spherical coordinates is given explicitly by
1 1 1
A0 _ [ 2 i . B.4
S = G2, Oy, (sm vl 8gl> + sin d 0y, (sing 0y, ) + G020y 0, (B.4)

In order to transit to direction cosine coordinates (r, 6, ¢,1), we split the four Cartesian
coordinates z into two pairs of two and project onto these two planes of rotation,

x =rcosfcost,

z“ =rcosfsiny,
(B.5)
x° =rsinfcos ¢,

¥ =rsinfsin ¢,

with 6 € [0, %] a direction cosine angle, while ¢ € [0,27) and ¢ € [0,27) are two peri-

odically identified azimuthal angles. Then, the Laplace operator on scalar functions has
the same form as in spherical coordinates, but with the Laplace-Beltrami operator now
identified as

1 1 1
Dy (Sin9(:0s089)+8172 2 2

ALY — 0.
n 98¢+ 00529(%

3 (B.6)

sin @ cos 6
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In particular, the transformation rule between spherical coordinates (¢1, 92, ¢) and direc-
tion cosine coordinates (6, ¢, 1) allows to identify ¢ = ¢, while ¢ and 6 are related to ¥;
and Y9 according to

sin @ = sin vy sin¥s, tan = tan v cosds . (B.7)

The generators of the algebra so (4) ~ so(3) @ so0(3) in direction cosine coordinates are
more transparent by introducing the sum/difference azimuthal angles ¥4+ = ¥ 4+ ¢ and they
are organized in the two commuting so (3)’s, labeled by a sign ¢ = + or 0 = —,

JOU) :_iao-7

(0) _ ity 4 icot? i ]

Ji/ =e Ooy T i cot 06‘7$sin29 0ol , (B.8)
I8, 5§ = FI98 J%0.J2 | = F20576 Jg.J% | =0
+1, 70 FJ11 00,07, y [JE1 JF1 F2Jy 00,07 +1: Y41 .

Returning to the eigenvalue problem (B.1), this is reduced to a one-dimensional prob-
lem after separating the azimuthal angles as
oime i

}N/ij (97 0, 77/}) = Sﬁmj (9) EE ,

with the azimuthal numbers m and j being integers by virtue of the periodicity of the

(B.9)

angles ¢ and 1 with period 27, and Si,; (#) satisfying the first order ordinary differential
equation

1 d /. d m? 5

We remark here that we have set the eigenvalues to A = —¢ (¢ + 2) such that ¢ resembles
the corresponding orbital quantum number appearing in scalar spherical harmonics on S3.
However, at this point, £ is not restricted to be a whole number.

This differential equation must now be solved in parallel with the boundary condition
of regularity of Sgp,; (f) along the full domain of the direction cosine angle, 6 € [0, Z]. The
unique solution is not hard to extract,
= fm| = |j| £+ Im]+ ;i

2 ’ 2

Semj (0) = Ny sinl™ 9 coslil 6,7y <— 4+ 1;1 4+ |j] ; cos? 9> ,
(B.11)
with Nyp; a normalization constant, while regularity at 6 = 0 imposes the discretization
condition
t—|m| —1j|
2
We can, thus, assign whole numbers to ¢ as in the usual scalar spherical harmonics of S3,

eNo={0,1,2,...} . (B.12)

and restrict the domain of the azimuthal numbers m and j such that the above condition
is satisfied. This can be achieved, for example, by letting |m| < ¢ to resemble the corre-
sponding azimuthal number of the usual scalar spherical harmonics, but restricting j to
take integer values according to

j=—U—=|m)), =(C—=Im))+2, ..., (£—|m|) =2, (£—|m|), (B.13)

where we emphasize the step 2 in the successively allowed values of j.
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The eigenfunctions f’gmj can be seen to be orthogonal on S? in these coordinates using
properties of the Jacobi polynomials, while choosing the normalization constant to be

CHmIE3] Y (Elmltl]
(2£+2)(+ > ) () (B.14)

(=il (=L,

1
Nems = 101

ensures the orthonormality identity
]§3 Qs Yy, Yo jo = S0 6pmm 0551 (B.15)

where asterisks indicate complex conjugation and the 3-sphere integration measure in the
direction cosine coordinates reads

