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Abstract

We construct two-dimensional quantum states associated to four-dimensional linearized ro-
tating self-dual black holes in (2,2) signature Klein space. The states are comprised of global
conformal primaries circulating on the celestial torus, the Kleinian analog of the celestial sphere.
By introducing a generalized tower of Goldstone operators we identify the states as coherent
exponentiations carrying an infinite tower of wy, ., charges or soft hair. We relate our results
to recent approaches to black hole scattering, including a connection to Wilson lines, S-matrix

results, and celestial holography in curved backgrounds.
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1 Introduction

Over the last few years there has been uncanny success within the perturbative amplitudes
program in describing the scattering or mergers of black holes [1-51]. In some circumstances exact
results are obtainable, and there is even a construction of a pulre1 4D quantum state that reproduces
some scattering amplitudes off of a single black hole [50,52-55]. The exactness of some results in
part stems from the existence of the Kerr-Schild form of the metric in which the linearized metric

perturbation is exact [56,57]. Much of the analysis effectively employs analytic continuation from

1t is interesting that the required quantum state is not mixed.



(2,2) Klein space K2 (rather than (0,4) Euclidean space) where massless particles can propagate
and efficient on-shell methods are available. The geometry and causal structure of Kleinian black
holes was studied in [58], where among other things it was shown that the self-dual Kerr-Taub-NUT
family of black holes parameterized by the spin @ can all be obtained from the @ = 0 (Taub-NUT)
case by a simple translation (¥ — & — @ in a particular choice of coordinates).

Clearly these results indicate still further curious and surprising properties of black holes whose
ultimate origin should be understood.

The goal of this paper is to incorporate these results into the framework of celestial hologra-
phy (see the recent reviews [59-62] and references therein). The motivations are both to better
understand properties of black holes from a new perspective and to develop/test the celestial bulk-
to-boundary dictionary beyond the known relations between scattering amplitudes. Our main
result will be the explicit construction of a 2D state describing a 4D self-dual Kerr-Taub NUT
black hole that both carries the requisite infinite tower of nonzero wy, ., charges and gives the
correct expectation values for the 2D operators dual to bulk metric modes.

We restrict here to a linearized analysis only. Fully non-linear results have been obtained in the
amplitudes context, but going consistently beyond leading order for us would require significantly
more work including computation of all the operator product expansions. However, the non-linear
successes in related contexts suggest a fully non-linear analysis may also be possible here.

We present self-dual black holes in terms of primary states circulating in the Lorentzian celestial
torus [63] at the boundary of Klein space. Such circulating 2D states were referred to as L-primaries
in [63], and are boost eigenstates transforming covariantly under the SL(2,R); x SL(2,R)p Lorentz
group of K*2. Our construction is based on decomposing the rotating black hole metric in terms
of these L-primaries. The main idea has a close analog in Lorentzian signature, for which solutions
of the wave equation (e.g. perturbations of Minkowski space) can be expanded in SO(3) rotation
eigenstates. In particular, the aforementioned coordinate shift £ — & — a@ generates a full tower of

spherical harmonic f-eigenstates in Lorentzian signature:

‘

|:Ei6| = ZZ:%P@(COSG), (1.1)
where |@| = a, |Z| = r, 6 is the angle between Z and @, and P, is the /-th Legendre polynomial. In the
context of classical Kerr-Schild metrics, the above tower is loosely related to the intrinsic multipole
moments of a Kerr black hole with spin @ [64]. Remarkably, in Kleinian signature, we demonstrate
that the above can be made precise: the self-dual Kerr-Taub-NUT metric is the generating function
of torus L-primaries, which are boost eigenstates of (half-)integer weight rather than the rotation
eigenstates of Lorentzian signature.

A feature of Klein space is that boost eigenstates are created by insertions of scattering states on



the celestial torus [63]. Using this fact we show that the gravitational potential can be expanded in
radiative (S-matrix) modes, thus recovering the results from [52,53,58,65] that connect scattering
amplitudes to classical spacetimes. Then, to obtain the associated quantum state on the celestial
torus, we construct the two-dimensional vacuum, together with a generalized tower of Goldstone
modes associated one-to-one with L-primary insertions. Assuming quantization of the Taub-NUT
charges [66—68] leads us to construct a black hole state | M, a) as a coherent state of Goldstone modes.
The coefficients in this state are fixed in terms of the 2D expectation value of different modes of the
two-dimensional metric operator (M, a\H,’f%n]M ,a). We find that these modes correspond precisely
to an infinite set of wy, ., charges carried by the black hole state, corresponding to a tower of soft
hair [69,70].

For self-dual black holes, the metric operator can be written as the sum over a tower of positive-
helicity soft graviton operators. We use commutation relations derived from the pairing of positive-
helicity soft gravitons and their negative-helicity Goldstone partners to derive the wq ., charges of
the self-dual black hole.”

This paper is organized as follows. In Section 2, we demonstrate that the linearized classical
Kleinian self-dual Kerr-Taub-NUT metrics have a simple expression as a sum of conformal primary
wavefunctions on the celestial torus. In Section 3, we then recover the classical self-dual Kerr-
Taub-NUT metrics as the expectation value of a soft graviton operator in a particular state on the
celestial torus. In Section 4, we connect the symmetries of the 4D metric with the charges of the
2D state under wy, .. In Section 5, we connect the classical Section 2 with the usual amplitudes
formalism and note the connection between our construction and bulk Wilson lines. We conclude
with a discussion in Section 6. Appendices A and B include more details about classical Kleinian
metrics and operators on the celestial torus, respectively, and Appendix C presents a connection of
our work to the recent four-point amplitudes calculations in [71].

While this work was in preparation, a similar construction of integer-mode pairings and Gold-
stone mode coherent states appeared in [72]. We hope to understand the connection more explicitly

in future work.

2 Integral Conformal Primary Expansion of the Classical Metric

In this section, we expand linearized metrics for spinning self-dual black holes in an integer

basis of conformal primary graviton wavefunctions.

2Al‘chough we restrict to the self-dual case here, it is straightforward to perform an analogous construction and
derive the W, ., charges for the anti-self-dual case, instead using the commutation relations of negative-helicity soft
gravitons and positive-helicity Goldstone modes. However, taking the perspective that such commutation relations
could be derived from celestial operator product expansions (OPEs), a puzzle arises about how to consider the self-
dual and anti-self-dual cases simultaneously. These cases correspond to OPEs derived respectively from holomorphic
and anti-holomorphic collinear limits, which have not been understood simultaneously in the celestial theory. We
leave this interesting open problem for future study.



We expand (2,2) signature (Kleinian) metrics in the gravitational constant G y:
ds” = g dX"dX", g =+ by, + O (GY) | (2.1)

2
where Gy = 35— is Newton’s constant and h,, ~ O(k). In special cases of Kerr-Schild or double
Kerr-Schild solutions, the linear term in the expansion gives the exact metric [73]. In Kleinian

signature, metrics can be real and self-dual or anti-self-dual, respectively satisfying

1
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A general linearized metric can be decomposed into self-dual (h,,

) and anti-self-dual (h,,,) pieces
Py = hijy + hopy. (2.3)

In this paper we will specialize to self-dual (Kerr-)Taub-NUT metrics, for which the construction
of quantum states in Section 3 simplifies because only h:,, appears. Kleinian self-dual solutions
were studied in [58] that correspond to a particular case of double Kerr-Schild metrics for which
the Einstein equations linearize [56]. While we do not use Kerr-Schild gauge in this work, one can
explicitly match our linearized results to those of the non-linear solution using a coordinate shift
reminiscent of the Talbot shift [58,74] (see (A.5) in Appendix A).

