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We present a novel study of Kerr Compton amplitudes in a partial wave basis in terms of the Nekrasov-
Shatashvili (NS) function of the confluent Heun equation (CHE). Remarkably, NS-functions enjoy analytic
properties and symmetries that are naturally inherited by the Compton amplitudes. Based on this, we
characterize the analytic dependence of the Compton phase shift in the Kerr spin parameter and provide a
direct comparison to the standard post-Minkowskian (PM) perturbative approach within general relativity
(GR). We also analyze the universal large frequency behavior of the relevant characteristic exponent of the
CHE—also known as the renormalized angular momentum—and find agreement with numerical
computations. Moreover, we discuss the analytic continuation in the harmonics quantum number £ of
the partial wave, and show that the limit to the physical integer values commutes with the PM expansion of
the observables. Finally, we obtain the contributions to the tree-level, point-particle, gravitational Compton

amplitude in a covariant basis through O(a};;), without the need to take the superextremal limit for Kerr

spin.
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I. INTRODUCTION

The study of black hole perturbation theory has seen a
resurgence in recent years after the observation of the
gravitational waves generated by the coalescence of binary
black holes [1,2]. This revitalization has led to the develop-
ment of novel perturbative approaches for examining black
holes’ responses to external perturbations. These methods
draw heavily from quantum field theory (QFT)-inspired
techniques, including (quantum) worldline effective field
theory (EFT) [3-9], on shell amplitudes [10-22], and the
effective one-body (EOB) approximation [23,24]. A crucial
aspect of these approaches is to match the physical observ-
ables derived from effective models with those calculated in
general relativity (GR), which is key to identifying unknown
parameters within the effective theories. Therefore, it is
important to exactly solve the differential equations in GR, as
well as providing organizing principles to interpret the
mathematical results.
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This work aims to establish a connection between a
novel computational approach to solve the Teukolsky
master equation (TME) and the analysis of Compton
scattering amplitudes in a Kerr black hole (KBH) back-
ground. This computational scheme is grounded in trans-
forming the separated radial and angular components of the
TME into a second-order ordinary differential equation
(ODE), notably the confluent Heun equation (CHE) [25].
This transformation allows to relate the solutions of the
equation to classical Virasoro conformal blocks, as detailed
in [26]. By exploiting the known analytic properties of
these conformal blocks and their representation through the
Nekrasov-Shatashvili (NS) special function [27], new
explicit solutions for the connection coefficients of the
CHE could be derived [28]. This method has already been
applied to the study of physical observables in a variety of
gravitational backgrounds including (anti—)de Sitter [(A)
dS] black holes [29,30], fuzzballs [31-34], and the astro-
physically relevant KBH, with the first application appear-
ing in the context of the exact computation of the spectrum
of quasinormal modes [35], and more recent approaches to
compute the graybody factor, Love numbers [26,36] and
the study of the post-Newtonian (PN) dynamics in the two-
body problem [37].
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In this paper, we show that Kerr-Compton amplitudes
written in a partial wave basis can be directly expressed in
terms of the NS-function. As a consequence, the analytic
properties of the NS-function translate into sharp state-
ments for the Compton scattering phase shift. This allows
us to:

(i) Nonperturbatively characterize the polynomial
dependence on the KBH spin parameter of different
contributions to the phase shift directly related to the
NS-function;

(i) By comparing to the more traditional method of
Mano, Suzuki, and Takasugi (MST) [38-41], to
resum the perturbative—post-Minkowskian (PM)—
expansion into exponential functions of derivatives
of the NS-function;

(iii) To study analytically the large frequency behavior of
the MST renormalized angular momentum and
compare the results to numerical predictions.

By studying the Compton phase shift in a PM-fashion—
namely € = 2GMw <« 1—we find it naturally separates
into a dominating and a depleted contribution. This
hierarchical distinction aligns with the “far zone”
(conservative, point-particle, leading contribution) and near
zone (horizon completion) factorization recently proposed
in [42,43]. The near-far factorization is well-defined for
harmonics of generic-Z values, i.e. analytically continues
from €N to Z€C. This continuation gives rise to
apparent divergences once the physical limit £€N is
taken. In an MST language, this manifests as integer £-
poles in the MST coefficients [44,45]. In this work we show
such poles are spurious and get canceled when adding the
PM-expanded near and far zone contributions of the phase
shift together. The final results in this generic-¢ prescription
agree with the ones computed in a fixed-¢ prescription, i.e.
by solving the ordinary differential equations (ODEs) staring
with £ €N before PM expanding [44,45]. Therefore, we
conclude the PM and the # expansions actually commute.
Finally, we provide a new interpretations of the results
presented in [46] for the higher-spin, tree-level gravitational
Compton amplitude in terms of only far-zone physics, while
expanding the state of the art results to eighth-order in the
Kerr-spin multipole expansion. As mentioned, this far-zone
computation corresponds to the point-particle limit of the
BH, while being purely conservative and polynomial in the
KBH spin parameter y; therefore, no analytic continuation in
x 1s required.

II. SPIN-s PERTURBATIONS OFF KERR

The radiative content for perturbation of spin-weight s
off a Kerr black hole (KBH) of mass M and spin agy is
fully encoded in the Teukolsky scalar ,y, which solves
TME. As shown by Teukolsky’s seminal work [47-49], o
admits separation of variables in the frequency domain.

Using (¢, r, 9, @) as the Boyer-Lindquist coordinates it can
be explicitly expressed as

sW(t’ r, ’97 (ﬂ) = z / dw e_iwthfm(r)sSfm(&’ @; aBHa)>‘
‘m
(1)

Here (R;,,(r) solves the radial Teukolksy equation (RTE),
whereas (Sy,,(9, ; agyw) correspond to the spin-weighted
spheroidal harmonics. As mentioned above, both the RTE
and the angular equation can be reduced to CHE after a
suitable change of variables. The RTE has singularities at
the inner and outer horizons of the KBH, and at the
boundary at infinity. More broadly, Teukolsky equations
for a generic class of Type-D space-times correspond to
Heun’s equations of certain type, classified by the structure
of their singular point [50].

In this work we consider plane wave perturbations off
KBH imposing the physical boundary conditions for the
radial function to be purely ingoing at the BH horizon and a
superposition of an incoming and a reflected wave at future
null infinity (see Fig. 2),

N I ——
—iwr, ior,
in — inc ref
REN(r) = Bl ——+ Bl e (2)

Here @& = w—% is the corotating frequency, y =

agy/(GM) is the dimensionless spin of the KBH, r, =
GM(1 £ k) are the roots of A = r? +2GMr + ajy, and

k =+/1 —y% The tortoise coordinate r, is determined

2 2
from the differential equation %= = "~ [41].