2T 2T
ng / d@/ d¢ dip sinf cos 6. (B.16)
0

Two useful properties of these modified spherical harmonic functions are their trans-
formation under complex conjugation, which simply reverses the sign of the azimuthal
numbers,

Vi = Vo (B.17)

and under a parity transformation® (6, ¢,v) — (6,7 + ¢, 7 + 1), which only adds an overall
phase,

Yv@mg (0 T+ QS, T+ @ZJ) ( )m+] Yvém] ( 7wa ¢) . (B18)

Let us count how many such basis states exist for a given value of the orbital number
£. This is given by

¢ £—|m| ¢

de= > > = Y (0—|m[+1) = (£+1) (B.19)

m=—L \j=—({—|m|),2 m=—{

and is exactly the same as the degeneracy of the scalar spherical harmonics” on S3. Sub-
sequently, the modified spherical harmonics mej are equivalent to the usual scalar spher-
ical harmonics on S3. In particular, the scalar spherical harmonics Yo4,, on S3, with
|| < lo < ¢ can always be written as a linear combination of the modified spherical
harmonics,

Yoo (01,02,0) = ot uim.,; Yemy (0,0,) (B.21)

m,j

and, thus, they form a complete set of dy linearly independent and orthonormal unit vectors.
We remark here that the azimuthal numbers p and m are not the same as they appear in

8In spherical coordinates, parity acts as (91,92, p) — (7 — %1, 7™ — 92,7 + ) which is translated into
directed cosine coordinates to (6, ¢, ¢) — (0,7 + ¢, 7 + ).
9The scalar spherical harmonics of degree £ on S™ have a degeneracy,

204+n—-1)L+n—2)!

de(n) = 0 (n—1)!

(B.20)

For n = 3, this gives d¢ (3) = (£ + 1)°.
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Yo 4, and Yy, ;; while g and m have the same range in both spherical harmonics bases,
their multiplicities do not match. Nevertheless, in the above expansion it is straightforward
to see that ¢y, uim,j = Co,09,:j0m,u- In addition, the complex conjugacy relation YZ&# =
(—=1)" Yy 4, —, further implies

Ul pus = (=1 con,—pi—j - (B.22)

One useful consequence of this completeness is that the two spherical harmonics
bases obey the same addition theorem, expressed in terms of the Gegenabuer polynomials
C’él) (z) as

¥ O / * / (+1 (1) /
3 Vi (90) Vit () = Y Vi (@) ¥, () = Sl @ @) (B23)
m,j lo,p

B.1 Correspondence with STF tensors

We will now present the 1-to-1 correspondence between 4-dimensional spatial STF tensors
of rank-¢ and the modified spherical harmonics f@mj with the same orbital number £. There
are two key observations that ensure this correspondence. First, the basic STF tensor of
rank-¢ Q&) where QF = %l are the projectors along the i-th spatial direction z’, has
eigenvalue —¢ (¢ 4+ 2) under the action of the 4-dimensional flat space Laplace operator, i.e.
the same eigenvalue as all ngj with the same /.

Second, the number of independent components of a rank-¢ STF tensor in n+ 1 spatial
dimensions is the number of degrees of freedom of a rank-£ symmetric tensor minus the

number of traces that need to be removed,

dSTF (n) = (n z— E) B <n z—f; 2) _ (20 + nﬂ—(;)fﬂi)—!n —2)! . (B.24)

For n = 3, this gives that the number of independent components of a 4-dimensional spatial

STF tensor of rank-¢ is equal to (¢ + 1)2, i.e. the same as the number dy of basis function
ngj with orbital number £. Consequently, any 4-dimensional spatial STF tensor of rank-/¢
can be written as a linear combination of ffgmj for all the possible values of the azimuthal

numbers m and j. In particular, for the basic STF tensor Q&)
Q<L> = AE nyLij/ij (Q) ) (B25)
m7j

where Q is a shorthand for the direction cosine coordinates (6, ¢,1)) associated with the
position vector 2 from which € is constructed, the constant STF tensors y}mj are given by

