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1 Introduction

In this paper, we consider certain gravitational theories in D > 4 dimensions at the two-
derivative level, in the absence of a cosmological constant. We focus on solutions of the
associated field equations that have sufficiently many commuting isometries so that they
can also be regarded as solutions of the field equations that result from the dimensional
reduction of these theories down to two dimensions using a two step procedure [1-4]. The



PDEs in two dimensions: d(pxA) =0, F=dA+ ANA=0

Gravitational field equations in D > 4 Self-dual Yang-Mills equations in D = 4

Figure 1. Relating gravitational solutions in D > 4 to solutions of the self-dual Yang-Mills equations
in D = 4 through PDEs in two dimensions.

resulting field equations in two dimensions are partial differential equations (PDEs) in the
so-called Weyl coordinates (p,v), with p > 0 and v € R. As we will review in section 2, they
are written in terms of a 1-form A and take the form

d(pxA)=0, F=dA+ANA=0. (1.1)

These field equations are known to describe an integrable system in two dimensions [4, 5],
namely, they are the compatibility condition for an auxiliary linear system of differential
equations (a Lax pair), called the Breitenlohner-Maison (BM) linear system.

It is also known that the dimensional reduction of the self-duality equations for Yang-
Mills fields in four dimensions can give rise to PDEs in lower dimensions that describe
integrable systems [6, 7], and that a particular reduction to two dimensions gives the field
equations (1.1) [6, 8, 9].

Thus, solutions to the PDEs (1.1) give rise, on the one hand, to solutions of the
gravitational field equations in D > 4, and on the other hand to solutions of the self-
dual Yang-Mills equations in four dimensions. In this way, (non self-dual) solutions of the
gravitational field equations in D > 4 can be related to self-dual solutions of the Yang-Mills
equations in four dimensions. This is depicted in figure 1.

Here, we will focus on two classes of solutions to the two-dimensional PDEs (1.1), which
we call class I and class II. These will be introduced in section 2. Given a solution belonging
to one of these classes, we give a procedure for constructing further solutions belonging to
this class. Let us illustrate this by considering a class I solution. These are of the form

A=dfC, (1.2)

where f denotes a function of the Weyl coordinates (p,v) and C denotes a constant matrix.
By integrating f over v, we obtain a new function G(p,v), and therefore a 1-form

A=dGC (1.3)

that also solves (1.1), cf. (2.31) and (2.33). This procedure can, in principle, be repeated:
integrating G over v will yield a new function from which one then constructs a 1-form



’ ‘ A ‘ ‘ single copy A

-AU:Aw:Oa
A=Ay =1fC, Ag=1e0,GC

Class I | df C | G(p,v) = f: f(p,0)do + g(p)

Table 1. Single copy description in a four-dimensional Minkowski space-time with line element
ds?> = —dUdV + dwdw, where U =7 —v, V =7+ v, w = pe'®, w = pe™ 2.

A, as just described, that again solves (1.1). Each of these solutions, obtained from f by
integration over v, will correspond to a solution of the gravitational theory in space-time
dimensions D > 4.

We now wish to relate these gravitational solutions to solutions of the self-dual Yang-Mills
equations in four dimensions in a physically meaningful way. In the above discussion we
have omitted the role played by the sources that source the gravitational solutions and the
solutions to the self-dual Yang-Mills equations. We demand that the nature of the sources
be the same when mapping gravitational to non-gravitational solutions, that is, monopoles
should be mapped to monopoles, and so on. This will serve as a guiding principle for
constructing the single copy! of a gravitational solution that satisfies (1.1). To this end, in
section 6 we focus on solutions to the PDEs (1.1) that have both a class I and a class II
description. We remark that one could set up the single copy prescription using only a class
I description, but additionally putting the solution in class II allows us to directly recover
the scalar version of the self-dual Yang-Mills solution. Any such solution corresponds to a
gravitational solution in space-time dimensions D > 4, and we describe how to construct
a single copy description of these gravitational solutions. For illustrative purposes let us
consider a gravitational solution whose class I description is of the form A = df C, as before.
Given that we may construct new functions from f by integrating f over v, as explained
above, which of the resulting 1-forms should we use to construct the single copy of the original
gravitational solution encoded in A = df C'?7 This will depend on the nature of the sources of
the gravitational solution. In most of the examples that we consider in this paper, the single
copy is constructed using the function G that is obtained by integrating f once over v. This
is summarized in table 1 for the case that the single copy gauge field A is a solution to the
self-dual Yang-Mills equations in four-dimensional Minkowski space-time with line element
ds? = —dUdV + dwdw, where the four-dimensional coordinates (U, V,w, w) are expressed in
terms of the Weyl coordinates (p,v) by U =7 —v, V =7+ v, w = pe'®, w = pe~*®. Thus,
the role of the associated solution G is to serve as a bridge for obtaining the single copy
description of the gravitational solution A = df C.

Among the explicit examples that we discuss, a notable exception to integrating f only
once over v in order to obtain the single copy description of the gravitational solution is the
Lorentzian version of the Eguchi-Hanson solution. We find that in this example we have to
integrate f twice over v in order to obtain the single copy given in the literature [10-12].
This is discussed in section 6.3.

Let us summarise some of the salient features of our procedure. Our approach is based
on the field equations (1.1), which are given in Weyl coordinates. We assume that a solution

!The term single copy is taken from the literature on the classical double copy.



of (1.1) depends on a parameter m which, when switched off, results in a gravitational solution
that denotes a gravitational background. We then work to first order in the parameter m
and consider the gravitational 1-form A at this order. We further assume that at first order
in m, A has both a class I and a class II description, and we follow the steps outlined above
for obtaining a single copy description of the gravitational solution. We note that since our
construction relates a gravitational solution that is (in general) not self-dual, to a self-dual
solution of the Yang-Mills equations in four dimensions, half of the latter solution is not
required when matching with results in the classical double copy literature.? We confirm that
the above procedure reproduces the single copy for various gravitational solutions discussed
in the literature, such as the Schwarzschild solution [16], the non-extremal Kerr solution [16],
the (Lorenzian version of the) self-dual Taub-NUT solution [17] and the (Lorenzian version of
the) Eguchi-Hanson solution [10-12]. We further illustrate our single copy procedure in the
following examples: the extremal Reissner-Nordstrom solution, a solution describing a black
hole in AdSy x S?, the Kaluza-Klein rotating attractor solution (which is supported by a non-
constant dilaton field), the Einstein-Rosen wave solution and the self-dual Kleinian Taub-NUT
solution, which is a four-dimensional gravitational solution with signature (2,2) [18].

A noteworthy consequence of describing gravitational solutions in higher dimensions
from a two-dimensional point of view through (1.1) is that gravitational solutions that look
distinct in higher dimensions may turn out to be related to one another by solution generating
transformations acting on A (see for instance [19]). This in turn implies that their single
copy descriptions are also related. We will discuss two such examples, see sections 3 and 6.

The paper is organized as follows. In section 2 we briefly review how the PDEs (1.1) result
from the two-step dimensional reduction of gravitational theories in D > 4. These PDEs are
the compatibility conditions for a Lax pair, the Breitenlohner-Maison linear system. We give
this Lax pair in terms of differential operators (£, M) in two dimensions. In appendix A we
give new Lax pairs in three dimensions that also give rise to the field equations (1.1) and
which provide an intermediate step between the previously known Lax pairs in four and two
dimensions. We then proceed and discuss two classes of solutions to the PDEs (1.1), which
we denote by class I and class 11, respectively. Given a solution in either one of these two
classes, we construct further solutions in these classes by integration over the Weyl coordinate
v. In section 3 we discuss various known gravitational solutions that possess both a class I
and a class II description. In section 4 we discuss the class I and class II descriptions of the
(Lorenzian version of the) Eguchi-Hanson solution. In section 5 we discuss the mapping of
gravitational solutions belonging to either class I or II (or both) to solutions of the self-dual
Yang-Mills equations in four dimensions. We do so by starting from the self-dual Yang-Mills
equations and performing dimensional reductions of them to two dimensions. In appendix D
we present a different approach to this mapping, by starting on the gravitational side in two
dimensions and expressing the 1-form A in two dimensions as a 1-form in four space-time
dimensions. In section 6 we turn to the single copy description of gravitational solutions
that have both a class I and a class II description, and we discuss the non-trivial role of
the gauge group. We present our conclusions in section 7. In appendix B we discuss the

2We note that a similar step appears in the so called Newman-Penrose map, which relates self-dual solutions
of Maxwell’s equations to non-self-dual gravitational solutions, see [13-15].



self-dual Yang-Mills equations in four dimensions in different space-time signatures, while in
appendix C we give the anti self-dual Yang-Mills equations in signature (1,3).

2 The dimensionally reduced gravitational field equations

We consider gravitational theories in D > 4 dimensions, at the two-derivative level, and
without a cosmological constant term. We focus on solutions to the associated field equations
that only depend on two of the D space-time coordinates. We assume that these gravitational
theories, when dimensionally reduced to two dimensions using the two-step procedure discussed
in [1-4], take the following form as discussed below. Namely, in the first step, the theory
is reduced to three dimensions, and subsequently, the 2-form fields are dualised into scalar
fields. The resulting theory in three dimensions describes the coupling of a non-linear sigma
model, whose target space is a symmetric space G/H, to three-dimensional gravity. Then, a
further reduction to two dimensions yields the following non-linear field equations,

d(pxA) =0, with A=M"'dM, (2.1)

where M € G/H is a coset representative of the symmetric space G/H. The latter is invariant
under an involution f called generalized transposition, i.e. M? = M, and M depends on two
coordinates, denoted here by p > 0 and v € R, also called Weyl coordinates. In (2.1), %
denotes the Hodge star operator in two dimensions,

xdp=—Xdv, *dv=dp, (*)?=-\id, (2.2)

where A = £1 depends on the spacetime signature, as detailed below.
The matrix 1-form A takes values in the Lie algebra of G/H. Denoting its generators
by t*, we have

A=M1YdM = A%, a=1,...,n, (2.3)

where the dependence on (p,v) is encoded in the 1-forms A, = A,(p,v).