The main objects of interest are the (Compton) scattering
phase shift (67 and the absorption probability ;77 , which
are fully determined from the asymptotic behavior of the
radial functions [51]:

P 2i6" 41 SBI;:f 25 AP
slem€ sOem = (_1) - B;:Z X (2&)) SAS s (3)
s m

being A? a function of the Teukolsky-Starobinsky constant
[see (A11)], with P a parity label. (B¢ and (B*! are called
connection coefficients of the CHE since they allow us to
express a local solution close to a singular point in terms of
a local basis of solutions centered around a different
singular point. The Heun connection coefficients for
generic boundary conditions have been explicitly computed
in [28] (see Appendix B for a review of the derivation).
Using these results we find,
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with the dictionary of parameters [35],

my —€
m; =1 s
K

3, s [(1-26a)T(~20a)(—L)*@ e 3%"

i—ca+m)T(t-ca+m,)T(i-ca+ms)

m, = —s — i€,

: 4)

I'(1-26"a)l'(=26’ a)L’”’ ——aar

ZU =+1( ——rﬂLH»m,) (——n‘ u+m2)l—‘(l—6 a—ms)

my = ie — s, L = —2iek,

u=—-2A—s(s+1)+e(isk —my) + (2 + «), (5)

and A the spheroidal eigenvalue. a is implicitly determined
from the so-called Matone relation [52,53]:

~~

1
u:Z—az—'—LaLF(ml’mZ?m:S’a’L)' <6

All the complexity in computing (4) is then hidden in the
special function F(m, m,,m3,a,L). This is a so-called
NS-function, and it is given as a convergent series' in L
whose coefficients are given explicitly in terms of combi-
natorial formulas (see Appendix B for concrete formulas).
NS-functions are a class of special functions which
appeared for the first time in the context of A =2
supersymmetric gauge theories and Liouville CFT
[27,55].2 Different NS-functions make their appearance
in the connection problem of Heun equations of different
types [28]. Since in this paper we are only dealing with the
CHE, we will not make a notational effort to distinguish the
NS-function F from its siblings. From (5), it follows that L
acts effectively as a PM-parameter, aligning the L expan-
sion of F with the standard PM-expansion used by the MST
method.? This observation is crucial and allows for a direct
comparison of the two methods as we will see below.

For practical purposes, our strategy to compute (4) is the
following:

(i) Compute F up to order L"m;

(ii) Invert (6) perturbatively in L to obtain a(m;, u,L);

(iii) Plug a(m;,u,L) back in F and evaluate (4) sub-

stituting the dictionary (5) up to order e"m.

We include the explicit expression for F up to O(L?) in the
Supplementary Material [56]. For concreteness, at leading
order one finds,

a= VIV HA L o) = —Lorr0@r ()

Note that in the e <1 limit |L|¢ ~ e=(14+29)log(e)/2,
therefore only ¢ = 1 terms contributes to the sums in (4)
at leading order. We call this the far zone contribution.
The o0 = —1 terms are thus suppressed by a factor of
|L|72 ~ €'*2%_ which coincides with the order at which BH
horizon effects start to become relevant [43,57-59]. For this
reason, we call the factor containing these terms the near
zone. We therefore rewrite formula (4) in the more familiar
form,

ref 2ie(log(|2¢])—1/2) 1_ . —ira
By T eoertrey [GZAT M) 14 Gl - N ®)
ima cos(z(mz—a
sBEy, 2| s—a+mz) 14 ein e
far zone

where

near zone

I'(2a)l(2a + 1)I'(m3 —a + HT(my —a + HT(my —a + )

K =|L|7
IL1 I'(=2a)T(1 = 2a)T'(m3 + a + 5T (my + a + HT(my + a + 1)

eduF7 (9)

'For the convergence of Nekrasov partition functions (see [54]).

’In the gauge theory context, F appears as the instanton partition function of a A/ = 2 SU(2) gauge theory with three hypermultiplets
of masses my, m,, ms. L is the instanton counting parameter and a the Cartan vacuum expectation value in the Coulomb branch. a can
also be understood as the quantum-A period of the CHE. In the Liouville CFT, 6 = + denotes two different intermediate dimensions in
the conformal block expansion.

An similar observation was made recently in [37] in the post-Newtonian context.
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thus resembling the near-far factorization proposed in [42]
for the coefficient-ratio written in the MST-language (see
(AS5) below). The function K here is called the tidal
response function and we shall give a more detailed
explanation on it in Appendix A. From the above equation,
we observe that the far zone contribution can be written as
an analytic functions of L while the near zone is nonana-
lytic in L for generic values of a, hence sharing an analog of
the analytic structure in G discussed in [43]. A detailed
comparison with MST method will be done in the next
section.

III. NS-FUNCTION, MST PM-RESUMMATION,
AND THE HIGH-FREQUENCY LIMIT

Since the phase shift (3) depends on the NS-function via
the connection formula (8), the symmetry properties of F
are naturally imprinted in the Compton scattering ampli-
tudes. We start this section then by presenting some
properties of the NS-function (see Appendix B for con-
ventions and derivations).

A. Properties of the NS-function
The function,

- L
F(my,my, msy,a,L) = F(my,m,, ms,a,L) —m%, (10)

is invariant under permutations of (m, m,, m3) and under
the reflection (m;, L) — (—m;,—L). Accordingly, it only
depends on combinations that are left invariant under such
transformations, that is

3
(mymyms3)L, (mymyms)*, L2, Z m3",
i—1

(mymy)* + (mamy3)™ + (myms3)™", (11)

with n €N. Furthermore, if F is Taylor expanded in L,

F= ch(ml,mz,m3,a)L”, (12)
then
lim ¢, (my, my, ms, a) < ml. (13)

Substituting the dictionary (5) in (11), we note that F can
only depend on x> = 1 — y?, so, by (13), it follows that
factors of k> can only appear in the numerator of c,,’s. This
therefore proves that F' depends only polynomially on the
spin y. Moreover, since all the invariant combinations in
(11) are real after substituting the dictionary (5), we see that
F is real at all orders in e. Subtracting m5L /2 in the lhs and

ths of (6) we see that a? is also real* and depends
polynomially on y. As a consequence, we conclude that
the far-zone phase-shift is polynomial in terms of BH spin.
This polynomial structure aligns with spin-induced multi-
pole expansion used in the worldline EFT [60].

Let us also comment on the dependence of the NS-
function on a. F is invariant under a — —a, as indicated
in (4) and (6). Moreover, F has poles at « = +n/2 forn €N
[61]. Simple poles at @ = £n/2 appear at order L", and poles
of higher orders appear at higher orders in the L-expansion.

B. NS-function and PM-resummation

In the PM approach, it is customary to use the MST
method for solving the TME [38—41]. In this approach one
matches the asymptotic solutions converging in the near
(ry <|r] < o) and far (r,. < |r| < o0) zone perturbatively
in € after imposing the boundary condition (2) (see Fig. 2).
In doing so, one introduces the so-called renormalized
angular momentum v(s, Z, m, w), and the MST coefficients
aY, which are computed perturbatively in ¢ from a three-
term recursion relation that is required by the convergence
condition. The connection coefficients (B2 and (BX! are
then expressed in terms of infinite sums involving a and v
[41]. We refer the reader to Appendix A for a review of the
MST method.’