L _ 17{ (L)<
Yimj = 4, fs dQs QY Yy, () (B.26)

and Ay is a real normalization constant chosen such that!°

Yimg () = Vi Qry - (B.28)

tmyj

10Using the addition theorem of scalar spherical harmonics, which is also an addition theorem for the
modified spherical harmonics, this normalization constant can be found to be,
4720

Ae = 20+ 2)11°

(B.27)
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A general 4-dimensional spatial STF tensor £X = £(L) can then be expanded into its
modified multipole moments &,,; according to

€8 =2 EumiVim; - (B.29)
m’j
with
Eomy = ALV, = &1 fg a0, Q0 () (B.30)
such that
EL =" EunjYum, - (B.31)
m?j

Last, from the complex conjugacy relation of the modified spherical harmonics, we can
see that
L L
yfm*j = ye,—m,—j ) ggmj = 5&—m,—j . (B.32)

C Source/response split and Schwarzschild limit

In this appendix we demonstrate explicitly the source/response split of the scalar field (3.21)
and how the spinless limit recovers the corresponding solution in the 5-d Schwarzschild
black hole background [55]. To extract the source and response parts of the solution, we
need to identify those components that solve the linearized Klein-Gordon equation and
asymptotically behave as

_ N 2041
Rty (9) = Etmy (@) 4 | Z50% () + Ky () (‘;) Zrcgponse (p)],

source/response p—>0
Zwﬁmj (p) 1

(C.1)

where ky,; are the scalar response coefficients. The source/response split ambiguity that
is encountered for the physical values ¢ € N is bypassed by treating the orbital number
£ as a generic real-valued number ¢ € R. The above asymptotic behaviors then allow to
uniquely distinguish between the source and response components of the solution without
worrying about ambiguities arising from overlapping series.

The hypergeometric function involved in the near-zone scalar field solution that is

regular at the future event horizon (3.21) is expressed in terms of the variable z = F=£.
Due to a branch cut at |z| = 1, this series needs to be analytically continued at large
distances according to
I'(e)T(b— 1
oF (a,b;c;2) = M (—2) "2F <a,a— c+1l;a—b+1; )
r'®rc—a) z (C.2)
I'(c)T (a—10) b ( 1) '
— (- Fyb,b— 1;0— 1; -
+F(Q)F(c—b)( 2) R (bb—etrib—at -],

which is valid for |Arg(—z)| < w. Applying this prescription for (3.21), we match the
normalization constants Ry, (w) to

(014 (i41+r)

T (2041) T (1+2iZ4 () (C3)

Rimj (w) = Eumj (W) (p4 — p-)
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and, then, identify the full source and response components to be!!
5 . (o)
o () _ ( - ,0+)£ <p_p>3FwZ (w)
wrm p p— P+
x oFy ( 041 (W), 0 —irE) (W) ; —22;”*_“) ,

P+—P
A i (C.5)
—L— 10 (U>w
Zrequnse(p):( _er) L 1(p_p>:F Z77 (w)
whmj p p—py
><2F1(€+1—HF(0)()€+1 r<>()2e+2pp+ pp>7
e

and the scalar response coefficients kg, ; (w) are given explicitly in (3.23).

The two radial functions pg wimg and p ~l-1gy mesfgnso are linearly independent solutions
of the near-zone radial Klein-Gordon equation for generic orbital number ¢ and have the nice
property that they transform into each other under the discrete symmetry transformation
¢« —0 — 1 of the near-zone Klein-Gordon equation,

EZZ%%je & p—f 1Zregsnr’>3nse ) (CG)

We now consider the spinless limit of our solution and compare it with the already
known results obtained in [55] in the static limit. To do this, we need to extract the
corresponding behavior of the parameters Z, (w) and 7 (w), which are given in explicitly
n (3.12) and (3.19). First of all, as the spin parameters a and b are sent to zero, the inner
and outer horizons have the asymptotic behaviors

212
pr 0 o 140 (a2 82)], po S 1o (28)] . ()
As such,
Zy (w) 2% ‘*’;‘S +O0(ab), 29w 2% e L 0(ab) . (C.8)