2.1 Flat Klein Space and the Celestial Torus

In this section, we review some useful results from [63] pertaining to Klein space. We begin

with flat Klein space in double polar (r, ¢, q,1) coordinates
ds® = dr* + r*d¢* — dg* — ¢*dy?, (2.4)
wherer,q > 0, ¢ ~ ¢+2m, and ¥ ~ v+ 27w. We take the following choice of rectangular coordinates:
X' =(T,X,Y,Z) = (gsint), r cos ¢, rsin ¢, g cos ) , (2.5)
in which the metric becomes
ds* = —dT* + dX* + dY? — dZ*. (2.6)

Unlike the Minkowski case, the null conformal boundary Z of Klein space has a single connected
component, which is a square Lorentzian torus fibered over a null interval. The torus metric induced
from (2.4) is [75]

dsy = —dy® + d¢”. (2.7)



In flat Klein space, the “Lorentz group” is SL(2,R); x SL(2,R)r. We refer readers to [63] and
Appendix B for additional details and discussion of flat Klein space and the celestial torus. In
Klein space, null momenta can be parameterized by a positive frequency w and a point on the
momentum-space celestial torus (12), (JAS) (Momentum-space coordinates will be denoted using hats
throughout this paper.) In (7, X,Y, Z) coordinates, null momenta can be parameterized explicitly
as

¢ = qu“(i/A), qub) =w <sin 1, cos ¢, sin ¢, cos 1/3) . (2.8)

" is an element of the Kleinian

Note that the spacetime reversal transformation PT : ¢! — —¢
“Lorentz group” and is continuously connected to the identity, in accord with Z having only one
connected component.

On Klein space, there are two different types of primary solutions of the massless wave equation
involving different choices of raising operators within SL(2,R); x SL(2,R)p [63]. The most familiar
are local “H-primaries” that correspond to boost eigenstate scattering states. They are dual to local
boundary operator insertions on the celestial torus and may be constructed as Mellin transforms of
plane waves. The second type are global “L-primaries.” These correspond to global quantum states
circulating around the boundary torus, and are related by integral transforms to the H-primaries.
The transforms (see below) implement the boundary state-operator correspondence. The two types
are analogs of the local and global primaries familiar in AdS [76]. This is discussed in detail in [63]
and here for completeness in Appendix B.

Analytically continuing expressions in [77,78], an H-primary of conformal weight A and zero

. . 3
spin is given by

r(A)
(—4(d, ) - X)*

oa(X;59,0) = (2.9)

where

Q(h,¢) - X =rcos(d — ¢) — geos(dh — ). (2.10)

The “operator-state” map from H-primaries @a (X; zﬁ, qg) to L-primaries and descendants @ﬁm(X )

is simply a Fourier transform over the celestial torus T .

1 Ao i(mAn)—i(m—n) T

where A € Z and m,n € Z — %. As discussed in Appendix B, for every A € Z the highest-weight

. . A 7 A .
primary solution has m = n = —% and obeys Li®~"a A = L1972 _a = 0. In our conventions,
27 2 27 2

its explicit form is given by
A(X) =2°T(A)eV2 g2, (2.12)
2

*Note that the normalization of our H-primary wavefunctions differs from that of [63] by a factor of i®. Also note
that the point §- X = 0 requires a +ie regulator prescription. Since the sign can be changed by the Kleinian rotation
¢" — —g", the difference between the two choices is a simple basis change and we suppress the regulator for brevity.



Descendants are obtained by acting with L_;, L_;. Similarly, the lowest-weight primary ® obeys
L_1® = L_;® = 0, while mixed primaries obey one of the set of conditions L, ;® = L@ =0.

2.2 Taub-NUT

In this section we derive the expansion of the linearized spinless self-dual Taub-NUT metric
into L-primary wavefunctions. The Kleinian Taub-NUT metric is obtained through analytic con-
tinuation of the Lorentzian Taub-NUT metric [79-81], which is a stationary, axisymmetric solution
of Einstein’s equations. The axisymmetry is part of a rotational SL(2,R) symmetry that fixes the
stationary direction; see Appendix A for details. It is characterized by a mass M and NUT charge
N. In Kleinian signature, the metric is self-dual when M = N. As exploited in [58,65], for self-dual

solutions (h,, = h:[,,) with stationary direction ", the full linearized curvature is completely fixed

in terms of
h(X) = u'u’k h:,,(X). (2.13)
This is because the only independent components of the self-dual Weyl tensor Cum,ﬁ are
1
W Clos(X) = 5Va Vs h(X) (2.14)

where the derivatives are taken with respect to the flat metric in (2.1). Specializing to the rect-
angular coordinates (2.6) with u” = (1,0,0,0), the field h(X) = rhy is just the gravitational
potential. Since this is a scalar under stationary coordinate transformations, we further introduce

an expansion of the potential in a basis of scalar L-primaries and their descendants as®

167‘(22 —m,—n m (X) (2'15)

/=1 m,n

We label this according to the conformal weights of <I>fn7n and h2__,,f7_n, which become modes of
wavefunctions/operators of dimension A = ¢ and A = 2 — ¢ respectively, as we will see later.
Let us now focus on the (linearized) self-dual Taub-NUT metric. The explicit potential function

s 5] 2MG 2MG
RN (X) = N _ N
’ 2.16
\/Z2—(X2+Y2) \/q200s21/1—r2 (2.16)

*As shown in [63], the L-primaries with ¢ € Z are a basis for solutions of the massless scalar wave equation.
(See [72,82] for related analyses of H-primaries.) Assuming potentials with Coulombic falloff restricts us to £ > 0,

which were identified as infinite-dimensional unitary representations of SL(2,R); x SL(2, )R

26y M 2Gy M
B VX vz

rotation 6 — 16, R — —iR, M — —iM of the black hole metric. The gravitational potential ®,,,, is conventionally

defined as @,y = —5hqo-

This is the analytic continuation of the standard Lorentzian potential khgg = using the

2



defined in the region of real, positive radial coordinate termed the Kleinian Rindler wedge [58]

Z>\X*+v*>0. (2.17)

See Appendix A for additional discussion.
It is very convenient to write the gravitational potential (2.16) as an integral over a stationary

1) = 0 slice on the celestial torus

_ MGy [ s 8()
P e 215

where ¢ - X is as given in (2.10). This form will allow us to make contact with scattering am-

RN (x)

plitudes in Section 5. To connect (2.18) to H-primaries on the torus, note that it is written (up
to normalization) as an integral of a A = 1 H-primary wavefunction (2.9), consistent with the
observation that only the A = 1 mode will contribute due to the behavior of (2.16) under scaling.

By mode-expanding the delta function

. 1 .
5 - —iag 2.1
(W) =5- e (2.19)
a€Z
inserting it into (2.18), and noting that terms with even a vanish under the integral, we can write

the L-primary expansion

—2ima)

TN, v+ MGy A e B 1
W) = =5 ;/ﬁdwwqmw_w_Tcos(é_@—2MGN;<I>m,m<X>, (2.20)

where m € Z — % and in the last equality we have used the integral definition (2.11). The condition
m = n follows from axisymmetry (¢-independence) of the gravitational potential (2.16). The
infinite sum over m is required by time-translation invariance.’ By comparison to (2.15), we obtain
the simple result

hon = M 8. (2.21)

Finally, we note that in usual Minkowski space the radial gravitational potential is a singlet under
the rotation group. Crucially, here in (2.20) it is instead decomposed into an infinite tower of boost
eigenstates, which are simply scattering states in Klein space. As explained in [58] the potential
is non-singular in the Rindler wedge (2.17), which avoids the singularity at zero radius, namely at
Z=+vX?+Y? For an expansion in small r, this singularity corresponds to delta-function sources
at ¢ = 0 in the L-primary equation of motion [63] (see e.g. (2.12)).