Compared to the MST solutions, the CFT results suggest
the resummation of the MST sums for the far-zone and
near-zone, respectively,6

oo (_1)\n (tlts—ie), o
edm F n:_oo( 1) (y+1—s+i€)n an 0, F _ X—u—l
T +oo v ’ - ’
n=—co n sz
(14)

where the nontrivial X, sums are given in (A8), whereas the
renormalized angular momentum is found to be

a=———1. (15)

We have checked that formulas (14) and (15) hold up 9-PM
order, and we expect them to hold true to all orders in
perturbation theory, for generic spin-weight s, angular
momentum ¢, and azimuthal number m. Indeed, we expect
it would be possible to analytically prove this formula
possibly along the lines of [62].

“In the small frequency expansion, a is real.

For recent mathematical results on the perturbative expansion
of the connection formulas for CHE see instead [62].

Indeed, this follows since @ ~ €"l ~ (GMw)"! in generic-#
prescription as we will see below. Then, perturbative calculation
using a¥ is equivalent to the PM-expansion of F.
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FIG. 1. Numerical evaluation of the high-frequency behavior of
renormalized angular momentum v using the Black Hole Per-
turbation Toolkit [63]. The solid lines represent v for various
perturbation parameters. The dashed line is the analytic estima-
tion from (18).

C. Towards high-frequency scattering

In some corners of the parameter space, the perturbative
series in L—which at the same time defines F—simplifies
drastically. An interesting example where such a simplifi-
cation takes place is the high-frequency limit; that is, when
GM > 1, which corresponds to

L my—my).  (16)

m3 + my =0, 5

U~ i m% +
As shown in detail in Appendix C, in this limit the NS-
function reduces to

~ Lm1

Fo——. 17
A direct consequence from the Matone relation (6), in
conjunction with (16) and (17), is therefore that a ~ mj,
hence one finds using (15) that

a~2iGMw = v~-2iGMw as GMw — c. (18)

In Fig. 1 we test this expression against numerical pre-
dictions. The above relation we find is universal for all
s,,m,y < GMw, a pattern verified in Fig. 1.

IV. GENERIC-? VS FIXED-Z PRESCRIPTIONS

Physical angular momentum ¢ attain positive integers
values with £ > |s|. However, when we fix £ = n €N, from
(7) we observe a becomes a half-integer at leading order in €.
This complicates the structure of the PM expansion, since we
are expanding close to the poles of the NS-function and of the
gamma functions in (9). Considering for example the case
n=0(=¢=m=0),a~-1/2, the leading divergence
in terms of a in the NS-function can be written as [61]

. 3 (mymyms L)k )
F 2 (ati 2k = 0(e”). (19)
Substituting the Kerr dictionary (5), we see no 1/€ singu-
larities actually appear in F since the residue of the 2a = —1
pole cancels such divergences. However, it is crucial to notice
that all terms with £ > 1 in the L series in (19) will contribute
to the €? order. In this sense, the naive L-expansion no longer
coincide with the PM expansion, and a resummation is
needed. A similar argument can be made for the divergent
gamma factors entering in (9), and for any s, £, m. Note that
these complications appear when one hits the poles of the
NS-function, that is, after O(e***!); no integer-# issue will
arise before the horizon effects start to become important.

To avoid this kind of difficulties, we instead follow the
route of analytically continue from £e€N to £€C, per-
forming the low-frequency expansion in L ~¢ < 1 and
going back to the physical limit £ € N only at the final stage
of the computations; we dub this approach the generic-¢
prescription [64].

We use the generic-£ prescription at the level of the
phase shift (3). Let us then comment on the structure of
0L in this approach. For starters, even though F is purely
real, 6m3F in (8) breaks the symmetries of the invariants
combinations listed in (11), and therefore it contains both
real and imaginary parts. It is desirable to separate the real
and imaginary contributions to (62, as they are associated
to conservative and dissipative effects respectively.
Interestingly, based on the conservation of energy flux
between infinity and the horizon, the identity [see Eq. (68)
in Ref. [40]],

LG —a—-m;)
F(z—a+m3)

IYI3 F]

eRelo =|API7!, s <0,aeR, (20)

combined with Eq. (3), allows to conclude that in the low-
frequency limit, the far-zone scattering is purely elastic
whereas only the near zone contributes to the absorption
probability I' ~ >~ p[1 — (;1%,)?1 [43,59]. Indeed, by com-
bining (20) with Egs. (8) and (3), one can straightforwardly
get the far and near contributions to the phase shift,

- 1
Ry ~Arg[AF] + elog(2]e])
2 clogllel)

) tail
rational

1 rg-a- 1
+—Arg[w} —l—%(f—l———i—a),

2 (3 —a+m;) 2
transcendental
(21)
1 1 —ina,C
5§n11\12 - 2Arg|: +c:s(n(m3—a)) :| s (22)
I+e cos(z(ms+a)) K
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and

1+ e7maC
Y
slem =\ 17 gina coslalm=a)) 1o (23)

cos(z(ms+a))

In Eq. (21), we also observe that the NS-function F only
contributes to the rational function of £ while the trans-
endental contributions come from the ratio of gamma
function and the additional z factor. The logarithmic tail
terms represent the imprints from the long-range
Newtonian potential.

The drawback of the generic ¢ prescription is that when
taking the physical limit £ — N at a given order in €, we
encounter spurious poles at £ €N [44,45] both in the near
and far zones.” Consider for instance the s = 0 perturbation

at order €*; its exhibits the specific pole structure®:
X
0Oy = me“ + const,
X
ooy =~ me“ + const. (24)

To avoid these poles, the traditional MST approach uses a
fixed-¢ prescription, i.e. fixing £, m € N before solving the
Teukolsky equation [44,45]. Intriguingly, as Eq. (24)
demonstrates, the poles in the near zone precisely cancels
those in the far zone, a pattern we have verified up to the
O(e®), for generic s, #, m. This cancellation suggests that
the poles encountered when £ — N are essentially unphys-
ical, and thus should cancel in any physical interpretation.
A similar cancellation in an example of connection formula
for hypergeometric function was pointed out in Ref. [64].
For illustrative purposes, in Appendix A we include a
explicit example keeping the nondivergent terms contrib-
uting in (24). Moreover, a detailed comparison of the
constant piece shows that when adding near zone and far
zone together, the results obtained using the generic- and
fixed-£ prescriptions completely agree with each other; we
thus propose,

(xég}rfz + 5'55;52) lpon = 5P z

(f eN)m’

indicating that the two limit £ - N, ¢ - 0 actually
commute. In the remaining of this paper we only use
the generic-¢ formulation. We also stress here that the near-
far factorization is only well-defined in the generic ¢
prescription. In the fixed-£ prescription, it is ill-defined
and applying it leads to the effect of propagating non-Kerr
particles in the s- and u-channels of the Compton

"Note that, in the low-frequency expansion, € < 1, the poles
¢ €N come from the Taylor expansion of F in Eq. (21) and the
ratlo of Gamma functions in Eq. (22).