Let us discuss the case when D = 4. Then, a solution M to (2.1) yields a gravitational
solution, whose four-dimensional space-time metric in Weyl-Lewis-Papapetrou coordinates
is a Weyl metric given by

ds} = ~AA(dy + Bd)? + A" (e¥ ds3 + p2de?) . (2.4)

The reduction from four down to two dimensions is performed along the directions (y, ¢).
If A = 1, the two-dimensional line element ds3 is space-like (ds3 = dp® + dv?), whereas if
A\ = —1, ds3 is time-like (either ds3 = —dp? + dv? or ds3 = dp? — dv?®). A, B are functions of
(p,v) determined by the solution M (p,v) of (2.1) and ¥(p,v) is a scalar function determined
from M (p,v) by integration [3, 4],

O = S pTr (AZ-NA2) . O =LpTr(4,4,). (2.5)

As an example, consider the two-step reduction of the four-dimensional Einstein-Hilbert
action to two dimensions. The resulting coset is G/H = SL(2,R)/SO(2), the involution f



is matrix transposition and the coset representative M takes the form

A+ B B
M:< tx %), (2.6)

A

where B is related to B through [5]
pxdB = A%dB. (2.7)

Writing out the matrix 1-form A as A = A,dp + A,dv, the field equations (2.1) read
A
OpAy + N0,A, + ;Ap =0, (2.8)

with
Foy = 0,A, — 0yA, +[A), Ay] =0 (2.9)

(ie. F = dA+ ANA = 0) by virtue of A = M~'dM.

The field equations (2.8) and (2.9) are the compatibility conditions for a Lax pair, the
Breitenlohner-Maison linear system [4, 5]. This Lax pair can be written in the form of a
pair of differential operators (£, M) acting on matrix functions X,

LX =0, MX=0. (2.10)
These differential operators are given by

L=—0,+T1D,,
M=X0,+7D,, A==, (2.11)

where

D =0+A, A=M1tdM, (2.12)
and 7 is a function of p and v as well as of a complex parameter w, which satisfies

2\
72—)\+—T(w—v):0, weC. (2.13)
p
Likewise, the matrix functions X in (2.10) are functions of p,v,w. The compatibility

condition for the linear system (2.10),
L, M]X =0, (2.14)

then implies the field equations (2.8) and (2.9).

The field equations (2.8) and (2.9) can also be obtained as compatibility conditions for
Lax pairs formulated in three and four dimensions. The Lax pair in D = 4 is determined
by the self-dual Yang-Mills equations in four dimensions, as we will discuss in section 5. In
appendix A we give two Lax pairs in D = 3 dimensions. In D = 4 dimensions the spectral
parameter is constant, while in D = 2 dimensions the spectral parameter is non-constant.
Interestingly, in D = 3 dimensions one can describe the integrable system using either a
constant or a non-constant spectral parameter. We summarize our findings in table 2.



‘ D ‘ spectral parameter ‘ coordinates ‘ L ‘ M

4 Q0 (U, V,w, d) 8y — ODg B + ODy

3 Q (p,v,9) —e %99, + 3pQ (Dp + %84,) e N0, + $pQe D,
3 T(p,v,w) (pv,0) | € (=0u+7 (Dy+20y)) e (A, + 7 D,)
2 7(p,v,w) (p,v) —0y+71D, A0y + 1D,

Table 2. Lax pairs (L, M) in various space-time dimensions D. Q and w denote constant spectral
parameters, whereas 7 is a non-constant spectral parameter that satisfies (2.13).

A noteworthy consequence of describing gravitational solutions in higher dimensions
through a coset representative M is that gravitational solutions that look distinct in higher
dimensions may turn out to be related to one another by solution generating transformations
acting on M (see [20], for instance). This is done by acting on M with a suitably chosen
constant matrix ¢ € G/H, to obtain the matrix

M =g'Myg, (2.15)
which results in a matrix 1-form
A=g1tAg. (2.16)

An example thereof, discussed in [19], is the solution generating transformation that maps
the 3 x 3 matrix M describing the near-horizon region of the extremal Reissner-Nordstrom
black hole solution to the 3 x 3 matrix M describing the full interpolating extremal Reissner-
Nordstrom black hole solution in four space-time dimensions. We refer to section 3 for
details on this solution generating technique. Then, as we will see in section 6, the Harrison
transformation is mapped to a non-abelian rotation of the Yang-Mills gauge field via our
single copy procedure.

2.1 Two classes of solutions

In the following, we will consider two classes of solutions to (2.8) and (2.9). Solutions
belonging to the first class are of the gradient type, thus possessing a structure that is
suggestive of the form of A, i.e. A = M~'dM. Solutions in the second class take a form
that results in a Plebanski type equation.

As we shall see, we define the two classes such that the role of (2.8) and of (2.9) is
interchanged between the two: (2.9) is automatically satisfied by the solutions in class I,
while (2.8) is automatically satisfied by the solutions in class II.

2.1.1 Class1
The first class consists of solutions of the form
A= (dfs)Ci, (2.17)

where the f; are functions of (p,v), and where the C; are constant commuting matrices that
reside in a subsector of the Lie algebra of G/H, so as to ensure that (2.17) satisfies the



field strength condition (2.9). Inserting this into (2.8) and using that the constant matrices
C; are linearly independent, gives

A
O fi + A0 fi + ;apfi =0. (2.18)

When A = 1, this is the harmonic equation in three-dimensional Euclidean space, written
in cylindrical coordinates (p,v, ¢), acting on functions f; that are independent of ¢. When
A = —1, this is the harmonic equation in three-dimensional Minkowski space.

2.1.2 Class I1

The second class of solutions consists of solutions of the form

A:—;\*dP+2de0, (2.19)
that is,
A, = —%&,P(p,v), A, = % (8p + ;) P(p,v), (2.20)
where
P(p,v) = pa(p,v) t. (2.21)

This satisfies (2.8), while the condition (2.9) imposes®

1 1 A 1
(6,3 +20? + ;ap — p2> P+3 Ka,, + p) P, &JP} =0, (2.23)

3We remark that the interaction term in (2.23) is of the form [{ P, P}.], where {, }. is the modified Poisson
bracket defined in [21] in the context of self-dual gravity on an AdS background. Specifically, in [21] we have a
4-dimensional theory in lightcone coordinates (u, v, to, to), with

{f,9}+ = 0w [Oug — OufOng + uiin (fOng —Onfg) -

If f and g are matrices, following [21], we define the combined Poisson-commutator bracket via

[{4:9:) = [0 f, 0ug) = (00 Omg) + | f.0mg] = [ f, =] -

Note that because {, }« and [,] are both anti-commuting, the combine bracket [{, }.] commutes, therefore we
can take

VAP
to get
VAP VAP A AT 2
|:{ 2 ’ 2 —_g[au}%amp]‘f'g[7uinp,amp:| .
The commutator terms in (2.23) will be obtained by setting
1 1 5 1 1 tea = 1 7 &
u—*§p+52, D—f§p+52, o = 5'04‘52, m—i’l)*gz:,
so that
u—v=2p, wH+w=uv, (2.22)

and using that P only depends on the two combinations (2.22). It would be interesting to explore the
significance of this, particularly in light of recent deformations of the Breitenlohner-Maison system presented
in [22]. We leave this for future work.



which can be written as

A P AP
(22 +202) P+ S10,P.0,P) + 9, (p) +3 {p, avp} = 0. (2.24)
Let us focus on the case when the commutator terms in (2.24) vanish, in which case
we obtain
2 2 1 1
0, + A0y + =0, — — | P(p,v) = 0. (2.25)
P p
Then, introducing
1 .
U (p,v,6) = 5 € P(p,v), (2.26)

we ﬁnd that \Ij(p7 U, ¢) salisﬁes
P v P ) ¢ p7 ) N .

When A = 1, this is the harmonic equation in three-dimensional Euclidean space, written
in cylindrical coordinates (p,v,¢). When A = —1, this is the harmonic equation in three-
dimensional Minkowski space.

2.1.3 Solutions belonging to both classes

There is a subspace of solutions to (2.8) and (2.9) that allows for both a class I and a class
II description. The examples that we will be discussing in the following sections all belong
to this subspace of solutions.

Consider a solution of class I of the form

A= (df)C, (2.28)

with C' a constant matrix. Such a solution can also be written in the form (2.20), with
P given by

P(p,v) =p(p,v) C, (2:29)

provided that p satisfies (2.25). This is so, because the equations

A
aﬂf:_§ vD
1 1
_ - - 2.
0, f 2(ap+p)p (2.30)

are compatible with one another provided p satisfies (2.25). Similarly, given a solution of
class II of the form (2.20), with P given by (2.29) and with p satisfying (2.25), it can be
written in the form (2.28) by using (2.30).

A straightforward generalization of the above shows that solutions of class I of the
form A = (df;)C;, where the C; are commuting matrices, also admit a description as class
IT solutions.