We see, thus, that both Z (w) and A (w) become independent of the azimuthal num-
bers m and j in the spinless limit, as is appropriate for the spherically symmetric 5-d

"1We remark here the analytic properties of the hypergeometric function 2 Fy (a, b; c; z) with respect to
its arguments and how this is related to the near-zone scalar field solution (3.21). In general, 2 F (a, b; ¢; 2)
does not exist when c¢ is a non-positive integer and the analytic continuation formula for large z becomes
problematic. Nevertheless, the reqularized hypergeometric function,

2F1 (a,b;¢; 2)

F(a,b;c,z) = T () ,

(C.4)
is well-defined for all values of ¢ € C and can be analytically continued at |z| > 1 without any issues. This
is also the situation with our near-zone scalar field solution (3.21) as the normalization constants Rem; (w)
themselves contain precisely an inverse I' (¢) factor when matched to the field strengths Egmj (w). In other
words, the solution (3.21) has all the nice analytic properties with respect to all the arguments of the
hypergeometric function.
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Schwarzschild black hole background geometry. Furthermore, rg (W) =wrs(1F1)/2+
O (a,b) and the near-zone solution in the spinless limit becomes

I(@+1)F(2+1+iwrs)

b—=0 5
Ristmj —=—— Epmj (w) pl -
R T T (2041) T (1 + dwry) (C9)
p twrs /2 R R p
X <1—S> oy (f—l—l,—ﬂ;l-f—%wrs;l—) .
P s
Using the Pfaff transformation,
oF (a,b;c;2) = (1 — z)_b o F (c —a,b;c Zl) , (C.10)
z —

which is valid for |Arg (1 — z)| < 7, this can be rewritten as
F(E+1)P(E+1+z’ms)
r (2@4— 1) [ (1 +dwry)

wrs /2 -0 R .
x (1 - ps) (‘k) o (—e, 0+ Qiwrg; 1+ iwrg; 1 — ps) .
p p p

b—0 5
Retmj = Epmy (W) p

[V WY

(C.11)

In the w — 0 limit, this is in complete agreement, up to an overall conventional constant
factor, with the corresponding result in equation (4.6) of [55]. The scalar response coef-
ficients (3.23) also have a smooth spinless limit that can be easily shown to agree with
equation (4.7) of [55] when w = 0 after employing the Legendre duplication formula for the
Gamma function,

I'(z)T (z + ;) = 21722 /7' (22) . (C.12)

D Derivation of SL (2,R) generators

In section 4 we presented the existence of near-zone truncations of the massless Klein-
Gordon equation in the background of the 5-d Myers-Perry black hole equipped with an
SL (2, R) symmetry structure. In this appendix, we will sketch the derivation of the vector
fields generating these symmetries. We will do this by starting with a generic ansatz for
the form of the SL (2,R) generators and require that the associated Casimir operators
yield operators that preserve the characteristic exponents of the full equations of motion
in the vicinity of the black hole event horizon. We will end up with an infinite number
of SL (2, R) algebras, most of which are not consistent near-zone truncations and also not
globally defined.

The upshot of using this approach is that finding the most general truncation that
preserves the near-horizon characteristic exponent also ensures that we will find all the
possible near-zone truncations admitting SL (2, R) symmetries as a subset. As we will
see, there will be two towers of near-zone SL (2, R) symmetries controlled by an arbitrary
parameter which spontaneously breaks the SL (2,R) symmetry down to U (1). The only
possible globally defined near-zone SL (2, R) symmetries will then correspond to setting this
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symmetry breaking parameter to zero and will precisely correspond to the Love symmetries
presented in section 4. We will also investigate the situations where the SL (2, R) symmetry
of the truncations preserving the near-horizon characteristic exponents can be enhanced to
full 2-d conformal structure SL (2,R) x SL (2, R).