Parlty, P =0 for perturbations of spin-weight s <2, we
therefore drop the P label in this example.

amplitude, as observed in Eq. (4.19) in [46]. This is
because for £ €N when expanded in ¢, the two contribu-
tions ¢ = £1 in (4) mix with each other, i.e. L* and L™¢
both scale has half-integer scaling power, and hence one
cannot separate the far-zone, 6 = —1 piece from that.

The generic-£ prescription also makes manifest of the
locality structure of the scattering potential. This can be
seen by fixing w such that ¢ < 1 and taking £ — oo, where
the near zone and far zone phase shift take following form,
respectively,

oS €"+1
SO ~elog(ef) + Z—fn N AT RN (D) e
n=1
(26)

In this regime, except for the logarithmic dependence
log(¢), the far zone shows the power law decay while
the near zone features an exponential decay when 7 — oo.
Physically, the logarithmic term reveals the long-range nature
of the Newtonian GM /r potential. The power law behavior
1/¢" indicates that all the PM-corrections share the nonlocal
power law decay in the potential (GM/r)",n >2,neN
when the radius » — oo. The near zone phase-shift reveals
the common feature for the scattering against a localized
potential, i.e. potentials with exponential decay also
known as “hard-sphere” scattering [65], where the low-
energy scattering at large ¢ shares the universal behavior
(wR)**!, with R the range of the potential.

V. FAR-ZONE, TREE-LEVEL GRAVITATIONAL
COMPTON AMPLITUDE FOR KERR

In this section we analyze the point-particle limit of
massless perturbations of the KBH in the context of the
tree-level, helicity-preserving, gravitational Compton
amplitude. As discussed above, this limit can be studied
completely from the far-zone contributions to the phase
shift (21) while ignoring the near-zone tidal effects capture
by (22). We recall we use the generic-Z prescription.

Consider then a s = —2 plane wave scattering off KBH.
The wave impinges with momentum & and scatters with
momentum k%5, over the BH with momentum p} = Mu*.
The angle formed by the direction of the impinging wave
and the BH’s spin, a’éH, is y. The far zone, helicity-
preserving amplitude is computed from the infinite sum
of harmonics [66],

) I o (s o

where

(SP':Z (2i) _1 . 2
Afm la) Z (e -2 ) ( 8)
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The sum over P is due to the change from the parity to helicity
basis. As mentioned, we are interested in the contribution to
the phase shift of the form y'e'*! ~ GMw(agyw)’; which
exhibits explicitly a tree-level scaling. From the analysis
based on the properties of the NS-function presented above,
we know that _255;5 Z not only captures purely conservative
effects, but it is merely a polynomial function in y, making
straightforward to extract its tree-level contributions to the
amplitude. In fact, because of this polynomiality, these
contributions are exact for Kerr in the sense that no analytic
continuation in y > 1 is required.

Since we are using the generic-¢ prescription, at this
point one might worry that the Z-poles discussed around
Eq. (24) will be problematic since we are dropping the near-
zone contributions responsible to cancel them. Fortunately,
this poles do not contribute to the tree-level amplitude and
can be safely ignored.9 In addition, since the e-corrections
in a are of the form >, c;'e'*("2%), we can simply use the

tree-level value a = —% — ¢; this in turn provides a great

simplification in the computation of 7255,‘11?.

At leading order in the PM-expansion, we can arrange
the amplitude modes (28) as

Ay = AnGMe™® (wo) (¢ 1)+ O£ +3)
+ > pine)). (29)
i=1

where @ = 2¢log(2¢) — e — 0, and we have written the
explicit tree-level combinations (ye)’, allowing for the f-
coefficients'® to be functions only of # and m. These
coefficients are real, which makes manifest the conserva-

tive character of (29). We include the ﬂ% coefficients
needed to compute the tree-level far zone amplitude modes
(29), up to O(ady) in the Supplementary Material [56].

Following [46,68], we match'! amplitude (27) together
with 1(229), to a covariant tree-level classical ansatz of the
form

A= A (&7 4 f7(x,y.w)), (30)

where A% is the tree-level gravitational Compton amplitude
for Schwarzschild BH and & = (u - (k, + k3))?/ (k3 — k»)?,
is the scattering optical parameter. The contact term
function, fgz (x,y,w), is chosen in such way, the spurious
pole in w=, from expanding the exponential function
in (30), is canceled. Here we have used the conventions of
[75] to write the spin operators: x = (k3 + k,) - agy,
y = (ks —ky) - agg,w = 2;—!?62 -apy, and the gauge

e = <\2/‘|26[“3|23]] x & = %”(“3‘23; with |i),|i] the spinors of the
massless momentum k;.

After uniquely matching the modes of (29) to those
obtained from (30), we finally obtain the contact terms

JE(x, y,w), entering (30) to be

fE(xy,w) = 1 [—128(w” (2w + 3x = 6))E2 + 64vw3EL = 8w (w —x —y)(w — x + )

8!'x9

—4o3w((w = x)? = 3?)?6 = v4((w = x)? = 3?8 = 278((w — x)* = y*)*&] + O(apy). (31)

where

v = =59w3 + 3w?(72 — 43x) + w(5x(60 — 23x) + y? — 504) + 3x(x(68 — 19x) + y> — 168) — 6y> + 756, (32)

vy = 1199w + 33w (77x — 114) + 3w(2520+ x(631x — 1668) + 23y?) + 3x(1680 — 638x + 169x) + 33 (x —2)y* — 7560,

(33)

3 = 2285w +w?(3871x — 5484) + w(x(1949x —5172) 4+ 97y 4+ 7560) + 9(x(x(27x — 104) + 3y? 4 280) — 6(y* 4 70)),

(34)

°In the partial wave basis, the #-poles show up when the loop diagram has UV divergence [67].

"“These receive contributions only from $Im(0,,, F] + %€ in Eq. (21).

"This match is to be done by expanding the spheroidal harmonics in (27), in a basis of spin-weighted spherical harmonics [66]. Since
the details of this matching have been widely discussed in [46,68], we shall not provide them here.