Using (B.15) it follows for the time derivative that 8, >om <I>,1n’m o< Yo, <<I>2 > 1) =0 A

m+%,m+% - m—g,m—g
similar calculation can be done for the rotational SL(2,R) symmetry.



2.3 Kerr Taub-NUT

As observed in [58], in Kleinian signature the self-dual Kerr-Taub-NUT black hole is diffeo-
morphic to the self-dual Taub-NUT solution. This is a large diffeomorphism in the sense that,
as we will see in Section 4, it endows our solution with a tower of wy ., charges. These charges
are defined intrinsically on the torus in (2,2) signature, and analytically continue to asymptotic
charges in Lorentzian signature [83].

Again specializing to the potential written in rectangular coordinates (2.16), the diffeomorphism
becomes a shift X" — X" 4 a" where a" is the intrinsic angular momentum. For spin @ in the
Z-direction,

a" =(0,0,0,—a), (2.22)

where the sign accounts for the signature of the metric, we obtain the Kerr-Taub-NUT gravitational

potential
2MG

@z - - (v

RETN(X) = kb (X) =

(2.23)

which is defined in the Rindler wedge (Z —a) > v/ X? 4+ Y? > 0. This also generates a linear shift

in the denominator of (2.18):

RKIN oy = MGN [ 4000 _ §(¢3) 2.24

) m /T2 (bw(—é(w,qﬁ)'(XJra)) (224
_ MGy ZOO o o 3()

= /T RTINS (2.25)

where in the second line we have expanded in §-a, and noted that for a* in the Z direction, §-a = a
on the support of the delta function, and so can be pulled out of the integral over the torus.” This
is the Kleinian analog of the Lorentzian spherical harmonic expansion (1.1). Up to normalization,
the coefficient of each a' is an integral of an H-primary of weight A = £+ 1, and their integral over

the celestial torus extracts the corresponding L-primaries:

1 . 5(1)) 1 S o

— | dddi A = — [ dody = 7

o /T (—d@.9) - X)) ;m)z T (geos(th — ) — reos(d — ¢) ! (2.26)
= Y )

where as in the non-spinning case we have mode-expanded the delta function, used that only terms

with m € Z—g contribute, and again used the L-primary definition (2.11). So, the Kerr-Taub-NUT

"Note that the spin can always be aligned with the Z direction by a coordinate rotation; if the spin is not explicitly
aligned with Z, a factor ¢(¢, ¢) - a will remain in the integrand and RETN (X) will be expressed with an additional
convolution of modes of §(¢, @) - a.



potential (2.25) takes the final form
RN =2MGey Y Y Telth (), (2.27)

where m € Z — g. Hence, comparing to the self-dual Kerr-Taub-NUT metric mode expanded in

L-primaries (2.15), we conclude

/-1
Ay o S 9.2
m,n K m—n (e — 1)| ( 8)

3 2D Quantum State for Self-Dual Kerr Taub-NUT

In this section, we construct 2D quantum states that reproduce the classical self-dual linearized
(Kerr-)Taub-NUT metrics from an expectation value of positive-helicity soft graviton operators. In
Section 4 we will see that these states are moreover quantum eigenstates at the order to which we
work of the global wy, ., charges characterizing the black hole solution.

We recall from (2.16) that h(X) = u" u”mh:,,(X ) is a self-dual metric and hence described by
positive-helicity graviton operators [84]. We present the non-spinning self-dual Taub-NUT case first
for clarity, then generalize to the spinning case. We begin by defining states and operators on the
celestial torus, introducing the 2D vacuum state and the Goldstone operators that pair with the
soft graviton operators. We then construct a canonical black hole state such that the expectation
values of soft graviton operators reproduce the classical metric as well as its tower of wy, ., charges.

The expansion of a self-dual metric into conformal primary positive-helicity graviton opera-
tors involves a pairing between conformal primary wavefunctions of weight A and positive-helicity
graviton operators of weight 2 — A. This pairing is connected to a more familiar momentum-space
perspective in Section 5.2. Upon quantization, the potential A(X) is promoted to an operator H(X ).
Our goal is to reinterpret the classical mode coefficients hzn_f; of <I>fn7n with weight ¢ as the 2D ex-
pectation value of the modes of a soft graviton operator H,2n_,f with weight 2—/¢. The operator Hﬁ;,f

is defined as the operator coefficients of the weight ¢ primary in the metric operator expaunsion8
K oo
5 24 ¢
X) = = SN HE P (X). (3.1)
(=1 m,n

In other words, we seek a 2D quantum state [¢), corresponding to the black hole, for which
h(X)=(|h(X)|th), or equivalently
(W Hyon|) = (3:2)

where for the general self-dual Kerr-Taub-NUT solution h%{ﬁ is given in (2.28).

8This is related to the conventional definition of soft graviton operators in terms of H-primaries in Section 5.



3.1 Taub-NUT

In this subsection, we reproduce the mode expansion of the Kleinian self-dual Taub-NUT metric
(2.21) from expectation values of soft graviton operators on the celestial torus. Because this metric
only involves the modes <I>$n7n, in this section we consider only A = 1 modes of the graviton operator.

Higher A modes will be needed below in the spinning case.

3.1.1 A =1 Vacuum and Goldstone Modes

In order to define states on the torus, we first need to define a 2D vacuum. We will work
with the weight (%, —%) soft graviton operator H 1, whose modes H,lnn are defined in (3.1) as the

operator coefficients of L-primaries. Inside the wedge |n| < % the sum
¢ + ¢ Z m, :I:— ’m(¢+¢) (33)

is the chiral soft current that generates supertra]aslautions,9 where the components with m = :l:%
are global translations. For our particular massive state, we will see that in addition there is an
infinite tower of non-zero soft modes with |n| > % outside the wedge range that acquire nonzero
expectation values in the state.

As is conventional for holomorphic currents of weight h = %, we define a 2D vacuum by

3
H;Am=0,7n>—§. (3.4)
In the usual CFT, adjoint employed here, (H,lnn) Him _n (see [89] for a discussion in the

celestial context) and according to BPZ conjugation
(OHp, =0, m<=. (3.5)

Note that the modes H jc +1 annihilate the bra and ket vacua and so are indeed global symmetries.

We will also consider the weight ( 55 2) Goldstone operator G which is symplectically paired
with the soft current H'. These operators have been constructed in a variety of ways in different
formalisms, including from logarithmic branches in the solution space [90], as Wilson lines [91,92]
or as edge modes at null infinity [93,94]. Here we simply define the Goldstone modes by their 2D

1.1
commutation relations with H':*

Hypos G| = =10, 6, + O(), (3.6)

m4+m n

"More precisely here they generate the self-dual combination of translations and dual supertranslations [85-88].
'9The Minkowski bulk spacetime pairing is described in [90] and related boundary pairings on the celestial sphere
have been discussed in [91-93]. We discuss a connection to the bulk pairing in Section 5.2.

10



where £ = /327G and we work to leading order in x. This two-point pairing may receive O(k)
corrections from three-point functions, and the higher-order terms in k involve higher-dimension
interactions.