D.1 Truncated radial operators preserving the near-horizon characteristic ex-
ponents

The full massless Klein-Gordon operator in the background of the 5-d Myers-Perry black
hole has been introduced in section 3 and the corresponding radial and angular operators
are given in (3.2). We wish to explore the possibility of truncating the radial operator such
that we preserve the characteristic exponents as we approach the event horizon at p = p...
The most general such truncation has the form

2

Otrunc = 0, A0, — (p+4—Ap_)62 (O, + QL 0, +Q_0_)* + V0,0, +0y" 0y, (D.1)
where 0v*” and dv* are terms that are subleading in the vicinity of the event horizon,
A= (p—ps)(p— p-) is the discriminant function for the 5-d Myers-Perry black hole and
B = psr+/ (p+ — p—) is its inverse Hawking temperature. We note here that we are working
in sum/difference azimuthal angles, ¥+ = 1) &+ ¢, with Q4 = Q, £, the angular velocities
along these two directions, and we are using the notation 0+ = 9y, = (Jy £0y) /2.
The subleading terms 6v*" and 0v* that preserve the background Ry x U (1) s XU (1)@0
symmetries will then have the generic form

5" = fu (p) , 0YE = Qe frp ()

OVEYE = OF fypye () s VYT = Q- fy (), (D.2)
67 = Afip (p) N = Uy, () 6 = A ()
= fi(p) NE = Qufy, (p), " =Af(p), (D.3)

with all f,, and f, being radial functions that are regular as p — p;. We remark here
that we allow for time-reversal violating terms. To simplify the problem, we can perform p-
dependent coordinate transformations to eliminate as many as possible of the above terms.
In particular, introducing coordinates (%, j, 1;+,1/~1_), related to (¢, p, ¥4, _) according to

dp dp
VA(D)  VA(p)+ 07y (p)’ (D.4)
} 57" (p) 7 57+ (p) '
dt = dt — dp, diy=dpy — dp,
A towr () WETWET R v ()™
we can set
537 =0, 65 =0, §3VP =0. (D.5)

We will adopt these coordinates henceforth and drop the tildes to ease our notation.
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D.2 Solving the SL (2,R) constraints

With this setup for the generic truncation of the radial operator, we now explore the
existence of three operators, Lo, L+ and L_1, generating the SL (2, R) algebra,

[Lm, Lp] = (m —n) Lyptr,, m,n=0,£1, (D.6)

and whose Casimir precisely recovers a truncation of the radial operator of the type we
just described,

1
Co=L3— 5 (Es1loa+ LaLin) = Otrune (D.7)

Representations of SL (2,R) are labeled by C; and L. Using the R, x U (1), x U (1),
isometry of the background, we therefore make the following generic ansatz for the SL (2, R)
generators

Lo=— (B0 +B+Q4 04 +B-Q-0_),

-G 2 7(+) (=) (D-8)
L =G+ (x) 3p + K4 (1‘) o+ Hy (a;) Qy 04 +H) (a;) Q_o0_,

where all components of the Ly vector field are constants and all components of the L4 vec-
tor fields are spacetime functions X4 (z) = X< (£, p,%4,1_). The algebra constraints (D.6)
and the Casimir constraints (D.7) will now be solved to fix the exponents S+ and Sy, the
functions X4 () and the subleading terms 67 (p) and 6v* (p) appearing in the truncation
of the radial operator.

We start with the algebra constraint [Liq, Lo] = +L41,

(Be O+ B4 01 + B-Q-0-) X (8, p, 00, -) = £ X (8, p, 004, 9-) (D.9)
This can be used to eliminate the explicit ¢-dependence by introducing

. 3 . t N

sz)i = @bi - ngit = Xi (t7l)a¢+,¢—) = eit/ﬁ Xi(p’ ¢+,T/J—) : (DlO)

It is therefore favorable to work in the (¢, p, Uy, i,) coordinates instead of (¢, p, ¥4, 1_) to
solve the constraints. The generators in these coordinates are given by

LO = _Btatv

L:I:l = eit/ﬁt Gi(pa 1;-"-7 ﬁ—)ap =+ Kﬁ:(/% r(/;-i-v 1[}—)8,5 (Dll)
+ ﬁ:(t+) (pv 172-"-7 7ﬁ—)(z—i- é—i— + ﬁ:(t_) (,0, 1[1.;,_, lﬁ_)Q_ é_ s

with A% = HY) — Gk,

Moving forward, the Casimir constraints (D.7) imply that products of components of
the L1 vector fields are independent of the azimuthal angles. We, thus, write X (p, zﬁ+, ﬁ_)
= FAW+-) X+ (p). In fact, taking derivatives with respect to @i of the various Casimir
and algebra constraints reveals that the dependence on the azimuthal angles in the expo-
nential must be linear,