"In this work we used the all-orders in spin ansatz given by Eq. (3.47) in [46]. Additional Ansiitze have been considered previously
[69-73], including those from higher-spin gauge theory [74,75]. We thank the authors of the last two references for sharing their

unpublished O(ay,;;) gravitational ansatz with us.
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vy = 3355w 4 6w(581x — 804) + x(659x — 1752) + 372 + 2520. (35)

Up to O(aly), amplitude (31) agrees with the results
reported in Table 1 in [46] for @ = 1 and # = 0, computed
from the MST-method using the fixed-Z prescription.13 As
expected, the far-zone amplitude is independent of horizon
effects and the boundary conditions used at . Notice then
that while in the fixed-£ prescriptions used in [46], the
superextremal (SE) limit, ¥ > 1, was needed to disentangle
near from far physics effects, in the generic-Z prescription
this continuation is not needed. In fact, as one can show,
using the latter prescription, and after removing dissipative
contributions, the dropped near-zone pieces vanish in the
SE-limit (see Appendix A for a specific example). In
addition, terms tagged with « in the results reported in
[46] were interpreted as contributions coming from
digamma functions in the SE-limit."* Their appearance
in the point-particle amplitude is just an artifact of using the
fixed-£ prescription for computing the total phase shift,
which mixes the near and far zone effects, as explained
above. From the discussion here, we conclude then no
polygamma contributions actually appear in the point-
particle Compton amplitude.

A. Helicity reversing amplitude

In an analogous computation, we have checked that the
helicity reversing gravitational Compton amplitude
extracted purely from the far zone contribution to the
phase-shift (3), agrees with the minimal coupling expo-
nential ~e” up to eighth order in spin.

VI. DISCUSSION

In this work we have shown a new perspective on black
hole perturbation theory computations based on the use of
NS-functions which makes manifest analytic properties and
symmetries otherwise obscured by using other methods. It
is desirable to further study the NS-function aiming to
provide additional nonperturbative analytic results in
classical physics.

Along these lines, in this work we have shown a natural
separation between near and far zone physics, based
on a generic-¢ prescription. As it is well known [68,86],
this prescription is powerful for estimating the eikonal
limit—7 — o0, w — o0 while w/¢ is fixed—of the
classical observables. In this limit, results are universal
—independent of the spin-weight s of the perturbation—
and receive contributions purely from far-zone physics.

BFor recent uses of Compton amplitude in the two-body
context see [69-74,76-85].

“The a-tags were added after identity (38), relating special
polygamma functions, was used.

Studying the NS-function in this limit and its connection to
geodesic motion is left for future work.

It is interesting to note also how the near-far factorization
provides a natural separation of the spectrum of the theory.
As it is well know, it can be access through the poles of the
scattering amplitude. From (8), we thus identify two
distinct types of poles in the Compton amplitudes.
Firstly, in the eikonal limit—which only involves the far
zone contributions—and at leading order in e, the infinite
sums of harmonics produce gamma functions whose poles
correspond to the bound states of the Newtonian potential,
whose locations are € = i, 2i, 31, - - - [68]. The second type
of poles come from near zone physics; they correspond to
the quasinormal mode (QNM) resonances, for which the
exact quantization condition follows as [26,35]

K=0. (36)

This relation establishes a direct link between the tidal
response function K and the QNM spectrum. Interestingly,
we also find that K can be written in terms of the full
(instanton plus one-loop) NS free-energy Fp, [26,35]

eima MIC = —¢%Frn (37)
cos(z(mz + a))
which could lead to some hidden structures to be further
investigated. Additional methods based on the thermody-
namic Bethe ansatz have been used to study applications of
NS functions to QNMs [87,88] and it would be interesting
to study them in the context of scattering amplitudes.

Away from the point-particle limit, Compton amplitudes
receive contributions from the near-zone phase shift (22)
starting at order €**!; the order at which the BH horizon
effects become important. Intriguing, at this order the phase
shift comes with special polygamma functions of the form
w™(i™ £ £). Inspection of near-zone phase shift (22)
suggests that when y <1 the near-zone piece does not
provide any tree-level information (see also Appendix A for
a explicit example). There is however a subtlety with this
observation since from the

C=14n.

y" ) =w@)E Y
k=0+i’]i

(=1)"n!
(Z + k)n+l ’

for n,#€Z" and (n,.,n_) = (0, 1), polynomial contribu-
tion with tree-level scaling arise from (22), by means of the
sum term in (38). It is therefore ambiguous to extract tree-
level contributions from the near-zone phase shift without
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invoking an analytic continuation in the Kerr spin param-
eter, since the association of polygamma contributions to
loop effects can be done either before or after identity (38)
has been used. Interestingly, since the additional tree-level
contributions arising from the sum term in (38) can appear

only once the square-root from x = /1 — y? is removed,
i.e. from k%" terms, and since k inside the polygamma
functions always comes accompanied by a factor of i (see
also (5)), then tree-level scaling implies that factors
involving (ix)?" are purely real, signaling absorptive effects
in a 4-point amplitude can never come in tree-level form. In
an on shell language, matching of absorptive effects to
effective tree-level-like three-point has been consider
recently [89-91]. The inclusion/interpretation of near-zone
effects, their interplay with the constraints from dynamical
multipole-moment on the gravitational Compton amplitude
recently proposed in [92] and the translations of the
constrains imposed by the symmetry of the NS-function
to the Compton amplitudes written in the covariant basis
are left for future investigation.

Finally, the technology used here in the context of linear
perturbation theory can be naturally imported to the study of
nonlinear perturbations of KBHs, since, the second-order
Teukolsky equations are still of confluent Heun-type but with
the addition of nonlinear source, obtained from the first-order
solution [93,94]. A comprehensive analysis utilizing this
novel method and their interplay with second-order self-
force approaches are left for future investigation.
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APPENDIX A: MST METHOD REVIEW AND
NEAR-FAR FACTORIZATION

We start this appendix by reviewing the MST method
[38—41] for solving TME using matching asymptotic
expansion, where the renormalized angular momentum v
is introduced. As a consequence of the matching asymp-
totic expansion, we then discuss the near-far factorization
in the Compton scattering phase shift (§,,,. Finally, we
explicitly show that in the generic ¢ prescription, there are
spurious poles in the MST coefficients when £ €N and it
will be canceled when adding near zone and far zone.

1. MST method review

In the MST approach, one first constructs the near-
zone solution based on a double-sided infinite series of
hypergeometric functions which converges within r_ <
|r| < o0."” This convergence radius gives a natural definition
for the near-zone:

MST near zone: r, <|r| < oo. (Al)
Similarly, one then constructs the far zone solution based a
double-sided infinite series of Coulomb wave function which

converges within 7, < |r| < oo, which can be used as the
definition of far zone:

MST far zone: r, < |r| < . (A2)

To get the solution that is converging everywhere, one
needs to match the near-zone solution with far-zone solution
in the overlapping region r, < r < oo. In Fig. 2, we show a
schematic diagram for the matching asymptotic expansion.
To ensure the convergence and the matching of the solutions
on both sides, one needs to introduce an auxiliary noninteger
parameter, the so-called renormalized angular momentum
v(s, ¢, m,w), which is a function of spin-weight s, angular
momentum ¢, azimuthal quantum number m, and the
frequency w of the perturbation. In the low-frequency region
it has the form,

(£ - 52)?2

15Here, the radial coordinate r takes the value in C,.