2.2 Constructing further solutions

Given a solution f in class I or a solution P in class II, we can construct further solutions
of (2.18) and of (2.25), respectively, by integration with respect to v, as follows.
Let f denote a function that satisfies (2.18). Then we construct a function G that

also solves (2.18), namely

G(po) = [ 1o 0o+ g(0). (2.31)

where g(p) has to satisfy

Aod0) == [ 5 @uf0. ), . (2.82)

Here a and b denote constants. G — g is an indefinite integral in v, but also a parametric
integral with parameter p. We assume that f possesses the necessary continuity properties
for applying the Leibniz integral rule for differentiation under the integral sign. Then,

A=(dG)C, (2.33)

with C' a constant matrix, is a solution of (2.8) and (2.9), as can be easily verified by
using (2.18) and (2.32).

Similarly, given a solution ¥ of the form (2.26) that satisfies (2.27), we construct a
function H that also solves (2.27), namely

1. v
H(p.0.6) = 3¢ ([ Ploo) o+ (o)) (2.34)
where h(p) has to satisfy
B h
W= = X (0,P)),_, - 2.35
S (2.35)

e~ H — h is an indefinite integral in v, but also a parametric integral with parameter p.
We assume that P possesses the necessary continuity properties for applying the Leibniz
integral rule for differentiation under the integral sign. It can be easily verified that H
satisfies (2.27) by using (2.25) and (2.35). Then,

, . : 1
Ay =N @oH=-XNe W, A,=e " (ap + ) H (2.36)

is a solution of (2.8) and (2.9).

Let us now consider a solution (2.28) that can also be written in the form (2.30). We
then introduce the functions G and H as above. The associated solution (2.33) can then
also be expressed in the form (2.36), since the relations

€ 9,GC = -N\o,H = —% e p,
€ 0,GC =€ fC = (ap + ;) H (2.37)

are compatible by virtue of H satisfying (2.25).

,10,



An example thereof is provided by A = 1 with

m v
f(p,v) = _Qﬁa P(p,v) = —4m (NW) c. (2.38)
Using (2.31) and (2.34), we obtain
/02 o2 —
G(p,v) =m log AW il “9m tanh~! | ——2 ,
v2 4w v
V20?4 V22
N
H(p,v,¢) = —2m e Y2 TV o 2.39
g p

which satisfy the differential equations (2.18) and (2.27), respectively.

3 Examples

We now give examples of gravitational solutions in four dimensions that have both a class
I and a class II description.

3.1 Class I description

Let us consider solutions of the form (2.17) with one or two matrices Cj,
A=df;C;, (3.1)

where the C; are constant commuting matrices and the f; = f;(p,v) satisfy (2.18). Us-
ing (2.31), to each f; we associate a function G; that satisfies the differential equation (2.18).

In all the examples discussed in this section, the solutions depend on various parameters
which, when they are switched off, ensure the vanishing of A.

There are two cases to consider, either A =1 or A = —1 (cf. (2.4)). When A = 1, the
examples that we consider are the Schwarzschild solution, the extremal Reissner-Nordstrom
black hole in four space-time dimensions, a black hole in AdSy x S2, the (Lorentzian version
of the) self-dual Taub-NUT solution, the non-extremal Kerr black hole, the rotating attractor
solution for a Kaluza-Klein black hole. When A\ = —1, one example that we consider is the
Einstein-Rosen wave solution. In addition, we also discuss the self-dual Kleinian Taub-NUT
solution, which is a four-dimensional gravitational solution with signature (2,2) [18].

3.1.1 Exterior region of the Schwarzschild black hole

The line element describing the exterior region of the Schwarzschild black hole solution
can be written in the form

ds? = —e %dt* + ePds? (3.2)
with
ds = dr? + (r2 — m?) (d6? + sin® 0 do? (3:3)
and _
e =~ m7 r>m. (3.4)
r+m

This solution carries one parameter, the mass parameter m.

— 11 —



Introducing Weyl coordinates

p=Vr2—m2sinf, v=rcosh, (3.5)
the line element (3.2) can be brought to the form (2.4) with (see, for instance, [23])

v+m—+/(v+m)?+ p?
v—m—+/(v—m)+p?’
1 v? 4 p? —m? 1
,v) =log | = + -
Y(p,v) g [2 Vo+m2Z+ 2 /(lv—m)2Z+p° 2
The associated matrix M (p,v) (with M € G/H = SL(2,R)/SO(2)) is given by (2.6), with
B =0,

A(p,v) =

B=0,

(3.6)

M(p,v) =

<A(p,v) 0 v+m—/(v+m)?+ p?
0 A(p,v)

1 ) A(p’”):v—m—\/m’ (3.7)

which results in

A=M"1tdM = df C (3.8)
with
10
f(p,v) =log A(p,v), C= (0 _1> : (3.9)
To first order in the parameter m, f reads
m
Flprv) = -2 (3.10)

NI
which describes a monopole type potential. Since (3.10) is a solution of (2.18) with A\ = 1,
it will give rise to a solution (2.4). To it we associate the function

G(p,v) =m {log (\/p2 +v2 — v> — log (\/p2 + v2 +v>} : (3.11)

3.1.2 Extremal Reissner-Nordstrom black hole

The static extremal Reissner-Nordstrom black hole solution is a charged black hole solution
of the Einstein+Maxwell theory in four space-time dimensions. It carries one electric charge
q and one magnetic charge p. We introduce the combination Q = ¢ + ip. In the near-
horizon limit, the line element describes the product geometry AdSs x S2, and the solution
is supported by electro-/magnetostatic potentials x. and X,

2 2
2_ T 2 o dr 2 (102 1 w2 2
ds4——wdt +1QP 5 +1Q| (de 1 sin2 6 de ) :
, Q
e + 7 m = . 312
Xetom = 15 (3.12)
Introducing Weyl coordinates
p=rsinf, v=rcosh, (3.13)

— 12 —



the line element (3.12) can be brought to the form (2.4) with ¢¥ = 1, B = 0 and A =
(p?> + v?)/|Q|?>. This near-horizon solution is encoded in a 3 x 3 matrix M € G/H =
SU(2,1)/(SL(2,R) x U(1)) given by [19]

e¥ V2e%Z 1
M=|-v2e¢Z -1 0|, e¥$=A, Z=xe+ixm=ce ??, (3.14)
1 0 0
where
Q
c=—, |e=1. (3.15)
Q|
We note that the matrix M can also be written as
) 1 V27 |Z)?
M = ZF 27 —|Z> 0 |. (3.16)
Z> 0 0

The associated matrix 1-form A = M~'dM reads A = df C with

Q) P
flpv)y=efP)2 = = c=1|y2 0 0]. (3.17)

2 2’
VpT 0 V20

Note that f is linear in the parameter ) and that it describes a monopole type potential.
The associated function G is

G(p,v) = —? [log (\/pQ + 02 — v) —log (\/p2 + v? +v>} . (3.18)

The constant matrix C' is a linear combination of two Lie algebra generators (given in (A.6)

and (A.12) in [19]),
C =V2(Rec) (Fi + F») —V2(Imc) i(F, — F). (3.19)

When the black hole is electrically charged (p = 0) we have ¢ = 1, while when it is
magnetically charged (¢ = 0) we have ¢ = i.

The interpolating solution describing an extremal Reissner-Nordstrom black hole can
be obtained from (3.16) by applying a solution generating transformation called Harrison
transformation to M, as follows [19]. We act on M with the transformation ¢(é),

1 0 0
g@)=|-v2¢ 1 0|, ¢=-c/2. (3.20)
&2 —v2¢1

The action on M is given by M = ¢%(¢)Mg(¢). Here the involution f is defined by ¢%(¢&) =
ng(&)in~t with n = diag(1,—1,1),

1v2¢ |e?
F@=1o 1 v2el. (3.21)
00 1



The resulting matrix M takes the form (3.16), with Z replaced by Z [19],

Zo5=1 —ZQ(’EZ 1 +ZcZ ‘ (3:22)
Under (3.20), the matrix 1-form A transforms as
A=M"1YdM — A= M"YdM = g~ (&) Ag(o), (3.23)
and we obtain
A=A. (3.24)

Thus, both the interpolating and the near-horizon solution have the same matrix 1-form A.

3.1.3 Black hole in AdSs x S?

It is well known that the solution describing the near-horizon near-extremal limit of a Reissner-
Nordstrom black hole in four space-time dimensions is a black hole in AdSy x S? [24]. Such
a solution can be obtained by applying a Harrison transformation (see table 2 in [20]) to the
Schwarzschild solution, as discussed in [19]. Namely, we embed the 2 x 2 matrix M given
in (3.7) into a 3 x 3 matrix M € G/H = SU(2,1)/(SL(2,R) x U(1)),

B e?0 0
e ® 0
M = = M=101 0 |, (3.25)
0 e¥ B
0e®

where e=¥ = A. The associated matrix one-form A = M~1dM reads

10 0
A=dfC, f=—p, C=—=|000 |. (3.26)
00 -1

Now we act on M with a transformation g(c), as described below (3.20), i.e. M = ¢%(c)Mg(c)
with ¢%(c) = ng(c)tn~! with n = diag(1,—-1,1) and

1 0 0
gle)=|—-v2¢ 1 0], ceC. (3.27)
le]? —v2c 1

We obtain

2
(690/2 — \0\26*‘9/2) V2e(1—|c|?2e™?) |c|?e %
M=1_\2e1—|c)fe?) 1-2cPe¥ 2e?|= M. (3.28)
|c|? e=% —V/2ce¥ e ¥

Under (3.27), the 1-form A in (3.26) transforms into

A=M"1YdM — A= M"*dM = g (c) Ag(c). (3.29)

— 14 —



Hence we obtain

A=dfC, f=7F, (3.30)
with C = ¢g~(c) C g(c), where
1 0 0
C=-|v2 0 0]. (3.31)

0 V2¢ -1

Note that the dependence on the parameter ¢ is entirely contained in the matrix C, and that
this dependence is linear in ¢. The matrix C is a linear combination of Lie algebra generators,

C=—Hy—V2(Rec) (Fi + F) +V2(Ime) i(F, — F), (3.32)

where Ha, Fy + F5,i(Fy — F1) are the generators given in (A.6) and (A.12) in [19].