X (p,thy tho) = X470 4 (p) | (D.12)
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The pp-component of the Casimir constraints (D.7) and the p-component of the last algebra
constraint [L41,L_1] = 2L then completely fix the p-components of Li; to be, up to

automorphisms,

g+ (p) = FVA. (D.13)

The tp- and 4 p-components of the Casimir constraints then imply

ki (p)=k-(p)=k(p), B (p) =hY (0) =D (p) . (D.14)

The remaining algebra constraints from [L41, L_1] = 2Ly become

\/M'+( + 3 muht )k:ﬁt, (D.15a)
i=+,—
VAR 4 <k+ Z TijiL(j)) ) =0, (D.15b)
Jj=+,—

while the remaining Casimir constraints read

2
k2—1:(p+—p)ﬁ ftt

AA ) (D.16a)

B &) (p+4 ﬁ2< &) ( fuos = 22 tt) 7 (D.16)
2

[ﬁ(i)r - by = 4 /82 < > (fd)ﬂ/)i ﬁﬁi Jryps + /Bi ftt) ) (D.16¢)

i1 e 1) 1)

B

(D.16d)
- (f¢+w_ - Bﬁ::ftm Ffw + ﬂ+ﬁ_ ftt) .

Let us sketch how to solve these. The algebra constraints can be solved for the func-
tions k (p) and (&) (p). The integration constants associated with the differential equa-
tions (D.15a)—(D.15b) are then fixed by the near-horizon behaviors of these functions as
dictated by the Casimir constraints (D.16a)—(D.16d). These near-horizon behaviors also
result in a relation between the constants 5;, S+ and 74,

(1—5 Z T3 1) (1— Z 7’15191) . (Dl?)
i=4,— i=4,—

The final expressions of the generators Ly, Ly after translating back into (t,p, ¥4, 1-)

coordinates are

Lo=— (B0 + B+Q4 04 +B-Q-0-),
Ly =exp{£[t/B+ 74 (Y1 — Qt) + 7 (Y- — Q_1)]} (D.18)

X [;\/58,)—8,) (ﬂ) Lo+%(ﬁK+Lo) ;
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with the associated Casimir given by

2
s = p-) gopen PP Lo (Lo + BK) (D.19)

cgzapAap—(”+4A e

where K = 0, 4+ Q4 01 + Q_ 0_ is the Killing vector relative to which the event horizon
is a Killing horizon. Interestingly, by working in the advanced (retarded) null coordi-
nates (A.10), one can then check that the above vectors fields are automatically regular
at the future (past) event horizon. We also remind here that one has the freedom of
performing the coordinate transformations

p—p+A2,(p), t—t+ag(p), Vi vs+gy (p), (D.20)

for arbitrary radial functions g, (p), g¢ (p), gy, (p) and gy_ (p) that are regular at the
event horizon; these give rise to non-zero subleading contributions 677, 67 and 6y¥+°
respectively.

Let us now start discussing the properties of these truncations of the radial operators
that are equipped with SL (2, R) symmetries as demonstrated above. First of all, we notice
that the SL (2, R) symmetry generated by (D.18) is in general spontaneously broken down
to U (1), generated by Lo, from the periodic identification of the azimuthal coordinates
when 7+ # 0. An interesting remark here is that the 7+ # 0 generators can be obtained
from the globally defined ones, with 7 = 0, via temporal translations involving the co-
rotating azimuthal angles,

Lre=0) 2P R T ) (D.21)

m m ‘

Furthermore, the Casimir operator (D.19) has the property of preserving the charac-
teristic exponents near the event horizon by construction. However, it does not in general
capture any near-zone truncation of the radial operator. For this to happen, the Casimir
operator must exactly reproduce all the static terms in the radial operator as well. This
additional requirement gives two infinite towers of near-zone SL (2, R)’s controlled by the
parameters 7+. The two towers can be labeled by a sign ¢ = +, — and correspond to fixing
the parameters S+ to