1 52 5 3
20+ 1 <_2_f(zf+1)+(2f+1)(2f+2)(2f+3)_(2f—1)2f(2f+1)>€ +0(e > (A3)
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ingoing incoming
R T2 Y2V D T2 Y2 2N
E ; near zone :
g » far zone j
r_ ry o0
SN Ny
outgoing

FIG. 2. A schematic diagram illustrates the convergence radius of near and far zone solutions. The blue region denotes the overlapping

region where the matching is performed.

where € = 2GM . Formally, v is known as the characteristic
exponent because it governs the following asymptotic behav-
ior of the near-zone ingoing solution [see Eq. (166) in [41] ]

R~ K+ K (A4)

r — 0.

The coefficient ratio K_,_; /K, tells the relative amplitude

which captures the BH tidal response. As mentioned
in the main text, a detailed comparison between CFT
method and MST method shows that  given in (8)
agrees with K_,_;/K, and thus we call £ the BH
tidal response function. After performing the matching,
and imposing the appropriate boundary conditions (2),
one finally obtains the wave amplitude ratio as

between the decaying r™*~! and the growing r* mode follows':
|
N ¢ 1 K—l/—l:x v
B??ffrln — L T+ l‘e Kb:f A 5 pie(2Ine—(1-x)) (AS)
By, o | = je g A
far zone
near zone
where
. n Wtl+s—ie), o
Ali;s . e"”(”“) % F(I/ +1+s— l€) Zn——oo( ) (1/—114—_754-163" n (Aﬁ)
AL T 22050 Tt l—s+ie) g ’
and
Koyors _ (2ex)eH! I-2v-1)r(-2v)f'(v-ir+ I)F.(—s — i€ +.u + DI (s +.ie +v+1) 8 X_, (A7)
K, v+ DI'Q2u+2)I'(—v — it)['(—s — ie = v)['(—=s + ie —v) X,

Here, k = \/1 —y? and 7 = (¢ — my)/x. The function X, is given by the product of two infinity sum of the MST

coefficients, a,,—o00 < n < 400,

(1+u+s+i€)n(l+u+lr

(55

(l—l—v—s—ie)n (1+v-

(w+1+s—ie), \
A A
(v—i-l—s—f—ie)na" (A8)

D)oY ity

MST coefficients satisfy the following three-term recurrence relation along with the “renormalized” angular momentum

y?

vV U v U vV U _
apd, +ﬁnan + Ynl,—1 = O?

(A9)

"See Eq. (168) and Eq. (169) in Ref. [41] for more explicit expressions and Eq. (12) in [42] for the first proposal of the factorized

form.
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where

dek(n+v+1+s+ie)(n+v+1+s—ie)(n+v+1+ir)
N (n+v+1)(2n+2v+3)

v
an

3

e(e —my) (s> + €2)

ﬁlrfl:_S,V;—s(s+1)+(n+v)(n+v+1)+€2+€(€—m)()+(n+y)(n+y+1)’

iex(n+v—s+ie)(n+v—s—ie)(n+v—ir)

vo_ Al10
In (n+v)2n+2v-1) (410)
We fix ay = 1 for convenience. These recurrence relations can be solved order-by-order in the PM expansion.
Let us finally provide the explicit expressions for the Teukolsky-Starobinsky constant AY entering (3),
AT =1,
AE = [(LQpm + d?@?* = 2amw)? + damw — 4a’0?]'/?,
A% = [((L,0sm)? + 4awm — 4@ 0?)[(, Qi — 2)* + 36awm — 36a*w?]
+ (22504 — 1)(96a°0” — 48acwm) — 144w?a®]'/? + i12Mw, (A11)

where (O, = Az + (s + 1). 44z, is the angular eigenvalue of the spheroidal harmonics.

2. Near-far factorization

The near-far factorization proposed in [42,43] shows that the Kerr-Compton scattering phase shift once expanded in the
small frequency limit, i.e. GM® < 1 can be directly separated into the near-zone and far-zone contributions. The far-zone
phase shift has the following feature:

O ~ (GMw)log(GMw) + (GMw) + (GMw)* + (GMw)? + - - -, (A12)
which features integer power of G scaling except for the logarithmic term due to the scattering off long-range Newtonian

potential. Higher order in G corrections can be understood as the PM corrections upon the point-particle approximation.
The near-zone phase shift features nonanalytic behavior of G,

BN ~ (GMw)** (1 + (GMw) + (GMw)* + - - ). (A13)

for generic value of v. Once performing the low-frequency expansion, the nonanalyticity leads to the logarithmic
corrections,

(GMw)* ™| ,_p s o(6may)+.. = (GM@)* (1 + (GMw)* log(GMw) + - - ), (A14)

which have a natural understanding in terms of the renormalization group, where are running of “dynamical” Love numbers
for Kerr BHs appears [43].

3. Phase shifts for s=0, =1, m=1 perturbations

For illustrative purposes, let us close this appendix by explicitly showing the cancellation of the Z-poles at the level of the
phase-shift in the scalar example presented in the main text. We keep up to O(e*), which for the s = 0,7 = m = 1 case, is
the order at which the first poles appear. In the generic-£ prescription, the near- and far-zone contributions take the form,
respectively,

7 1 1 iy
5NZ = L y_E__ _ 1 2 R (0) _1 4 Al
0971 | =1 (72(f_ 1)+ (18 51 )(+36)( og( €K)+36;( ely™ |~ € (A15)

and
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(A16)

The same computation can be done in the fixed-£ prescription. Using the MST coefficients listed in Appendix B in [45], we
have'’

3 197 13y 1922 15832 9y (3) 5
5. — elog(2 _° DX\ 2 _ % Gmx _SB) D V3
0d11 = elog( |€|)+< 2”E>€+ <60 57)€ + (180 137180 95 3 228)°¢

8100833y° 17947zy® [ 92867 3> 13252037
(831969264 7201950 <2880780 ﬁ)’( 7182000)
Spet (5 5m 200577\ 5 (5% 2005z , 63491993
T8 <2_28_58X * 54872)6 e <ﬁ+54872)( 4159846320”

(A17)

1 iy 1 522 156832 7,
—Re|yO (£ -1 —log(2ke) — = — =,
+”(36 e["’ <;< >]+36 08(2Ke) = 634~ 720195 T 18

By combining (A15) and (A16), we find that the diverging terms 1/(# — 1) cancel, aligning perfectly with the results shown in
(A17). The colors in the fixed-Z results denote a hypothetical near-far factorization. From (A17), we see that with the fixed-#
prescription, there are no singular contributions in any region, but this comes at the cost of mixing the terms from the near and
far zones. For instance, the tree-level contributions, i.e. terms scale as y’e’*!, entirely come from the far zone in generic-#
prescriptions,

I 4, et ye? 13y , 15832 3 8100833y° 4 X,

— e+ =——""e" = € €'——¢

40 40 4 57 137180 831969264 228
fixed—7# far zone

generic—Z far zone

20052 , . 6349199353
~ A8
54372 ¢ T a1508a6320¢ 0 A1Y)

fixed—# near zone

while the fixed-£ prescription splits these terms into unusual and confusing mixes.