If we now set ¢ = €'*, we get

2 ,
(e‘P/z — e“P/2) V2 eter (1—e7%) e ¥
M= _2e7(1—e %) 1—2e% V2e ie¢ | = M. (3.33)
e ¥ —V/2ete® e ¥
The resulting solution has a line element of the form (3.2), with e® replaced by

2

~ 2 4
690 — (e%p/Q — e“P/Q) = m (334)

r2 —m2°

This line element describes a product geometry given by a black hole in AdSy x S? (cf.
(9.19) in [19)]),

2

ds? = 4m? (-(73 —m?)dt* + > + 4m? (d62 + sin® qusz) : (3.35)

2 _ m2
where we have rescaled the time-like coordinate ¢ by a factor 4m?. This solution is supported
by electric-/magnetostatic potentials Xe/Xm,
, c
To lowest order in the parameter m, we infer using (3.30) that

~ m

flp,v) = —QW-

(3.37)

The associated function G is

G(p,v) =m {log (\/p2 + 02 — v> — log <\/p2 + 02 + Uﬂ : (3.38)
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3.1.4 Self-dual Taub-NUT solution
In Lorentzian signature, the Taub-NUT solution is given by [25, 26] (see also (12.1) in [27])

ds? = — f(r) (df — 20 cos §d¢)” + ar (r* + £%) (d6? + sin® 0 d” (3.39)
f(r)
with ) )
fy =2 (3.40)

r2 + (2
Here, m and ¢ are parameters, and ¢ is called NUT parameter. Setting ¢ = +im, we obtain
the self-dual Taub-NUT solution, for which

Tr—m

flr) = (3.41)

Cr4m’

We restrict to 7 > m to ensure that f(r) > 0. Introducing Weyl coordinates (see (12.6) in [27])
p=(r—m)sinf, v=(r—m)cosb, (3.42)

the line element for the self-dual Taub-NUT solution becomes

ds? = —A(dE+ Bdg)* + A" [e¥ (dp? + dv?) + p? do?| (3.43)
where 5 ;
A _VPPEe . =1, B= 2im——o—. (3.44)
V2 +vi+2m p? + v?
Using (2.7) we infer
~ A2
0,B = = 0,B = 2im = -,
P \/p2+v2<\/p2+112+2m)
- A2
9,B = —=0,B = 2im P - (3.45)
P VP2 + 02 (VP + 0 + 2m)
which can be integrated and gives
B=i 2m aeC (3.46)
=i|la-— ) . .
VP2 +v2+2m

The matrix M(p,v) belonging to a complexification of M € G/H = SL(2,R)/SO(2) is
obtained using (2.6),

m(a—1)2 . 2i(a—1)m 2 ;
() B gy g (a1 i) 2w
M(pw)—( %i(a—1)m D42m - i 1 +$C’

o+ =" T
o= (Tlam i) g e (3.47)
ila—1) 1 ’ ’ ‘
Note that detC = 0. We obtain for M1,

_ 1 —ia 2m ~ o~ 1 —i(a—1)
M 1(p,v):<_. >+<I>C’C_<—z'( ) (3.48)



with CC = 0. This yields an exact class I description,

2m 1« 7
A=M1dM =4 i = 2=0. 4
fcv f(p,U) \/m? C (’L(]. —Oé)2 o — 1) 3 C 0 (3 9)

The expression for f describes a monopole type potential. The associated function G is

G(p,v) =m {log (\//)2 +v2 — U> — log <\/,02 + 02 + Uﬂ : (3.50)

3.1.5 The non-extremal Kerr black hole

The matrix M (p,v) (with M € G/H = SL(2,R)/SO(2)) that describes the exterior region
of the non-extremal Kerr black hole with mass m and angular momentum a is obtained
using (2.6) and is given by [19, 28]

1 (cu—m)? + a’y? 2amy
M(p,v) = , 3.51
(P, ) Aw?—1)+a?(y?> - 1) ( 2amy (cu+m)? + a’y? (3:51)

where ¢ = vVm? — a?, u > 1, |y| < 1, with the prolate spheroidal coordinates (u,y) expressed
in terms of the Weyl coordinates (p,v) by (cf. (G.6) in [29])

SVl e 4l Gl O W s ol I 0 il il Gl
2c ’ 2c ’

(3.52)

Computing A = M~'dM and expanding the result up to fifth order in the angular momentum

parameter a and to first order in the mass parameter m gives

10 01
A=d d 3.53
If1 (0 _1> + dfa (1 0> (3.53)
with
2 , p?—20° 4 3p% — 24p%0% + 8t
W) =m |- _ _ : 3.54
fi(p,v) m[ /02 + 02 a (p? + v2)5/2 a 4 (p? + 0v2)9/2 ( )
_ 2v 50(3p = 20%) | 5 u(15p? — 40p*0® + 8u?)
fa(psv) =m [‘1 (02 + v2)3/2 +a (P2 + v2)7/2 +a 4(p? + v2)11/2

We note that f; carries even powers of the rotation parameter a, while fs carries odd powers
of a. When switching off a, fi reduces to the function f of the Schwarzschild solution,
to first order in m.

Since the two matrices in (3.53) do not commute, we have to choose which one to keep in
order to obtain a class I description. Since fs vanishes when switching off a, we keep the term
proportional to dfi, which reduces to the function f of the Schwarzschild solution when a = 0.

We note that f; is the expansion of the function —¢ given in eq. (52) of [16],

R3(p,v) \/p2 + 02 — a? + /(p? + v? — a?)? + 4a%v?
Rpv) +at? T G

fi(p,v) = —2m , (3.55)

,17,



where R is a solution of the equation (cf. eq. (54) of [16])
2 2
p v
st —==1 3.56
R2 + g2 + R2 ’ ( )

and where f; satisfies the harmonic equation (2.18) with A = 1. The associated function G is

\/—a2+\/a4+2a2 (v2—p2)+(p2+v2)2+p2+v2
\@v

G1(p,v) = —2mtanh™! (3.57)

When expanded to fourth order in the angular momentum parameter a, Gy reads

2 4 2 2
o [ 5 | o - [ 5 2 a“v a*v(3p” — 2v°)
Gi=-m llog( petv "H}) log( petv U) + (p? +v2)3/2 T 4(p2+1)2)7/2

(3.58)

3.1.6 Kaluza-Klein black hole: rotating attractor

Rotating Kaluza-Klein black hole solutions are solutions of the four-dimensional theory
that is obtained by dimensional reduction of five-dimensional pure gravity on a circle. The
resulting fields in four space-time dimensions are the metric, the scalar field ® and the
Kaluza-Klein Maxwell field A,,. We consider extremal rotating black hole solutions in this
theory. The near-horizon behaviour of these solutions has been thoroughly studied in [30]
and it is determined by the attractor mechanism in the presence of rotation (hence the name
rotating attractors). Let us focus on the near-horizon behaviour of slowly rotating extremal
solutions (this is also referred to as the ergo-free branch). The near-horizon behaviour of
the four-dimensional metric, the dilaton field e=*®/ V3 and the Maxwell field F = dA is
given in egs. (5.36)-(5.44) of [30], and is determined in terms of the electric-magnetic charges
(Q, P) (which, for definiteness, were taken to be positive in [30]) and in terms of the angular
momentum J. In particular, in the near-horizon region and in the presence of rotation, the
dilaton field is not any longer constant,

N <P>2/3 PQ — J cos (3:59)

Q PQ+ JcosO ’

The four-dimensional near-horizon metric can be written in the form (2.4) with A =1,
ds} = ~A(dt + Bdg)? + A" eV ds} + p*dg?) | (3.60)

with [19]
87(p? 4 2 J 2
p=rsinf, v=rcosf, A= m(p +U)2 , B:—8—2p723/27 eV =1.
VP22 — P ™ (p? +v?)

(3.61)

The matrix M € G/H that describes the near-horizon solution takes values in the coset
G/H = SL(3,R)/SO(2,1) and is given by [19]

B2 2AD+ B> 2 2
—55 + 553 ,7P:+’02 By/p*+v? C(p* 4+ v?)