Acting on the vacuum, we define

1
G}n,vn,ym =0, m > > (3.7)
and
1
(0IGy =0, m' < ~3 (3.8)

Of particular interest are the modes —% < m/, n' < %, which do not annihilate the vacuum and are
Goldstone bosons for global translations. In Klein space, NUT charge/momentum and ordinary
energy /momentum are on equal footing, and self-dual excitations must contain equal amounts of
both. According to (3.6) such excitations are obtained by acting with exponentials of Gi 14l In
a system with both mass and NUT charge present, both must be quantized; see [66-68] for the
gravitational setup and [95] for a modern perspective based on the double copy. This implies that
the modes Gi 141 are periodically identified and so not good operators on their own. They may

only appear exponentiated with quantized coefficients, as in the next section.

3.1.2 Metric from Quantum State

We now define the 2D state |M) that gives the spinless Kleinian self-dual Taub-NUT metric as

the expectation value of graviton operators as
, 1
M) =exp |ic MY _Gj;||0), (3.9)
J

which is a coherent state of Goldstone operators. Note that at linearized order, by (3.7) only the
1 .
which

terms with j < % contribute. The sum includes the global modes of G* in -3 <J< %,
carry global translation charge. In Section 5.2 we connect this state with a Wilson line involving

an integral over a time slice of the celestial torus.
The expectation value of H}nn in this state is computed from commuting H,lnn to the right for

m > —% and to the left for m < %, and using Egs. (3.4-3.6). For instance, for m > —%, we have
Hopy, o M) = 1 M6, | M) + - (3.10)

where the dots denote contributions from the O(k) and higher terms in the commutator (3.6).

11



There is an analogous calculation for m < —%. Comparing to (2.21), we note that
(M| Hyp | M) = By = M 8y, (3.11)

so the linearized Taub-NUT metric can be reproduced in terms of an expectation value in |M):

oM

Gy = LN EY,, L M)BL L (X). (3.12)
2 2 2 16m ' '
\/Z —(X°+Y9) m,n

B™N(X) =

In general a quantum state is not uniquely fixed by its expectation values and we do not know to
what extent (3.9) is unique even at the linearized level. However the state is highly constrained
by several considerations. As discussed above, the Gi 141 Goldstone bosons of global translation
symmetry must be periodically identified and therefore must appear exponentiated. Moreover we
will see in the next section that (3.9) is an eigenstate of an infinite number of wy ., charges to the
order at which we work. It is therefore plausible that, even in the exact theory with appropriate
definitions for subleading terms in x, the exact state is constrained to take a form very similar to
(3.9).11 Interestingly, exponentiation demands that this state includes all orders in k. We further
note two pertinent additional facts: first, that (3.12) can be transformed to the fully nonlinear
potential by the coordinate transformation (A.5); and second, that higher-order terms in x that
contribute to (3.11) involve higher-point vacuum correlation functions of the global modes of G
which can be consistently set to zero as they are negative-helicity operators that are non-interacting

in a self-dual theory.

3.2 Kerr-Taub-NUT

In this section, we will extend the previous result to the spinning case, recasting the L-primary
coefficients (2.28) as the 2D expectation value of soft operators in the torus. When the spin a is
nonzero, all the soft operators H * with k = 1,0,—1,... are involved, so we must first define the

vacuum and Goldstone modes for general k.

3.2.1 2D Vacuum State and Goldstone Modes

The general soft graviton operators H * are defined for k = 2,1,0,—1,... by (3.1). As in the
previous section, H 2 does not come into play,12 H' is the leading soft graviton operator, H 0 is the
subleading soft graviton operator, and so on. The H F are primaries of weight (k—42'2, %) and each

have wedge modes % <n< % [96]. In line with (3.4) and (3.5), the ket vacuum is defined as

"M A mixed state may be encountered in some contexts.
2These are in the ideal of the soft algebra and may be consistently set to zero, but it would be of interest to find
a context in which they play a role.
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standard for a set of weight h = k—42'2 currents:'®
k+2
HEJ0) =0, m> -T2 (3.13)
and the bra vacuum obeys
k k+2
(O|Hppp =0, m< — (3.14)

Next, we introduce Goldstone operators G’ that are paired with the higher soft currents. Such
operators have been considered previously in [72,97-101]. We consider Goldstone operators of
weights (5_72, %) for £ =10,1,2,.... We take the pairing between the modes of H" and G* to be
given by

(1 Gl ] = =16, 6,0 8572 O(), (3.15)

where we are again working to leading order in k. Acting on the vacuum, we define

(-2
GLoojoy =0, m' > == (3.16)
and ,
—2
oGt =0, m< — - (3.17)

The definitions (3.13), (3.14), (3.16), and (3.17) are consistent with the commutation relation (3.15).
The H* and G* form an [x, p] system when the commutator is nonvanishing. In such cases, one of

Hf%n, Gz__rff,_n annihilates both vacua, while the other does not have a well-defined action on them.

3.2.2 Metric from Quantum State

We now define the black hole state |M,a) that gives the Kleinian self-dual Kerr-Taub-NUT
metric as the expectation value of soft graviton operators. The previous results suggest that there
is a one-to-one correspondence between L-primaries and Goldstone modes CIDfmn — an,n' Then,

from the metric expansion (2.27) we infer the self-dual Kerr-Taub-NUT state to be defined by

00 -1
i a
|M,CL>E€XP ik M E m E G.?J |0>, (318)
(=1 T

which is a coherent state of Goldstone operators.
The expectation value of Hff@n in this state is computed from commuting Hﬁm to the right for

m > —% and to the left for m < %, and using Eqgs. (3.1373.15).14 For instance, for m > —%,

3 This definition incorporates translation and SL(2,R)g invariance of the vacuum through its invariance under
the global part of the wedge modes of the leading and subleading soft graviton operators Hi%’i% and H&O7 Hgil.

SL(2,R), is an automorphism not generated by self-dual gravitons as we are only considering the self-dual sector.
“For k < —2, the modes H:fl,n with % <m< —% do not annihilate either bra or ket vacuum and can be
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we use

mn]Ma —mMZ 6—1 ot 12[ A ?]} |M,a) +

al—k
=KkMb,,_py——=|M,a)+ -,

1— k)

where the dots are determined by the O(k) corrections in the commutator (3.15). For m < % there

(3.19)

is an analogous calculation for (M, a|H,];,n. The state | M, a) is expected to transform covariantly
(by shifts of a) under translations generated H i 141 and hence cannot be an exact eigenstate, but
must transform in a nontrivial representation. One expects at next order in x that H ! mixes G*
with G to ensure this, but all the details of the subleading terms have not been worked out.
This reproduces the full black hole L-primary mode expansion by producing the classical modes

(2.28) as an expectation value in |M, a):

1-k
k _ 1k _ a
<M7 a‘Hm,n‘Ma CL> - hm,n - HM(Sm—n (1 — k‘)' (320)
This is our central result: the expansion of the linearized self-dual Kerr-Taub-NUT gravitational

potential as the expectation value of soft graviton operators on the celestial torus,

hKTN(X) _

V(Z+ ?ffﬂfmy 16”422 (M. alHZ, M, a) ®),,(X).  (3.21)

As in the non-spinning case, the requirements that the global modes of G appear exponentiated as
well as that the state reproduce the correct expectation values of soft graviton operators is highly

constraining and suggests that the full spinning quantum black hole state resembles (3.18).