The a-label was added to the digamma appearing in the
right-hand side of (38). In the generic-¢ prescription, this

There is however a subtlety when extracting tree-level
contributions as showed in the discussion section. From

(A15) no apparent tree-level contribution arises for y < 1,
however if identity (38) was used, the tree-level, contri-
bution —y*e*/36 will be extracted from (A15). To avoid
this subtlety, and in order to extract tree-level contribution
in the point particle limit, in Refs. [46,68] the super-
extremal (SE) limit was necessary. However, because of the
near-far zone mixing in the fixed-Z prescription used in
those references, in combination of the use of identity (38),
an apparent contribution from digamma function, tagged
with the a-label, appeared in the point-particle amplitude.

P _
o'l =

1+%x+% Kn—zlm[wm (’Z— 1)])1— (1-x)22 +1)].

mix does not take place and, as one can explicitly check, no
tree-level contribution arises from (A15) in the SE-limit.

The resulting covariant tree-level amplitude computed
with (A18) agrees with the results in Egs. (4.54)—(4.55) in
[68]. The extra y3¢*/36 would change such results pre-
cisely canceling the contact terms modifying the Born
amplitudes Eqgs. (4.54)—(4.55) in [68].

It is also interesting to analyze the contribution from the
dissipative pieces. The absorption probability I' ~ > p[1 —
(sn%,)?] can be estimated from

(A19)

'7As noted in Footnote 6, whereas in the generic ¢ prescription, the MST coefficients a*_, scale symmetrically in €; that is a*_, ~ el

in the fixed-Z prescription this symmetric scaling is lost.
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Interestingly, even after using identity (38), no tree-level
contribution arises from the imaginary part of the near-
zone. This signals dissipative effects arise purely as loop
contributions.

As a final remark, notice that from (A15), no real term of
the form y?e’ arises in the near-zone phase shift. This is
indeed corresponds to the vanishing of the static leading
Love number for s = 0 perturbations off Kerr."

APPENDIX B: CFT METHOD REVIEW

In this appendix we briefly review the argument of [28]
to compute the CHE connection coefficients. Let us start by
setting the notation; we consider Liouville CFT (for a
review of Liouville theory, see [95]), and parametrize the
central charge as ¢ =1+ 6Q?, with Q =b+b~!. We
indicate primary operators of dimensions A; = Q?/4 — a?
as V,.(z;), and the corresponding primary states as |A;).
is usually referred to as the Liouville momentum. Crucial
for our discussion will be the so-called rank 1 irregular state
(u, A| [96-98], which is defined as the state such that

(I
b2+ (= +—— )9
(b2 s (2 Ly )o

Aoy =By —Ag— A | A
2(z=1) Z

<Iu7A|L0 = A0A7 <ﬂ7A|L—1 :,UA<M,A|L_1,
AZ
(WAL, = vy (. A|L . (B1)
1. Connection formula for CHE
Let us consider the Liouville correlator,
<:u7A|V11|(])®2,1(Z)|Ar10>’ (Bz)

where @, ; is the level degenerate state of weight A, | =

—1—3b? that satisfies

(b72L2, + L_»)®,,(z) = 0. (B3)
Since Virasoro generators act as differential operators when
inserted in correlation functions, Eq. (B3) turns into a
differential equation for the correlator (B2), that is the
Belavin-Polyakov-Zamolodchikov equation [99],

A, uA A?

S ) AV (00,24 =0, (B4

This is a partial differential equation in A and z. In the semiclassical limit b — 0, a;, 4, A — oo such that a; = ba;,
m3 = bu, L = bA are finite, conformal blocks of (B2) behave as [100]

F(a, + ay,a; — ag, m3,a, L) N

X~ AL exp( 0

where F is the so-called classical conformal block and A =
Q?/4 — o (a being the semiclassical momentum lim,_,, ba)
is the scaling dimension of the intermediate operator ex-
changed in the operator product expansion (OPE). The AGT
correspondence [55] relates the classical Virasoro block
F(ay+ ay,a; —ag,ms,a,L)"” to the instanton partition
function of an SU(2) N = 2 supersymmetric gauge theory
with N = 3 hypermultiplets of masses,
m1 =a0+a1, mzzal—ao, m3:m3. (B6)
in the NS phase of the Q background. Besides its physical
significance, the AGT correspondence gives a very conven-
ient way of computing F as we will see in the following.
Note that the z-dependence in (B5) enters at a subleading
order in b, as one can expect from the fact that as b goes to
zero A, is subleading with respect to A;, , A. Crucially

'8Recall that Love numbers come from near-zone physics and
have the scaling €?/*1.

“In the following we will suppress the dipendence of F on
a;, mz to ease the notation.

W(L:z) + O(b—2)), (B5)
[
AO\G = b2 G —a’>+ Lo F(L)+ (9(b°)>
=b=2(u+ O(BY)). (B7)

The A derivative decouples, leaving a new parameters, u, at
its place. u = — a’ is usually called the accessory param-
eter in the mathematical literature. All in all, semiclassical
conformal blocks defined as

F= ll}inéA-Ae‘ﬁFg (BS)

satisfy the ODE

(62 u—%—l—a%—l—a%_i_%—a% %—aé+m3L_L_2>
¢ 2(z—1) (z—1?% 2 z 4
F(z) =0. (B9)

This ODE has two regular singularities at z = 0, 1 excited
by the primary states, and an irregular singularity of rank 1
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at 7 = oo generated by the irregular state: it is the CHE in
its normal form.

The z-dependence of F(z) can be extracted by comput-
ing the OPE of the degenerate operator @, ;(z) with the
other insertions. When ®,(z) fuses e.g. with another
primary one has

CI)ZI NZZ_Z :I:a
+

Vo (zi) + O(z — 7).

(B10)

Inserting (B10) into (B2) one can extract the z dependence
on the blocks for z ~ z;. The £ signs corresponds for the
two conformal dimensions exchanged by the OPE, and
accounts for the two linearly independent local solutions of
the ODE. More precisely, one finds around z = 1

Z(S pt functions)|%$>(l -z)?

+

- 2(3 pt functions)|F = (z~1) 2.

j:( )(1 _ Z) _ eiF,d F(l _ Z)%+i-al’ (Bll)
and around z = oo
j:( (1/2) = T2y F g£L2/2] ~5Fmy Fm; | (B12)

The connection formula can be worked out by using
crossing symmetries in the conformal correlators. We refer
the reader to [28] for more details, and just sketch the main
idea here. Crossing symmetry relates between each other
different OPE decomposition of the correlator (B2). As
mentioned above different OPE decompositions recon-
struct local solution of the ODE centered close to different
singular points. Schematically, crossing symmetry con-
straint take the following form:

(B13)

The 3-point functions of Liouville CFT are nonperturbatively known [100,101]. One can then use (B13) to express e.g.