1
M(p,v) = 102 —Bv/p? + v? D(p? +v?) 0 ) (3.62)
C(p? +0v?) 0 0

,18,



where

B 1 1/3 A2/3 - (P>1/3 - <Q)2/3 0 i <Q>1/3
B=g PP, c=—(5) . p=—(F) . 0B (3) 7
(3.63)

with B/D x P, B/C o Q and (2AD + B?)/(CD) x J. These constants satisfy —C?D = 1.
The associated matrix A = M~'dM reads

A=dfi C1+dfs Cy, (3.64)

where C7 and C5 denote commuting matrices given by

0 00 0 00
Ci=|-Eo00|, C= 0 00|, (3.65)
0 5o —2ADAE

and where the functions f; and fy are given by

X :
_— V) = ————575 -
[+ o2 P (2 + v2)3/2

The associated functions G; and G5 take the form

Gi(p,v) = % [log <\/p2 + v? +v) — log (\//)2 + 02 v)] , Ga(p,v) = \/p21+7v2 (3.67)

Note that (3.64) is an example of the form (2.17) based on two commuting matrices. The
matrices C1 and Cy are linear in @, P, J. When J = 0, the matrix Cy vanishes, and (3.64)
reduces to the case of a static attractor solution based on AdSs x S2.

fi(p,v) = (3.66)

3.1.7 Einstein-Rosen wave
The Einstein-Rosen wave describes a cylindrical gravitational wave. In Weyl coordinates, its
line element takes the form (2.4) with A = —1 (see, for instance, [31, 32]) and

Alp,v) =/ f(p,v) = 2cos(kv) Jo(kp) =2, B=0,

b(p,v) = k*p I3 (kp) + k> p* I (kp) — 2k cos®(kv) p Jo(kp)Ji (kp) , (3.68)
where Jy and J; denote Bessel functions of the first kind. The parameter k takes values in

R;. When k = 0 we recover flat space-time, since Jo(0) = 1.
The matrix M (p,v) (with M € G/H = SL(2,R)/SO(2)) is given by (2.6) with B = 0,

M(p.v) = (A(ﬁ’”) 0 ) , (3.69)

A(p,v)

and results in A = df C with

10
C= <0 _1> : (3.70)

,19,



The associated function G is
2
G(p,v) = z sin(kv) Jo(kp) — 2v. (3.71)
To lowest order in k we obtain

F(p.0) = 12 (=020 0) + P (0) = (=7 = 37 |
1, 1

G(p,v) = k? (—31} 211/)2) , (3.72)

where we used Jo(0) = 1, J{(0) = —3.

3.1.8 Self-dual Kleinian Taub-NUT solution

All the four-dimensional gravitational solutions described above have signature (1,3) and
they have a line element of the form given in (2.4). Here we consider a four-dimensional
gravitational solution with signature (2, 2), namely the self-dual Kleinian Taub-NUT solution
discussed in [18], whose line element takes the form

2
ds® = f(r) (dt — 2m cosh 0d¢)2 + Jiiz;) — (12 = m?) <d02 + sinh? d¢2) , (3.73)
where we have set ¢ = +im and
r—m
flr)y= T (3.74)

We restrict to » > m to ensure that f(r) > 0. Introducing Weyl coordinates
p=(r—m)sinhf, v=(r—m) coshé, (3.75)

the line element for the self-dual Kleinian Taub-NUT solution takes a form that differs
from (2.4) by signs, namely

@2:Auﬂ4hwﬁ+A4F¢@ﬁ—dﬁ)—ﬁd&L (3.76)

where
2= p? v B v
A= > 5 , ev =1, B——2mﬁ. (3.77)
VUt — p= 4 2m V4 —p

Note that v? — p? > 0 in view of 7 > m. Using (2.7) with A = —1,

- A2
8,B = = 8,B,

1%

- A2

we obtain

2m

:a—|— N
V2 — p? +2m

&

aeC. (3.79)
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We define the matrix M (p,v) by

B
M:(A_A
i

Y
~.
= Dl

> : (3.80)

det M =1. (3.81)

pglss)
B

which satisfies M = M7T as well as

Then we obtain,

1—a?ia 2m A
M(p’”)_< io 1) 5 ¢
A (—1+a)?i(l+a) S AP
C_<i(1—|—a) 1 , P =/ v —pt. (3.82)

Note that detC = 0. We obtain for M1,

M~ (p.v) = <1a 1_i22> * 2(;1 ¢, C= (i(11+ Q) _Eiljao)g) ’ (3:83)

with detC = 0, CC = 0. It follows that

- 2m I+a —1
A=M"YdM =df C =TT 5 C= 0* =
fC, fp,v) NoErA <_¢(1+a)2 —(1+a)>’

(3.84)
This expression is exact. The associated function G is

G(p,v) = —m {log <\/112 —p?+ v) —log <\/U2 —p? - v)] . (3.85)
It satisfies (2.18) with A = —1.

3.2 Class II description

Let us now turn to the class II description of the solutions given above.
We bring these solutions into the form (2.20) and (2.21) with one or two matrices Cj.
Using (2.34), to each P; we associate a function H; that satisfies the differential equation (2.27).

3.2.1 Exterior region of the Schwarzschild black hole
Using (2.20), we associate the following matrix P to A,

Plp,v) = i <\/(v Tt \Jwrmp +p2> ., C= ((1) _01> L (3.86)

To first order in m we obtain

v
P(p,v) = —4m ——=C', 3.87
(p.0) = —dm (3.37)
and the associated function H reads
) 2
H(p,v,¢) = —2me™® Vv C. (3.88)
P
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3.2.2 Extremal Reissner-Nordstrom black hole

We associate a matrix P to A using (2.20),

) 1
Ay =g ) Apg(c) = Ay = —50uP(p,0),
A

~ _ 1 1
=7 (O Avgle) = Ay = ; (a,, + p) P(p,v), (3.89)
which results in
y 0O 0 0 0
P(p,v) =2|Q|———=C, C=1|v2c 0 0|, c=—. (3.90)
2 2
PV e+ p 0 V20 Q)
The associated function H reads
, 2 2
H(p,v,9) = |Q| e Y ¢, (3.91)
)
3.2.3 Black hole in AdSs x S?
The associated matrix P is
1 0 0
2 .
Ppo) = 2 (Jo—mpE 2= Jormp ) ¢, == Va0 o |,
P 0 V2ei —1
(3.92)
where o« € R. To first order in m we obtain
v
P(p,v) = —4dm ————=C', 3.93
o) = (3:29)
as well as
/2 2
H(p,v,¢) = —2me™® AW C. (3.94)
P
3.2.4 Self-dual Taub-NUT solution
The associated matrix P is
v 11—« 7
P(p,v) = —4m ————C, C= , C?=0, 3.95
(p,v) m T (i(l—a)2 a_1> (3.95)
where a € C, and
) 2
H(p,v,¢) = —2m e VTt C. (3.96)
P
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3.2.5 The non-extremal Kerr black hole

To first order in m and to fourth order in the rotation parameter a, the function P associated
to f1 given in (3.54) reads

4v 6a’pv 5atpv(3p? — 4v?) 10
P, =— C, C= .
)= lpW? I TR LR I U
(3.97)

The associated function Hj is

/2 2 4 2 4,2
i B S o, U)>C. (3.98)

— o ol —
Hi(p,v,¢) = —me (2 P (p? + v2)3/2 4p(p2+v2)7/2

3.2.6 Kaluza-Klein black hole: rotating attractor

The associated matrix P (cf. (2.21)) takes the form

P(p,’l)) =p1(p,’u) Cy +p2(p7 U) Cy (399)
with 5
v p
V) = 22— V) = 3.100
p1(p,v) N/ p2(p,v) (p? + v2)3/2 ( )
The matrices C; and Cy are given in (3.65). The associated functions H; and Hs are
LA /p2 + 1)2 . v
Hi(p,v,0) =€ X "~ C1, Hy(p,v,¢)=e®———u_Cy. 3.101
3.2.7 Einstein-Rosen wave
The associated matrix P is
4 . ) 10
P(p,v) = z sin(kv) Jy(kp) C', C = 0 —1 (3.102)
and 5
H(p,v,¢) = e (_k2 cos(kv) Ji(kp) — p) C. (3.103)
To lowest order in k we obtain
(1 1
H(p,v,¢) = —k?¢® (21)2,0 + 8p3) . (3.104)
P satisfies
9 9 1 1
9, =0y +-0,—— | P(p,v) =0 (3.105)
p " p
by virtue of the differential equation for the Bessel function Jy(p),
J/
Ji(p) + Oép) + Jo(p) =0. (3.106)

— 23 —



3.2.8 Kleinian self-dual Taub-NUT solution

The associated matrix P is

v 1+Oé —q 2
P =4dm ——=C, C= CcC =0 3.107
(p7v) mp ’U2 _p2 ) <—Z<1+a)2 _(1+a)> ) ’ ( )

where a € C, and

— ip V2~ p?
H(p,v,¢) =2me e C. (3.108)

The latter satisfies (2.27) with A = —1.

4 Another example: the Eguchi-Hanson metric

In this section we discuss the Eguchi-Hanson metric in Weyl coordinates. Subsequently we
determine the associated matrix 1-form A = M~'dM.

The Eguchi-Hanson metric depends on one parameter, a. When switching off a, the line
element describes four-dimensional flat space-time. We have verified that there does not exist
a coordinate change for the Eguchi-Hanson metric which takes us to Weyl coordinates in
such a way that (i) the background metric is mapped to the vacuum version of the Weyl
metric with A, = A, = 0, and (ii) the linear fluctuation (i.e. O(a")) is in the standard Weyl
form. In order to proceed, we will relax condition (i), while still requiring that (ii) is satisfied,
and describe the corresponding coordinate change below. We will then provide a single copy
prescription for the linear part, as follows. We expand A in powers of the parameter a?, i.e.
A= A0 1 AW + O(a®), where A©) (which is non-vanishing) describes the background. We
focus on A and show that it admits both a class I and a class II description, based on
functions fi; and pi, respectively. In section 6 we will show that the single copy description
for the Eguchi-Hanson solution is constructed using p; as a starting point and integrating
it twice with respect to the coordinate v. We denote the resulting function by H;. This
differs from the examples discussed in the previous section, since for these the single copy
description is based on a function H that is obtained from the function p by integrating once
with respect to v. The number of integrations over v that one has to perform to obtain a
single copy description differs from solution to solution and is related to the nature of the
sources supporting the gravitational solution.