4 wy,, Charges

A w1y, symmetry algebra in gravity, which includes the chiral Poincaré algebra as a subalgebra,
has been identified as an algebra of conformally soft gravitons in celestial CFT [96,102]. In this
section, we will connect the symmetries of the bulk Kerr-Taub-NUT metric with the wy ., charges
of the general state | M, a). Following [102,103], the wedge modes of the soft graviton operators are
related to the wedge modes of wy, ., via a light-transform:

m,n

1 _
wh = —(=1)"""T(p + n)D(p — n) Hpy P, (4.1)
I{ b

where the wedge modes of W%’n have 1 — p < n < p — 1. Following [102], the left m index is a
current loop algebra index of a left current labelled by p and n. Using this redefinition we find the

commuted either direction. As standard, we take the vacuum one-point functions of Hf,'wl to be zero in this range.
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wedge Wy, charges corresponding to the state |M, a), which follow directly from (3.20):

M 2p—3
<M7a|wlr)nn|M7a> :5m_n(—1)p+nr(p—|—n)r(p—n)ﬁ, 1_p§ n ép— L. (42)

) p — .
These are just the tower of modes of higher-spin multipole moments of the Kerr-Taub-NUT solution

3

[34]. In particular, w2 encodes the mass (translation charge) and w” encodes the spin (Lorentz
charge). Note that the charges beyond w% are appropriately zero for the static (Taub-NUT) case.
Thus, self-dual Kleinian black holes have an infinite tower of conserved soft charges, which are a

type of soft hair [69,70]. The global charges w? Y1 and WO 0 WO 41 correspond to global translation

and SL(2,R) symmetry of the self-dual vacuum as implied by redefining (3.13):
Wl a|0) =0, m>p—3. (4.3)

5 Connections to Scattering Amplitudes and Wilson Lines

5.1 Local H-Primary Basis and Three-Point Scattering Amplitudes

A beautiful and surprisingly simple connection between Kleinian black holes and three-point
(2,2)-signature scattering amplitudes was recently developed in [52,53,58,65]. In particular, it
was shown that a self-dual classical linearized black hole metric can be reconstructed from a corre-
sponding three-point scattering amplitude. In this section, we show that this result arises directly
in our picture because boost eigenstates can be identified with scattering states in the Mellin basis.

In order to make more direct connection with previous literature in celestial amplitudes, we

choose to work in the null coordinates
z:tan7, Z = tan —, xizl/;j:(i, (5.1)

adapted to a celestial diamond or plane. This is a patch covering half of the torus; see [63] and
Appendix B for more details. On the diamond, (2,2) null vectors can be parametrized by a simple

analytic continuation of the standard (1, 3) null vector parametrization on the celestial sphere:
¢"'=wi"(z,2) =wz+2,1+22,2— 2,1 —22), (5.2)
which follows from (2.8) using that ¢"" has weight (—%, —%) We also use the convention

=0,3"(2,2), ¢ =0:4"(272). (5.3)

"5The left and right factors of the SL(2,R); x SL(2,R)r symmetry of flat Klein space act independently as
(real) Mobius transformations on (z,z). The celestial torus is tiled by two such diamonds corresponding to in-
coming/outgoing particles with positive/negative frequency w that are exchanged under the SL(2,R);, x SL(2,R)g
spacetime-reversal transformation PT : ¢ — —¢", which is continuously connected to the identity in (2, 2) signature.
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Then, the integral expression for the Kerr Taub-NUT gravitational potential (2.25) can be trans-

lated to an integral over a causal diamond:

M > - <
RETN(X) = %Z% /T Ldbd 5(G-w) (G- a)" pa (X590, 9)
=0
(5.4)

™

M <1 B
GNZE/QdZdZ (E 'U)2 (E+‘U)2 6(qu) (qA'a)é g0€+1(X;272)7
=0 ’/R

where we have used the H-primary definition (2.9) and recast (2.25) in a covariant form. This is
possible because the integral localizes to ¢ - u = 0, which is supported in a single diamond.
We can now recast the potential (5.4) from an H-primary basis with integer A to a principal

series basis with A =14 A, A € R [77,104]. In particular, we can rewrite

BTN = Y s [ e e (0 6 )0 X2, 2)
=1

(5.5)

K 1+200 - - 5 -
= Wuuuu/l dA /}R2 dzdz ha(z,2)eh" A (X; 2, 2)

—100

where ¢y (X) = " e” oA (X) are the spinning H-primary wavefunctions continued from [77] and
ha(z,2) =6 M (67 w)? 6(¢-u)(—G-a) "2T(A = 1). (5.6)

The equivalence in (5.5) follows from closing the A contour to the left while using the analyticity
in A of ha(z,z). We now see that the integrand ha(z,Z)ps_a(X; 2, Z) has the correct conformal
dimension to render the z, Z integral invariant. In the conformal H-primary basis, we can write

this coefficient as the Mellin transform of a 4D scattering amplitude Ms(w, z, 2):
>~ A
ha(z,%) = / do ™Y My(w, 2, 2), (5.7)
0

where
My(w, 2,2) = s M(e™ - u)?5(wg - u)e*d?, (5.8)

and we have used that 0(w) has measure zero in (5.7). Remarkably, this three-point amplitude is
simply the graviton emission amplitude for Kerr-Taub-NUT. More precisely, it can be interpreted
as a 4D three-point S-matrix for a source with mass M, momentum p" = Mu", spin vector a" and
a graviton of momentum ¢" and polarization &?:,, = E:Ej [34,85,105,106].

To conclude, note that by combining the above results we obtain a more familiar mode expansion

W (X) = uu” kb, = 32%/0 wdw /R2 dzdz (=7 - u)? My(w, z,2) 19X, (5.9)

16



This casts the results of [58,65] (see also [52,53]) in an illuminating form, yielding the gravitational

potential as an integral over three-point amplitudes.

5.2 Connection to Wilson Lines

In this section, we will show that the 2D Goldstone modes G and soft gravitons H * introduced
in Section 3 can be recast in a form that is suggestive of a 4D interpretation related to the usual
canonical operators of the Lorentzian theory. Here, we will simply note the connection and will
leave a detailed derivation of the 2D < 4D map to future study.

We begin by noting that the mode coefficients H,If%n,Gfmn can be used to define operators
H*(x%,27) and G*(z™,27) as in (B.5). These can then be transformed to operators H"(z, %) and

G'(2,%) on a celestial diamond using the coordinate transformation (5.1). We can further define

ot (w,z,2) = ij_lHl_j(z, Z)
=0

T G () Py .

e R

where we emphasize that as defined, the operators ai(w, z,Z) act on the 2D Hilbert space, although

they are suggestive of 4D momentum-space positive and negative helicity graviton operators, re-

spectively. Indeed, using this definition, it then follows that the 2D conformally soft gravitons,
Hk(z, %), are related to the 2D operators a™ (w, z, Z) by a soft limit:
*d 1 _

Hk(z, z) = li_])r%e/o Uw wk+ea+(w,z, z) = m}}gb oL* (wa+(w,z,2)> . (5.11)

Similar relations have been found for the analogous 4D operators in [104,107-109]. It also follows

that the 2D Goldstone operators are related to the 2D operators a (w, 2, 2)

> dw ! —

iGZ(z,z):/O —wa (w,2,2). (5.12)

w

This is analogous to the 4D construction in [92]."® The commutator of H"(z,z) and G* (7, Z) is:

H(2,2),G' (7, z’)} — —i(21)%6(z — 2)8(5 — £ T2, (5.13)

which follows from the commutator of the modes H,’f%n, an,n given in (3.15).17 The commutator

'We note that in the 4D interpretation, Goldstone operators are divergent when inserted into 4D scattering
amplitudes and may need to be regularized as w — oco. In addition, for £ = 1 there is an IR divergence as w — 0
which the integration contour should avoid.