%Q)(l —z) as a linear combination of %i’o)(

z7!). Upon taking the semiclassical limit, this allows use to compute the

connection coefficients of the CHE. For the relevance of this paper, we quote the formula,

]—'() l—2)=
0=+

with the connection matrix

S M(0.0)F, <) (1/z),

I'(1 = 26a)l'(=20a)'(1 + 260a,)

0=+, (B14)

em(l =ik )(l—m3 —oca) e—ia,,F

M(0.0)=> L™

— F(%"'Qal —O'a+a0)r( +9a1 —Ga—ao)r(——aa—glm;)

(B15)
2

2. Solving radial TME
Now, we apply the CFT method to solving the radial TME satisfied by (R, (r) in (1). Performing the following changing

of variables:

s+1

lP(Z) = AT(F).YRfmw(r)’ <= —,

(B16)

the TME takes the form (B9), the in-going solution to radial TME at the horizon can be written as

W () = ,Ce 2 (14 O(Z) + (Che 52 (14 O,

(B17)

where (C%  are elements of the Heun connection matrix (B15). Explicitly,
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I'(1 = 26a)l'(—20a)l'(1 4 2ay)

T(;V— — L—%—m3+aa e—iauF ()m% F
S em ; T(3+a, —oa+a)l'(+a; —oa—ag)l(5—oca—m;)
Ch = Z(‘L)_%erﬁ‘m : I'(1 =20a)T(-20a)T(1 4 2a) oS00, F (B18)
" —~ '3+ a —oaJraO)F( + a, —aa—aO)F(——0a+m3)
Mapping (B17) to the asymptotic behavior given in (2), we get (8) in the main text.
3. Computation of F and symmetry properties
As shown in (B5), F controls the z-independent part of the correlator (B2), that is
(1. AV, (1)]Ay). (B19)
Small-A conformal blocks of (B19) are given by
S A) = A2eE NS ATz (@, ¥ )z (@ Y. 1) | [ 2nyp(@. V. g + 6ag), (B20)
i

where the sum runs over pairs of Young tableaux (Y, Y,), and « is the Liouville momentum of the intermediate operator

exchanged in the V(1)|A,) OPE. We denote the size of the pair |Y| =

=11 11

Zhyp (@

Zyee(@, Y) =
kL TI=12(g) ey,

E(a. Y1, Yy, (i) = a= b~ Ly,((i. /) + b(Ay, (. /) +

Here Ly((i,))),Ay((i,j)) denote, respectively, the leg
length and the arm length of the box at the site (i, ) of
the tableau Y (see Fig 3 for an example). If we denote a

I/l I/2 ......... 1/6
§ Un
ioi |
Vs of |
o
R 4:- ------ N
o § :
CRN S SR SN S i_ ______ 1 .
Vy S|e|e P il
------ ]
! i

/ / /
1/1 I/2 "'V4

FIG. 3. Arm length Ay(s) = 4 (white circles) and leg length
Ly(s) = 2 (black dots) of a box at the site s = (2, 2) for the pair
of superimposed diagrams Y (solid lines) and ¥ (dotted lines).

1 1
(ak+ﬂ+b‘1<i—§> +b<j—§)),
k=12 (i,j)€Y;

E N —ap, Yy Y0, (i) [ (@—Elay—ap, Y0, Y (7)) 7

(Ve

1. (B21)
|

Young tableau as ¥ =
YT (IJ[ > 1/2

(V) >4 > ...) and its transpose as
...), then Ly and Ay read

Ay(i.)) =vi—Jj.  Ly(i.j) =v;—i. (B22)
Note that they can be negative if the box (i,j) are the
coordinates of a box outside the tableau. Also, the previous
formulas has to be evaluated at @ = (a;, @) = (@, —a).
The explicit expression for the NS function, also known as
classical Virasoro confluent conformal block F, is finally
given by

F(L) = [l)i_l’)I(l)bz log A2 (ms3/b,a;/b,a/b,L/b). (B23)

Finally, let us comment on the symmetry properties
discussed around Eq. (10). We start by proving that F' is
invariant under (ms,L) — (—m3,—L). F is defined in
terms of (B19), and the dependence on (u, A) is entirely
controlled by the irregular state. From (B1) we see that the
irregular state is invariant under (¢, A) — (—u, —A), so the
same must be true for the whole correlator. This property
descends to the conformal blocks (B19). In the semi-
classical limit (B23) this proves invariance of F
under (mj3, L) — (—mj3, —L).
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We now prove symmetry properties of F' under permu-
tation of masses. First of all note that

—

> ATz (@, ¥ )2y (@ Y. =) [ [ 2y (@ Y. ) + Octg)
% 0=+

(B24)

is symmetric under permutations of (a; + @y, a; — ag, i).
The only nonsymmetric term in (B20) is the overall
exponential term. However,

§ =g, (B25)
has the permutation symmetry. Upon taking the semi-
classical limit (B23), this proves that F as defined in (10) is
symmetric under permutations of masses. Combining this
property with symmetry under (mj,L) — (—ms,—L),
finally proves that F is symmetric under (m;,L) —
(=m;,—L) for i =1,2,3.

APPENDIX C: PROOF OF LARGE FREQUENCY
BEHAVIOR

We now present a CFT argument to prove the fact that at
large w, the renormalized angular momentum becomes
a~2iMwo as indicated in (18) in the main text. We start
from the correlator

M, AV, (1)|Ayg,)- (C1)
Exchanging u and ag + a; gives,
el {(a +ag). AlVe, (1)]4g,).  (C2)

where

(211:/'43—’—“1_“0’ &Z):M3_a1+a0. (C3)
2 2

Note that (C1) and (C2) define the same F. Defining as

usual &, , = lim,,_,( b, », the dictionary at large  gives at

leading order.

—2iMw
a)+ag~ R
K

dy~2iMw, @ ~0(1), (C4)

where @, is subleading with respect to the other parameters,
therefore one can neglect the insertion at 1 in (C2). This
gives

e~ (t) (a1 +a9), AV, (1)]Ag,)

eI () ). A|Ag) = e WN@tOIAS,(CS)
where we used the fact that (i, A|A;) = A% This gives
for F

- L
FZZ—E(CII‘FG()), (C6)

Inserting this in the Matone relation (6) we find the solution
a ~ mjy (fixing to + the + ambiguity coming from the fact
that (6) is quadratic in @). As a consistency condition note
that this gives for u

1 L
u:i—m§+—(m3—m1),

- (1)

consistently with the large @ limit of (5). Using (B6) into
(C6) we finally recover (17) in the main text.
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