The Eguchi-Hanson metric is a self-dual Euclidean solution described by [33]

1 dr? 1
ds} = v h(r) (dy + cos 0 dg)* + Wi) +57r (d6? +sin?0dg?) , 0<y<dm, (41
with
CL4

We now write the Eguchi-Hanson metric in Weyl form

ds? = A(dy + Bdg)? + A [e¥ (dp? + dv?) + p* d?)]. (4.3)

— 24 —



To do so, we first compare (4.3) with (4.1) and infer

1
A= 17"2 h(r)

B = cosf
1

p? = =712 A sin?6.
4

Hence,
L,
= - h sin 6.
P 1 r sin

For convenience, we define

1
F(T) = 77“2 h(’l"),
4
so that
p=F(r)sin6.
We introduce
v = G(r) cosb,

and calculate
dp* + dv? = dr* ((F')2 sin? 0 + (G')? cos® 9) + db? (F2 cos?  + G* sin® 9)
+2drdf (F' F — G' G) sin 6 cos#.
Since there are no terms proportional to sinf cosf in (4.1), we demand
F'F-GG=0+ (F?)=(G*) —G*=F*+b, becR.

Hence
G(r) =/ F?(r) +b.

Comparing (4.9) with (4.1) results in

P
2. N2 2 N2 2.\ € _l
dr : ((F) sin“ 0 + (G')” cos 9>—A—h,
" 2
2. 2 2 2.2\ € T
do* - (F cos” 0 + G* sin 0)—A—4.

By combining these two equations we infer

(4 F? - h(G’)2> cos® ) = (h(F/)2 _ 4 GQ) sin? 6,

r2 r2

and hence
4
= F? - h(G)? =0,

4
h(F')? — = G? = 0.
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(4.10)

(4.11)

(4.12)

(4.13)

(4.14)



Using
F'F
G =— 4.15
- (4.15)

and inserting this into the first equation of (4.14) we obtain

4 (F/)2 4 (F/)2
2

which is the second equation of (4.14). Thus, both equations in (4.14) are consistent with

one another. It suffices to solve the second equation. Using (4.6) and (4.11), we obtain

h(F’)2—iG2—0:»b—‘L4 (4.17)
r2 T - 16° ’
Thus,
a2
— | F2 Z o 4.1
Gr) = [F20) + 5 = (418)
and
1
P=7 r?Vh sin 6,
1
V=g 2 cos 6. (4.19)
We determine e¥ from the second equation in (4.12),
w_ﬁ h B 1—‘:—: ot (4.20)
16 F200529+G251n20_1_%1(;0329_7’4—@400820' '
Summarizing, we have
1 5 a’
A = Z T (1 — 704> y
B = cos?,
4_ 4
L S 4.21
¢ rt —a% cos2 0’ (421)

We still have to express A, B,e? in terms of the Weyl coordinates (p,v) given in (4.19).
To this end we write

SR R v?
ph= et —a") (1 - 16T4> : (4.22)
which equals
S — 4 (at £ 16(p? + v2)) = —16a%02. (4.23)
This yields
rt = % 0t +16(p% +v%) £ /(a® + 16(p? + v2))2 — 64atv?| | (4.24)
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We choose the plus sign, so as to ensure that when a = 0, we get r* = 16(p? + v?),

1
rt = 3 [a4 + 16(p* + v?) + \/(a4 + 16(p? + v?))? — 64a*v?| . (4.25)
We also have
4 4v/2
cosf = — = v2u (4.26)

r \/a4 +16(p% +v2) + /(a* + 16(p? + v?))? — 64aT?

We have thus expressed 72 and cosf in terms of p and v. Since the resulting expressions
for (4.21) are rather long, we do not present them here.

Let us now convert back to Minkowski signature through the analytic continuation
v = —it, ie. to

ds? = —A(d+ Bdg)® + A" [e? (dp? + dv?) + p? d?] (4.27)

with

Azlrz 1—(1—4 :L_aél
4 ré 4r2

B =1icosb,
4 4
v T —a
S ey L (4.28)

Let us for convenience define the quantity @ by
1
Q= (a4 +16(p% + v2)> : (4.29)

and express

= Q+ @ = Toat (130

Then,
A= Q+ Q% —16a%v? — a*
4\/Q + vV Q? — 16a%v?
B—i : (4.31)
\/Q +V/Q? — 16a*v?
and A
~ ) 2 _ 16 4,,2
Bz_%cﬂ @~ 16a7v" +a (4.32)
\/Q + v/ Q? — 16a*v?
where B is the solution to
A2
*dB = 7 dB, (4.33)
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ie. to

@B:—7;m3. (4.34)

The matrix M in (2.6) takes the form

4 \/Q+\/Q2716a4v2 _iQJr Q2160402 +at

a
M= Q+v/Q2-16a%2—at  Q+4/Q2—16av2—at (4.35)
. Q++/Q2—16a*v2 +a* \/Q-i-\/m
_ZQ+\/Q2—16a4v2—a4 4Q+\/Q2—16a4v2—a4
0 =i\ | Q@+ V@16 (gt 0
B <—i 0) QT V@ Toa? —at ( 0 4)

at 0 —2i
Q2 —16a%2 —a* \—2i 0 )

Evaluating A = M~'dM we obtain

0 1
A_ﬂ<a4> (4.36)
—a 0
with
tonh—1 \/a4+16(p2+v2)+\/a8+32a4(p27v2)+256(p2+v2)2
an
) Vaa? 2m
f(pa U) =4 a2 - ? ’ (437)

which satisfies the harmonic equation (2.18) with A = 1. The integration constant —i—’;
was chosen such that when expanding f in powers of a, the expansion starts with a zeroth
order contribution given by

folp,v) = \/ﬁ

This is the function that is associated to the background metric, which is described by (4.27)
with a = 0.
Expanding f in powers of a?, i.e. f = fo + f1 + O(a®), we obtain at first order in a*,

(4.38)

iat  20% — p?

= — . 4.39
fl(p77)) 96 (,02+U2)5/2 ( )
Collecting all the terms of order a* in (4.36), we obtain
00 01
4
—a™d d . 4.40
afo<10>+f1 (00) (4.40)
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Since both matrices do not commute, we have to decide which term to keep in order to obtain
a class I description at order a. We discard the term proportional to df, since it only carries
information about the background. We write the term proportional to df; as df; C, where

01
e-(01) o

The function p; associated to f1 is (cf. (2.29))

ia pv

16 LT (4.42)

Y41 (p7 U) =
Differently from all the other examples discussed in this paper, the single copy description of
the Eguchi-Hanson solution requires integrating p; twice over v. Integrating p; once with
respect to v (cf. (2.34)) gives
4

Wee _ P ___¢ (4.43)

Hl(p,’U, ¢) = % € (pg + ’1)2)3/2 .

Integrating once more over v gives

;4
1a” g v

= — —C'. 4.44
96 © p (p? +v2)1/2 ¢ (4:44)

-ﬁl(pvvv ¢)

5 Mapping gravitational solutions to solutions of the self-dual Yang-Mills
equations in four dimensions

As already mentioned, the PDEs (2.1) that arise by dimensionally reducing gravitational
theories in space-time dimensions D > 4 also arise by performing a suitable reduction of the
self-duality equations for Yang-Mills fields in four dimensions down to two dimensions [6-9].
Using this link, we may therefore associate solutions of the self-dual Yang-Mills equations
in four-dimensional flat space-time to the gravitational solutions belonging to either class
I or to class II. This is what we will do next.

We note that in these constructions there are two cases to consider, either A = 1 or
A = —1. When X\ = 1, the flat space-time signature is (1,3), whereas when A\ = —1 the
signature is (2,2).

5.1 X = 1: signature (1, 3)

We consider the self-dual sector of Yang-Mills (YM) theory in four-dimensional Minkowski
space-time, whose description we briefly review following [34], and perform a suitable di-
mensional reduction of it to two dimensions.

We introduce coordinates
U=7—v, V=1+w, =—w, Y =-w, (5.1)

where



so that

ds® = —dr® + da® + dy’ + dv® = —dUdV + dwdw. (5.3)
We set
w = peid’. (5.4)
We then have
1 1 1 1
8U == —5(‘9@ + 567-, 6\/ — iav + 587 (55)
as well as
) —1e—i¢(a—ia) a-—lei¢(a +ia) (5.6)
w =5 p P (O3 B Y 4 P ) - :

We introduce the Yang-Mills connection
D, =0,—igA,, Ay=AuTy, Ticg. (5.7)

Note that we are using calligraphic A, to denote the genuine YM fields, in order to differentiate
them from the vectors appearing in the Breitenlohner-Maison procedure, cf. (2.3). Then,

['DM,'D,}] = _igf;u/ (58)
with
Fu = 0 Ay — 0, AL —iglAu, Al (5.9)
Self-dual solutions of the Yang-Mills equations of motion satisfy (see appendix B)
1
f,uzz = iie,m/pcr Fre (510)

with egyvws = ﬁ = /—g. In the coordinate system (U,V,w,w), the self-duality condi-
tion (5.10) becomes (see [34])

Fuw =0, (5.11)
-FVID = 05 (512)
Fuv — Fuww = 0. (5.13)

These 3 equations are the compatibility conditions for the following linear system (see eqgs. (4)
and (5) in [7]),

LY = (Dy —QDg)Y =0, MY = (D, —QDy)Y =0. (5.14)