17Alternatively7 one can use time-ordered OPEs in Lorentzian signature following [110].
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of a¥(w, 2,2) and a” (', 2, Z') then follows from the definition (5.10):

0" (w,2,2),0” (', 2, 2)] = (21)° ) i,wj—l(—aw,)ja(w’)a(z —2)o(z - %)
=07 (5.14)

w

One can also check that taking the Mellin transforms (5.11) and (5.12) of (5.14) yields (5.13). Al-
though these operators are defined to act on the 2D Hilbert space, the above relation is reminiscent
of a 4D symplectic pairing, which in 4D Lorentzian signature pairs creation and annihilation oper-
ators. Its Kleinian analog would be a 4D Klein-invariant non-degenerate (i.e. symplectic) pairing.
However, in the 4D Kleinian theory there is no canonical distinction between positive and negative
frequencies as they can be interchanged, reflecting the fact that there is no S-Matrix but instead
an S-vector [63,111]. We leave the full definition and derivation of this pairing to future Study.18
Using the definition (5.10) of a™ (w, 2, Z), we can also recast the 4D amplitude Mj(w, 2, %) of

the previous subsection (see (5.8) therein) as a 2D expectation value:
2r My (w, 2, Z) = (M, ala” (w, 2,2)| M, a), (5.15)

where we again emphasize that a™ (w, z,2) is a sum of the tower of soft graviton operators acting
on the 2D Hilbert space, each of which is singled out as the coefficient of a Laurent expansion in

w. Also note that because the G' are non-interacting at the order to which we work, we have
(M,ala™ (w,z,2)|M,a) = 0. (5.16)

Using the definition (5.10) of a™ (w, 2, Z) also suggests a connection between the 2D (Kerr-)Taub-
NUT black hole states (see (3.9) and (3.18) above) and 4D Wilson line dressings.'? To see this,

consider first the zero-spin contribution from the Taub-NUT state (3.9), containing

2m 2m
Zgl 1 dm+/ da~ §(zt +27) G'(zF,27)
0

3
; 27'(' 0
_ 2i / dzdz (=F - u)? 6(d(27) - u) Gz, 2)
T
+ .

1 0 °
= 72/ dw/ dzdz u a (w,z,z)+cc., (5.17)
(2m)"M Jo R q-ptie

¥ While we set & = 1 in this work, restoring factors of 4 throughout amounts to taking H ¥ & VAH" and G* —
\/EGZ, yielding an additional factor of & in (5.13). The relation between a 4D pairing that would give rise to 2D
commutators (5.14) and (5.13) thus has the usual factor of /i that enters in quantizing a classical canonical pairing.

"Connections between black holes and 4D Wilson line insertions in the S-matrix have resurfaced recently in the
context of gravitational effective field theories and the binary black hole problem, see e.g. [52,53,55,71,112,113].

18



where p/' = Mu" and we have suggestively restored a factor of (a+ -u)2 = 1 that would accompany
a 4D negative-helicity graviton operator analogous to a” (w, z,z) (note that as defined in (5.10)
a (w,z z) is anti-Hermitian). The sum (5.17) is suggestive of a Wilson line associated to the
leading soft theorem, essentially a dressing accounting for the IR divergence as explained in [91,92].
Indeed, we have -

Zj:G}J = /0 drufu"hy,, (2" (7)), (5.18)

I

where 2" (7) = u'7 is the trajectory of an eikonal 4D worldline associated to the black hole singu-

larity and h,, is the 2D operator

1

h;u(X) = (271')2

o0 ~ _ . 0
/ wdw/2 dzdz 6:,, a (w,z,Z) e Wi XXy e (5.19)
0 R

which is reminiscent of a quantized 4D negative-helicity mode expansion of an anti-self-dual met-
ric. This closely resembles the 4D positive-helicity mode expansion (5.9), except that it is a 2D
expression and an ie prescription is required for the Wilson line, which also captures the singularity
as ¢ - X = 0. Continuing this process, one finds that the spinning state, given by a translation of
the above, corresponds to the IR finite analog for the subleading soft factors [34], which appear
exponentiated in the state | M, a). Explicitly, we find the 2D relation

o) 0—1 ~C 2 v
Gt 1 oo t. J F* _
a 5 _ > / dw/dzdz uexp <”+7> a (w,z,i) + c.c. (5.20)
22T et Gptic TN ety

where M = ¢tIr qu}, and J,,,, = 2p,a,) is interpreted as the (dual of the) classical angular momen-
tum. In position space this amounts to a shift 2" (7) — 2"(7) — a" of the 4D worldline, as expected
for Kerr-Taub-NUT:

Z Z H = /000 drufu” hy, (2" (1) — a”). (5.21)
J

Thus, in the Wilson line setting, the position-space translation of the self-dual Kerr-Taub-NUT
gravitational potential (2.23) has an analog as the translation of the 4D worldline associated to the

state, as also found in [112].

6 Future Directions: Higher-Point Functions

In this paper we have proposed a quantum state for self-dual Kerr-Taub-NUT with the property
that 1) it is given by a coherent superposition as demanded by quantization of the charges and 2)
the one-point function of the graviton operator reproduces the self-dual classical metric, as well as

a tower of wy, ., charges. As explained, the double Kerr-Schild form of this metric also suggests
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that it could be enough to consider its linearized form.

Even though this provides strong evidence supporting our 2D realization of the black hole,
several consistency checks should be performed to reflect the rich physics expected from self-dual
black holes. The most pressing one may be the computation of higher-point (n > 2 points) corre-
lation functions of graviton operators from our state |M,a). In fact, an interesting computation of
conformal two-point functions in Kerr backgrounds has been presented recently in [71]. We devote
the rest of this section to showing that those results are consistent with our state.

The authors of [71] considered the 4D two-point function of two massless scalars ¢ (21, %)
and @p, (22, Z2) in linearized Lorentzian Kerr and Schwarzschild backgrounds. We will show that
we can reproduce the holomorphic OPE limit z;5 — 0 of their result (upon analytic continuation to
(2,2) signature) using our 2D operators. In order to connect this to the self-dual solution, we note
that as in (2.3) the Kleinian Kerr metric can be decomposed into a self-dual and anti-self-dual part,
where the former corresponds to a positive-helicity graviton. In particular, in the limit z;9 — 0 we

use the celestial OPE block [96,114] for the 4D scalar-scalar-graviton interaction:

- 1
— — R 219 A Ay A+, = =
¢A1(21’21)¢A2(Z27z2) ~ 52_12/0 dt t 1(1 _t) ZgAlliA2(22,22+t212), (6-1)
where QZ’m denotes an incoming 4D positive-helicity graviton of general dimension A, and we have

dropped the singularity in Zj5, corresponding to the other helicity graviton (which decouples in
the self-dual case M = N). We also use the convention that the particle on the right-hand side
is incoming, to account for the convention that the graviton in the black hole three-point function
(5.8) is outgoing. By explicit calculation (see Appendix C for details), we verify that interpreted as
a 2D operator, the expectation value of the right-hand side of (6.1) in the self-dual Kerr-Taub-NUT
state |M,a) is consistent with the result of [71] for the left-hand side. That is, replacing G4 (z, Z)
with its 2D analog -

G (2, %) —>/0 dw w1 at (w, 2 %), (6.2)

where " (w, 2, Z) is defined as in (5.10), we find

<¢A1 (zlv ZI)QSAQ (227 Z2)>Korr
LN A, [ A+Ay—1 + (6.3)
LY A / dw WAV ala™ (2, 5, + 1) | M, a),
0

where on the RHS of (6.3) we used the expression (5.15) for the 2D expectation value of a™ (w, z, Z),
and on the LHS we assumed the results of [71] (up to numerical factors related to normalization
and analytic continuation, as detailed in Appendix C). We leave it to future work to check that the
full (non-linear) scalar two-point function in a Kerr Taub-NUT background can be reconstructed

from our state. This may also shed light on the precise realization of wy ., at higher points.
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A Kleinian Kerr-Taub-NUT Metric

We work with a Kleinian Kerr-Taub-NUT metric in pseudo-spherical (¢, 7,6, ¢) coordinates that
are obtained by analytic continuation of 8 — 6, r — —ir, and M — —iM of the parameters in the
Lorentzian Kerr-Taub-NUT metric [81]. It takes the form (setting Gy = 1)

sinh?
)y

2 dr? 2

> = r* — (N + acosh §)?
A=r?—2Mr+N*—d°

(adt + pdep)* — %(dt — Adg)?