Bo=B, Bo=0 foroc=+ORo=-. (D.22)
These near-zone SL (2,R)’s are generated by the vector fields

L) = — (8 0, + 52 5) .
L) = exp {£[t/B + 74 (Y4 — Qpt) +7— (Y- — Q_t)]}
x {:F VA, + 09, (VA) (87 0 + % 0, ) (D.23)

+ Lo (8- 87 0+ 5000, |
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and the associated Casimir operator is given by

- 2
e P Vo100, 100y
4 (D.24)

_ % (87 00+ 590 05) [(8 - B7) 01+ 8200, .

& =g, n0, - Pr

where 5:)7 TJ(FU) and 77

are related according to

87 (1= pri70, — r90 ) = 8 (1 - pri0,) . (D.25)

Supplemented with the near-zone-approximation-preserving temporal translations ¢ — ¢ +
g+ (p), this exhausts all the possible near-zone SL (2, R) symmetries.

If we want these near-zone SL (2, R) symmetries to be globally defined, one must further
impose 7+ = 0, in which case we must have ,Bt(U) = 3 and we end up with the fact that
the most general globally defined near-zone SL (2,R) symmetries are, up to p-dependent
temporal translations, the Love symmetries presented in section 4.

D.3 Extension to SL (2,R) x SL (2, R)

We will finish with a short investigation on the possibility of extending the above-found
SL (2,R) symmetries, for which the radial operator truncations preserve the characteristic
exponents near the event horizon, into the full 2-d global conformal structure SL (2, R) x
SL (2,R).

Consider, therefore, two general such SL (2, R) symmetries generated by vector fields
Ly, and L,, of the form (D.18). They are characterized by parameters {8;, f+,7+} and
{Bs, B+, 7+ } respectively, with each set of parameters being subject to the relation (D.17).
By working out the requirement that

L Ln] =0, m,n = 0,41, (D.26)
we extract the following summarizing condition
Lo+ Ly = —BK, (D.27)

that is, By = B — B; and B+ = B — B+. The associated Casimirs turn out to be exactly the
same and can be written in the suggestive form

= 2 = 2
5 p+ —p— [ Lo+ Lo p+ —p— [ Lo— Lo
Co=Cy=08,A0, — + . D.28

P p—p+< 2 > p—p—< 2 (D-28)

In a CFT, interpretation, this shows that the characteristic exponents near the outer
and inner horizons are the (squares of half of the) scaling dimension and spin-weight of
the spacetime scalar field under the action of the CFT5 dilaton and Lorentz generators
respectively. In this language, the above truncations of the radial operator seek to preserve
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the scaling dimension but allow to approximate the CFTs spin-weight. The remaining
generators can similarly be written as

Lyq = eEt/B+74 (e —Qut) 47 (- —Q-1)]

Lo+ L L —L
y q:fa— p—p- o+ 0_ [P=prlo= o)
p— P+ p—p-

Ly = [/ 847 (g~ )47 (90 0)]

Lo+ L Lo— Lo
% :F\/>8— e 0+ 0, [PZ P+ 20 0
PP+ p—pP-

Last, for the case of near-zone SL (2,R) x SL(2,R)’s, there are two towers of such

(D.29)

enhancements labeled by a sign 0 = +,—. They correspond to (8,,5--) = (5,0) and,
thus, (BU, ﬁ__o> = (0, 8). One of the outcomes of the current analysis is then that near-zone
SL (2,R) x SL(2,R)’s can never be globally defined. The best one can do is to have near-
zone SL (2,R) x SL (2, R) symmetries spontaneously broken down to SL (2,R) x U (1) from
the periodic identification of the azimuthal angles. These are precisely the enhancements
of the Love symmetries presented in section 5. We remark here that the construction of
near-zone SL (2,R) x SL (2,R) symmetries described above also contains the Kerr/CEFT
proposal for 5-dimensional rotating black holes in [41] as a special case, corresponding to
a different near-zone truncation with 5, = ”_:* and f; = B~ and which has the

2r 2ry
unique property of preserving the characteristic exponent at the inner horizon as well.
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