Here, Y is an invertible matrix function and D denotes the covariant derivative introduced
in (5.7), and © € C denotes a constant complex parameter, called the spectral parameter.
We take Y € C? with respect to (U, V,w,w). The compatibility condition

[L,M]Y =0 V Y cC? QecC, (5.15)
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gives
0=[L,M)Y = ([Dy, Du] — ([Dy, Dv] - [Du, D)) + @ [P, Dy] )Y
= (= iFvw + i (Fuv = Fus) + 92 Frg Y. (5.16)
Then, multiplying by Y ! on the right gives
—iFuw +iQ (Foy — Fua) + Q> Fyg =0, (5.17)

which yields (5.11)—(5.13) as vanishing coefficients of this quadratic polynomial in €.
Note that differently from the Breitenlohner-Maison linear system (2.11), the linear
system (5.14) uses a constant spectral parameter.
Now we make the gauge choice Ay = 0. Then, (5.11) will force A, = 0, subject to
appropriate boundary conditions,

Ay = Ay, =0, (5.18)
in which case the linear system (L, M) becomes
L=0y—QDy, M=0,—QDy. (5.19)

Note that 4 has been complexified; hence Ay is not the complex conjugate of A,,.
Then, (5.12) and (5.13) become

0= Fvao = 0vAg — 0gAv — ig|Av, Ag,
0=Fyv — Fuwas = OuAy — 0 As. (5.20)

Next, we restrict to self-dual solutions that are static, i.e. Ay and Ag are taken to be
independent of 7. Using (5.5) and (5.6), the relations (5.20) become

0=Fra=y (6,,A@ _ it (apAV + ;8¢Av> ~ 2igl Ay, A@]) ,

1 » )
0=Fuv — Fuws = 3 (&,AV + e i <(9p./4w — ;8¢Aw>) . (5.21)
Next, let us further specialize to solutions of the form
L 1
Ag = € Ay(p,v), Av = 5 Ay(p,v), (5.22)

where the relation between the gauge algebra of the YM theory and the algebra in which
the Breitenlohner-Maison vectors A, and A, are valued will we made explicit in section 6.
For notational simplicity, we will generally not be writing the algebra generators explicitly.
Then, (5.21) become

0= Frio = ;6(0u4, — 04, —iglAu, Ay)),

1 1
0=Fyv — Fui = (&,Av + 0,4, + pAp) : (5.23)
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Finally, performing the rescaling
A=, (5.24)
the relations (5.23) become

0= fV’J) = ;?ei¢(aUAP - 8PAU + [Avv AP]))

i

0=Fuv — Fug = 1
g

1
<6UAU +0,A, + pAp> . (5.25)

These are precisely the field equations (2.8) and (2.9) with A\ = 1.
Therefore, we conclude that when A = 1, any solution to the two-dimensional PDEs (2.8)
lifts to a static solution

1 . 1
A=Ay, =0, Ag= 5 ' Ay(p,v), Av = 5 Ay(p,v) (5.26)

of the self-duality conditions for a Yang-Mills field in four flat space-time dimensions. Note that
the solutions of (2.8) will, in general, correspond to gravitational solutions in D space-time
dimensions that are not self-dual.

In the following, we specialise to gravitational solutions belonging either to class I or
to class II.

5.1.1 Class 1

Solutions in class I satisfy (2.17). Inserting (2.17) into (5.26) gives
Ap = %eid’ pfilp,v) O, Ay = %&,fi(p,v) Ct (5.27)
with O commuting matrices, which, using (5.5) and (5.6), yields
Az = 0z fi(p,v)C", Ay = Oy fi(p,v) C". (5.28)
Inserting this into the self-dual Yang-Mills equations (5.20) gives
(Oudv — 0w0g) fi =0, (5.29)
in accordance with (2.18).

5.1.2 Class I1

To a solution (2.20) in class II, we associate the matrix function ¥ defined in (2.26). We
may then express A, and A, as

A= =00 W(p0,8), Au = (0, = 20,) Wip.v,0). (5.30)
Then, using (5.5) and (5.6), we infer that

Ag = 8(]\11, Ay = 0,V . (5.31)
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Inserting (5.31) into (5.20) and performing the rescaling (5.24) gives
(OuOy — 0wOw) ¥ + [0,V,0u¥] = 0, (5.32)
which, defining [21, 35]

{fv.g} = 8wfaUg - 8Uf8u)g = 5a68afaﬂgv O‘)B = w, U
{f,9}] = €*’[0af, 039] = [0wf, Oug] — [0 f, Ouwg], (5.33)

and using
(000, 0] = %[{xp, vy, (5.34)
can also be written as
(00 — Du05) W + S[(¥, 9}] =0, (5.35)
which is a Plebanski type equation.

5.2 X = —1: signature (2, 2)
We now change the signature of flat space-time in four dimensions from (1,3) to (2,2). To
this end, we consider two different coordinate systems (U, V, X,Y) = (U, V, —w, —w), namely
U=71—v, V=r+4v, w=pe®, w=—pe®, (5.36)
and
U=1+iv, V=r—iv, w=pe?®, w=pe . (5.37)
Then the line element ds? = —dUdV + dwdw becomes

ds? = —dr? 4+ dv® — dp? + p*d¢? (5.38)

and
ds®> = —dr?* — dv? + dp® + p*d¢?, (5.39)

respectively. Note that the associated two-dimensional line element is dv? — dp? in the first

case, and —dv? + dp? in the second case. The Yang-Mills self-duality condition (5.10) again

takes the form given in (5.11)—(5.13) in both these coordinate systems (see appendix B).
Let us first consider the coordinate system (5.36), in which case

1 1 1 1
aU__§8v+§8T7 av_§8v+§677
1 1 1 _ 1

Similar to the discussion given above for signature (1,3), we specialise to static solutions,
of the form
1

Av=Au=0, Ag=—3¢Ap0), Av= %Av(p,v). (5.41)
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Then, inserting this into the self-dual Yang-Mills equations (5.20) gives, upon performing
the rescaling (5.24),

1
0=Fra=>—5 ¢ (9 — 9pAu + [Au A)]) =0,

1 A
0=Fov = Fwa = 0vAy — OwAs = — ((%AU —0pA, — pp) =0. (5.42)

These are precisely the field equations (2.8) and (2.9) with A = —1.
Next, let us consider the coordinate system (5.37), in which case

i 1 ) 1
aU - _§8U + 587'7 aV - 5611 + §8T>
1 _. i 1, i
— _¢0 S o= —ei? 2 4
O = 5e (ap pa¢> | = ge (ap+ pa¢). (5.43)
We again specialise to static solutions, of the form

1 ., '

Ay = Aw = 0, Ag = 5 e“f’ AP(:O? U) ) Ay = %A’U(pa U) . (544>

Then, inserting this into the self-dual Yang-Mills equations (5.20) gives, upon performing
the rescaling (5.24),

0= Fyo = %ew(&,AP — 0, Ay + [An, A)]) =0,
1 A
0= -FUV - fwu? = aU~AV - aw-Au? - Z (81;14@ — apAp — pp> =0. (545)

Again, these are precisely the field equations (2.8) and (2.9) with A = —1.
Finally, we note that we could also have started from the (2,2) line element
ds®> = dUdV — dwdw (5.46)
instead. Then, using the coordinate system (5.37), we get
ds* = dr? 4+ dv? — dp® — p*d¢? . (5.47)

The self-duality condition (5.10) with €;,,4 = \/—g yields the set of equations (5.11)—(5.13).
Then, specialising to static solutions of the form (5.44) results again in the field equations (2.8)
and (2.9) with A = —1.

In the following, we specialise to gravitational solutions belonging either to class I or
to class II.

5.2.1 ClassI
Solutions in class I satisfy (2.17). Inserting (2.17) into either (5.41) or (5.44) gives

Az (p,v,0) = 0z fi(p,v) T, Av(p,v,d) = v fi(p,v) T (5.48)

Inserting this into the self-dual Yang-Mills equations (5.20) gives
(Oudy — 0wOw) fi =0, (5.49)

in accordance with (2.18).
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5.3 Class II
Let us consider solutions of the form (5.44). Using (2.20) as well as ¥ defined in (2.26),

we obtain
=iV, Ay =id,7, (5.50)
where we used (5.43). Inserting (5.50) into (5.20) and performing the rescaling (5.24) gives
(OuOy — 0y0p) ¥ + i[0,V, 0y V] = 0, (5.51)
which, defining [21, 35]

{f, 9} = 0uwfOug — Ou fOuwg = e*PBnfdsg, ,B=w,U
[{f. g} = € [0af, 039] = [0wf, Oug] — [0u f, Duwyl, (5.52)

and using
(00T, O T] = %[{qj, v}, (5.53)
can also be written as
(000 — Du0a) W + L[(¥, 9)] = 0. (5.54)

On the other hand, for solutions of the form (5.41), for which the coordinates (U, V, w, w)
are all real, we define ¥ to be

1
\I/(pjvj(ﬁ) - _§€*¢P(p’ ’U). (555>
Then, using (2.20), together with (5.55) and (5.41), we have
Ag = —0pT, Ay =—0,T. (5.56)

Inserting these into (5.20) and performing the rescaling (5.24), we get

(Ou0y — D) T — %[{w, v} =0. (5.57)

6 Single copy prescription

Let us consider gravitational solutions in four dimensions that admit both a class I and a
class II description. We remark that one could set up the single copy prescription using only
a class I description, but additionally putting the solution in class II allows us to directly
recover the scalar version of the self-dual Yang-Mills solution, cf. (6.5).