(A.1)

A= —asinh?6 — 2N cosh #
pzrz—N2—a2:2—aA.

Note that the line element ds® differs by signs relative to [58], consistent with a differing overall
sign in the line element of flat space (2.6).20 This metric reduces to the Taub-NUT metric when
a = 0, and the Schwarzschild metric when N = 0 and ¢ = 0. The Kerr-Taub-NUT metric contains

two singularities at » = +(N + a cosh @), which can be seen from the Kretschmann scalar

oo M — N)? M + N)?
Rpe R =24 ( ) g+ WL+ N) 5 |- (A.2)
(N —r+acosh9) (N + r+ acoshf)
When M = N, the metric is self-dual, satisfying
1 of
Ruupo’ = §€,uuaﬁR o> (A3)

*Our flat metric differs from the analytic continuation used in [58], where the flat Klein metric convention was
ds® = dT* — dX* — dY?* + dZ*.

The metric A.1 is obtained by the rotation t — —it, a — —ia, v — —ir, M — —iM, and N — —ilN of the
corresponding metric in [58].
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and has a single singularity at » = —M — acoshf. Restoring factors of G, the full (nonlinear)

gravitational potential of the self-dual Kerr-Taub-NUT metric is

2MG
o 1= i : A4
gy () + r+acoshf + GyM (A-4)
As discussed in [58], the coordinate transformations
X +iY = \/(T + Gy M)? = a*¢sinh 0 (A5)

=—(r+GyM)coshd

for any spin a € [0, M] can be used to implement diffeomorphisms between self-dual Kerr-Taub-
NUT solutions with varying spins. Applying this transformation to (A.4) yields the potential (2.23)
in the Rindler wedge (Z —a) > v/ X2 +Y? > 0 of flat Klein space.”’ After writing the metric (A1)
in the coordinates (A.5), the Kerr-Taub-NUT and Taub-NUT (a = 0) metrics are related by the
diffeomorphism

Z = Z +a. (A.6)

At linearized order in G, the self-dual Kerr-Taub-NUT gravitational potential takes the form

2MG

p __“MunN
r -+ acoshf

uu’g,, () + 1 +O(GR). (A7)

This can be transformed to the nonlinear potential (A.4) via a Talbot shift r — r+ Gy M [74]. The
same statement applies for the curvature invariants, see e.g. [58]. So, the coordinate transformation
(A.5) can be used to relate the linearized and non-linear gravitational potentials.

The symmetries of the self-dual Taub-NUT metric (a = 0) are U(1) x SL(2,R), where U(1)
is the (compactified) time translation symmetry and the SL(2,R) is the diagonal subgroup of the
SL(2,R);, x SL(2,R)p symmetry of flat Klein space corresponding to the little group of the time
direction. In the self-dual Kerr-Taub-NUT metric, this symmetry is broken by the spin direction to
U(1) x U(1). See [58] for explicit symmetry vector fields (note the differing signature convention).

B Operators on the Celestial Torus

The null conformal boundary Z of Klein space is a square Lorentzian torus with metric
ds7 = —dp* +d¢*,  ~p+2m, ¢~ p+ 2. (B.1)

This appendix follows [63], to which we refer readers for additional details and discussion. The

“Lorentz” symmetries of flat Klein space are SO(2,2) = SL(2’§£§‘E ?S’R)R. The left and right

*'Note that Z > 0 when r < —2G Ny M.
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Figure 1: The celestial torus in ¥ and ¢ coordinates, where each of ¥ and ¢ is 2w-periodic. Lines of
constant 2= = 1+ ¢ are labelled. In x+, x  coordinates, the torus is tiled into two causal diamonds
(shaded in grey and white).

factors of SL(2,R); x SL(2,R)p act separately on
-
a” =1 E e, (B.2)

which have periodicity conditions that are not independent:

+

(zt,27) ~ (" +2ma” +2n) ~ (zt 4+ 21,27 — 27). (B.3)

As illustrated by the shading in Figure 1, the celestial torus can be split into two celestial diamonds,
defined by x+, x~ € [0,27) and its complement.
On each celestial diamond, the SL(2,R); x SL(2,R)p further acts as (real) Mobius transfor-

mations on
2T

z:tan7, E:tan%. (B.4)

While the coordinates 2 cover the whole torus, (z,Z) are only good coordinates on one causal

. + +
diamond because tan % = tan %

changing the sign of w in (5.2), or performing the spacetime-reversal transformation PT : ¢" — —q",

which is continuously connected to the identity in SL(2,R); x SL(2,R)p.

In the z,Z coordinates, switching diamonds amounts to

The mode expansion of a field/operator Oh’E(a;Jr, x ) on the celestial torus is given by
_ - . + . — - . .
(’)h’h(x+, 27) = Z OZ{’}; pima’ gz _ Z OQ{Z el(m—l—n)1lf-i-z(m—n)¢77 (B.5)
m,n m,n
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where the modes are given by integrating over a causal diamond:

. 1 2 2 _ L
Opon = —2/ dz™* dz= O (T 27) e gmine (B.6)
(2m)” Jo 0

Here, spatial periodicity requires m — n € Z and timelike periodicity requires m +n € Z. In order
that the modes create the primary and descendant states associated to Ohﬁ and transform properly
under conformal transformations, we need m,n € Z — h, which then implies h+h € Z and therefore
h € %. The mode integral can be extended to an integral over the full torus by noting that the
other diamond is given by 7 — 27 + 27 with = fixed, under which the phases acquired by the
integrand of (B.6) vanish when m € 2.

As a special case, we define the global scalar L-primary wavefunctions as modes of the scalar

H-primary wavefunctions (2.9):

1

A -
(I)m,n(X) - (27‘()2

2m 2m 4+
/0 di™ i di=e ™ T oA (X 2T, ET), (B.7)

where m,n € Z — %, and A € Z, so the integral can be replaced by half the integral over the entire
torus, giving the form in (¢, $) in (2.11).
A simple action of the left and right generators of SL(2,R); x SL(2,R)g is found by making

the coordinate choice for flat Klein space
z=ré , w=gqe", (B.8)

in which the metric (2.4) becomes
ds® = dzdz — dwdw, (B.9)

and the action of the symmetry is generated by the six Killing vector fields [63]

Ly =20, +wd,, Ly=z0,+wo;s

1 _ 1
LO = 5 (Zaz + waw - 282 - waﬂ}) 9 LO = 5 (_Zaz + waw + 2(95 — 11)3@) (BlO)
They obey
[Ln7 Lm] = (n - m)Lm+n7 (Bll)

and similarly for the L,,. On the boundary celestial torus, these reduce to

i —in T i —in(yp—
Ly, =—3e¢ W) (9, +8,) , L,=—g¢ W=9 (9, —8,), n=-1,0,1. (B.12)
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Certain primaries of highest/lowest/mixed weight are annihilated by various combinations of the
L., (Lyq) of the left (right) global SL(2,R); x SL(2,R)g. In particular, for every A € Z the

highest-weight primary solution is @%é _a and is defined to obey Ll@%é A= El@%é —a =0.
2 2 27 2 27 2
In our conventions, the highest-weight primary [63] is
D25 A =2°T(A)yw 2 = 25T (A)e™ 22, (B.13)
27 2

Similarly, the lowest-weight primary ® obeys L_;® = L_;® = 0, while mixed primaries obey one of
the set of conditions Ly ® = L ;® = 0. For A > 0, the highest-weight primary and its descendants
form an infinite-dimensional representation of SL(2,R); x SL(2,R)r. Moreover, since spacetime
translations shift the conformal weight, the set of all L-primaries and their descendants form a
representation of the Poincaré group.

These generators (B.10) can be related to the H-generators, which are the usual SL(2,R)

operators in a basis that diagonalizes boosts towards (§;+, 27 ). The explicit relation is [63]

g 1ot —iat i LTy —ii " F
Hy =c(e” Ly —e L_y), Hy =(e” Ly —e L_y)
i 3 it —ig" P i = oy —iiT 7 (B.14)
Hi, :iL0$§(e Lite ™ L), Hi, :Z'L0$§(€ Ly+e ™ L)
In this paper, we focus on L-primaries with m = n. For such solutions, we have
. i P b —ilm—m)d A s ')
10y, (X)) = / dddipe™ P (44, ) ) ——
0@ (X) @n)? Jre (¥, 9) (=G X)“l
i 75 —i(mAn))  —i(m—n)d (ew — 6_“&) n 2 (B.15)
=— —— [ dédie e ——041(X59,9) '
(2m)” J1? 2i

:i (q)nj+l/2,n+1/2(X) - q>nj_1/27n_1/2(X)> .
C Detailed Comparison to Celestial Scattering in Kerr Backgrounds

In this appendix, we connect our results to recent work on celestial holography in Kerr-Schild
backgrounds in [71], in which the authors computed 4D celestial two-point scalar amplitudes on
various backgrounds, including Schwarzschild and Kerr.

To make this connection explicit, we begin with the 4D two-point function of two massless

scalars ¢ (21, 21) and @p, (29, Z2) in a Kerr background, which is written as (3.16) in [71]:

M. 1=A1=8 1 2\ 22 1 2\A1+Ay
Mgll)(err(AlvA2) = 877'2GNMa 5 - |Z1|2 ( + |Z2| ) o —
| A e Y I

(C.1)

2129 — 2921

X Ié/ven(Al + A2 - 1) -

5 5Toqa(A1 + Ay — 1) |
|21]" — |22]
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where the functions Z” are defined by

oo o0
T on(s) = as/ dw w* ™" cosh aw, Tia(s) = as/ dw w* ! sinh aw, (C.2)
0 0
2 2
with o = 2a2=12  Note that the authors of [71] work in (1,3) signature with the usual

2 .
14|z,
conventions

¢"(z,2) = nwi(z,2) = nw(l+|z|?, 242, —i(z—2), 1—|2[°), «" = (1,0,0,0), d* = (0,0,0,a).
(C.3)
and consider a two-point function of one incoming (n; = —1) and one outgoing (1, = +1) scalar.
For this appendix, we will work in the conventions of [71] for explicit comparison. Upon rotation
of the spin a — ia (this can be interpreted as part of a continuation of the Z coordinate to match

Kleinian signature), note that using the fact that for Re(a) = 0,
Then(s) = i° cos (%S> D(s), Zoa(s) =i sin (%S) I'(s), 0<Re(s) <1, (C.4)

and analytically continuing to other values of s, we find (note here a is the Kleinian spin)

v A8y (1 41 2\ 2yt
Mgl)(err(Al’ A2) = 87T2GNMa 2 < ; ‘21’2) ( . ‘22’ ) A1+A2—1iA1+A2—1
2ol NP (g - o)

ECEL N (g<A1+A2_1>)] (A +8,1),

(C.5)

Now, we show that we can reproduce this result in the holomorphic OPE limit z;9 — 0 using a 2D

X |cos (g(Al—i-Ag—l)) -

2 2
|21]" — | 2]

expectation value in our black hole state |M, a). We found the covariant (2,2) result (using (3.20))

o 1-k
(M, a|H"(z,2)|M,a) = 21k M(e" - u)?5(q - u)% (C.6)
Defining the general 2D spin-2 operator O(a 2y(, 2) by
0 [~ A-1 -
(A,2)(Z7 Z) = / dw w a (wv Zs Z)v (C7)
0
where a™ (w, z, Z) is defined in (5.10), we therefore have (see also (5.6))
(M, alO(5 2) (2 2) M. a) = 2 M(™ - 0)?0(d - w) (=~ @) ~>T(A — 1), ()
Note that
<M7 a|Hk(Z7 2)|M7 (1> = ReSA:k <M7 a|O(A,2) (Z7 2)|M7 (I>, (Cg)
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which follows from (5.11).

Using our construction, the emission of a positive-helicity graviton from a Kerr black hole
will capture its self-dual part, which we can evaluate with M = N to compare to results of our
paper. This positive-helicity graviton can then interact with two scalars ¢a (21,21), ¢a, (22, 22)
through a four-point amplitude. In the limit z; — z,, we use the OPE block [96,114] for the 4D

scalar-scalar-graviton interaction:

- K Z12 A A i - -
¢A1(21,Zl)¢A2(Z’2,Z2 N_Z_lz/ dtt 1 —t) 2gZ11_T_A2(Z2,Z2+tZ12), (ClO)

where we use the convention that the particle on the right-hand side is incoming, to account for the
fact that this particle is outgoing from the black hole.? Taking the z; — 25 limit of the two point
function thus extracts the self-dual contribution of the background. Now let’s take the expectation
value of the right-hand side in our black hole state |M,a) using the conventions from [71], and

replacing the 4D operator with the analogous 2D operator:

gA iA (22,22 +12Z12) = O(a,4a,,2)(22, 22 + 219). (C.11)
Defining
K Z12 ! Ay A, _ _
(DA, PA,)2D Kerr ~ 220 Jo dt t71 (1 —1)72 (M, a|Oa, +a,,2) (22, Z2 + tZ12)| M, a), (C.12)

and using that in the conventions of [71],

(M, a|Oa, +,,2) (22,22 + t212)| M, a)

= 21K M (e (22, BpHtZ1) - 1) 0(q(22, B HtE12) - 0) (= (20, By HtE12) - 0)' T2 T 2D(AL + Ay — 1),

) . s A4,
=21k Mzy 0(14[z0| +tzeZ12) | —a(l—|z|"—tzaZ12) L(A;+ Ay - 1),

(C.13)
where we note that we use € (29, 25 +t2;5) to account for the fact that the 4D graviton is incoming

to the scalar vertex, we find

<¢A1 ¢A2 >2D,Korr
2
- (_1)A1 327 MGN

A
SN (1 20 ) (1 220) ™ (<20 2p219) (A A, - 1),
212712

(C.14)

#Note that in the standard all-outgoing holomorphic OPE conventions, this is simply the usual (as in [103])

- _ KZ - - . .
da, (21, 21)0a, (22, Z2) ~ EiB(AI + 1,85 +1)GA, 4 a, (22, 22) + antiholomorphic descendants.
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Now,

comparing to the z; — 2z, holomorphic limit of (C.5) from [71], we find that

lim M %o (A1, Ag) = (~1)* Tim H(da, 04, )40 Kerrs (C.15)

Z1— 29 Z1— 29

where our normalizations differ and the factor (—1)Al is related to incoming/outgoing conventions.
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