Let us assume that these solutions depend on certain parameters, and that when
switching off these parameters the solution describes a flat space-time solution, with all
other fields vanishing. This, however, does not necessarily imply that the gravitational
1-form A = M~'dM vanishes when switching off these parameters. An example thereof
is provided by the Eguchi-Hanson solution. We will therefore have to distinguish between
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two cases: either A vanishes or it does not vanish when switching off these parameters. In
the following, we will first consider the case when A vanishes in this limit. The other case
will be discussed in section 6.3.

Let us consider working to first order in one of the parameters, which we call m. We
assume that when m vanishes, A also vanishes. Then the gravitational 1-form A = M~'dM

is of order m, whereas the field ¢ in the line element (2.4) is order m?

in view of (2.5).
Therefore, at first order in m, all the information about the perturbed solution is encoded
in the gravitational 1-form A = M~'dM.

Let us assume that to first order in m, the gravitational 1-form A takes the form
A=df; C;, (6.1)

where the C; are constant commuting matrices and where the f; = f;(p,v) satisfy (2.18).
Further, let us assume that A can be brought to the form (2.20), with P given by P(p,v) =
pi(p,v) C; and satisfying (2.25),
A 1 1
A, = ) wpi(p,v) Ciy Ay = 5 <8p + p) pi(p,v) C;. (6.2)
This is the case in all the examples discussed in this paper, see section 3.

To such a gravitational solution we would now like to associate a solution of the self-dual
Yang-Mills equations, as described in the previous section, which is the single copy of (6.1).
Since the associated Yang-Mills solution is self-dual, whereas the gravitational solution is
in general not, to match with the single copy literature we will have to discard half of the
content of the former to obtain the single copy of the gravitational solution.

We will first consider the case A = 1 and subsequently discuss the case A = —1.

6.1 A=1

We introduce the coordinates (U, V,w,w) given in (5.1). In these coordinates, we introduce
the operators?

(ﬂU7ﬁV7ﬁw7ﬁﬂJ) = (078’11)7078[]) ) (63)
which satisfy
fM-M=0, 1-9=0, (6.4)

where the inner product is taken with respect to the flat metric in (5.3). Then, we may
associate to (6.1) the following static Yang-Mills solution (cf. (5.31))

A, =T,0, u=UV,w, (6.5)

where ¥ is determined in terms of P via (2.26).
Now recall that given a solution (6.1), we may construct a solution A = dG; C;, where
the functions G; are constructed as in (2.31) by integration over v, and a solution H = H; Cj,

4The operators IT have also appeared in [21, 36-38].
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where the functions H; are constructed as in (2.34) by integration over v. Continuing this
procedure, we may in principle integrate G; over v to produce yet another solution, and so
forth. To each of these gravitational solutions we then may associate a Yang-Mills solution
as described above. Which of these Yang-Mills solutions will correspond to the single copy
associated with the gravitational solution (6.1)7

Our proposal for the single copy associated with the gravitational solution (6.1) is as
follows. Rather than starting from the gravitational solution (6.1), we instead start from the
associated gravitational solution A = (dG;) C;. This is motivated by physical considerations.
Even though we have not presented the sources explicitly, we have used them as a guide for a
physically reasonable single copy: the guiding principle is that we would like to map sources
of the same type, i.e. monopole to monopole, dipole to dipole etc.

We construct the static Yang-Mills solution in two steps. In the first step we write
the vectors

Ay =4, =0, (6.6)
and for class I
Ap = % " 9,Gi(p,v) C;
Ay = %&,Gi(p, v) Cy
alternatively for class II
Ay = 50 = 0uH,
Ay = %eiid’ <8p+/1)) H= 0,H.

Note that (6.8) is automatically of the form (6.5).

In the above, to get to (6.7), we used the uplift (5.26). One can map from class I to class
IT by an application of (2.37), and this gives the first equality in (6.8). The second equality
in (6.8) is reached via the coordinate change (5.5), (5.6). We note that, using (2.37), (2.29)
and f; = 0,G; we can alternatively write the non-vanishing gauge fields in terms of the
original functions describing class I and II solutions, as:

1 .
Aﬂ} = _Zel¢pi(p7v) C’L

. (6.9)
AV = 5 fz(p, ’U)C,L .

For the non-vanishing components of the field strength we obtain, making use of (6.8), (6.9)
and (2.37)

1 1 1
Foy = Fun = ~50,Av = 30,1, =~ (9,4 ) €
1 . )
o = — T ig () — i (.
Fyw 28111411} 46 8pfz0 86 Owpi Ci
1 . 1 .
Fyw = —0,Ay = —ie—wap f; Ci = ge—w5 dypi C; . (6.10)
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Note that the field strength components are given in terms of single derivatives of f; (or
p;). We now proceed to the second step, and promote the vectors in (6.6) and (6.8), to
proper Yang-Mills (YM) vectors via

Au = A,uzcz — A,u = -A,uaTa7 (611)

where T, are the generators of some non-abelian gauge algebra g, such that C; are equal to a
commuting subset of the T,’s. We see that, unlike in the usual single copy story, this places
certain restrictions of the type and size of the YM gauge group. This will turn out to have
interesting consequences, as we will detail below. We can make the map in (6.11) precise via

0, otherwise

Apa = {A‘“" ot (6.12)

Thus we have ‘enlarged’ the matrix-valued vectors in (6.6) and (6.8) to proper Yang-Mills
vectors.

As an aside, we note that under the procedure above, we also have
H=HC, — H=HT, (6.13)

with H, constructed from H; as in (6.12). We then see that the role of ¥ in (6.5) is played
by our integrated function H;, and thus we can think of H; as a ‘seed’ for both the double
and Oth copy procedure, in the self-dual sector:

2(0)  Oth copy A, =T,H double copy, hyw = TLIL,H® (6.14)

where #®) is a function, and H(® = Ha%)

All the examples of gravitational solutions with A = 1 discussed in section 3 have both

TaTd is a bi-adjoint scalar.

a class I and a class II description, and to each of them we associated functions G; and H;.
We may therefore associate a single copy to each of these gravitational solutions using (6.8)
and (6.11). As an illustrative example, let us consider the example in (2.38), based on a
single function f, for which we obtain using (5.1),

v

fTUa = Q‘FUV(Z =—-m (P2 +f02)3/2 T(l7

Froa = Fuga + Frua =~ 05 o T,
Frya = =i (Furga — Fruwa) = —m sin¢ m T, (6.15)
which, when converting to spherical coordinates using v = r cosf, p = rsin 0, gives
Froa=-m 50,
Froa=—m 20800,
Frpe = —m sin qj;inQ T, (6.16)

which describes the electric field produced by a point charge. Since the solution is self-dual,
there is also an associated magnetic monopole field. If we discard the magnetic monopole
solution, then this describes the single copy associated to the gravitational solution (2.38)
discussed in [16].
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6.1.1 The nontrivial role of the gauge group

Let us compare our single copy prescription with what is done in the context of the double
copy. In the double copy framework, a gravitational solution is constructed as a “product”
of two gauge theory solutions. Depending on the complexity of the gravity solution, the
two gauge theory factors might be identical (e.g. for Schwarzschild, in which case we have
a unique single copy) or different (this is often the case for gravity solutions supported by
additional fields). For example the black hole in section 3.1.3 is supported by a Maxwell
field. Thus it will arise from an asymmetric double copy, where one of the factors is a pure

® Generally in the

Yang-Mills theory, and the other is Yang-Mills coupled with a scalar.
double copy procedure, the gauge algebra g is unspecified, and independent of the specific
kinematics or profile of the solutions considered.

Our single copy proposal is drastically different, in that we have a unique single copy for
which the (non-compact) Yang-Mills gauge group is determined by the Breitenlohner-Maison
procedure itself. Thus various aspects of the gravitational solution will be encoded on the
Yang-Mills side in the Yang-Mills gauge group generators supporting the solution.

Let us summarise a few interesting cases below, all of which share the kinematics described

in (6.15) and (6.16), i.e. they are all of the form
A=dfC (6.17)

with the same

m

=—-2— 6.18

R (61%)

but with distinct gauge groups (i.e. different C’s), encoding additional information about
the gravity solution.

o Exterior region of the Schwarzschild black hole, linearised in m (see section 3.1.1 for
details). The Breitenlohner-Maison procedure dictates that the vector field is valued in
G/H = SL(2,R)/SO(2). The matrix M is given by

M(s>_<146f12f>. (6.19)

Then for the single copy procedure we will construct A = M ~1dM = dfC, and we will
take the gauge group to be

G =SL(2,R). (6.20)

We have a single non-vanishing component in (6.12) with the corresponding generator

¥ =C= <1 0 ) . (6.21)

given by

0 -1

SFor some explicit examples of asymmetric double copies for black hole solutions see [39, 40].
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Then, taking into account (6.6) and (6.8), the YM gauge field is, explicitly

Ay =0,
1
Av =717,
(6.22)
Ay =0,

@:§e¢@GT§%

with f as (6.18), and G obtained by integration from f as in (2.31) and (2.32) (recall
that the coordinates (U, V,w,w) are related to the coordinates (p, v, ¢) through (5.1)
and (5.4)).

Black hole in AdSy x S? (see section 3.1.3). This can be obtained from the Schwarzschild
solution in two steps. First we embed M) into G/H = SU(2,1)/(SL(2,R) x U(1)) via

1—f0 0
Mem) = 0 1 0 |. (6.23)
0 01+f

Then, we obtain the matrix M for a black hole in AdSs x S2, namely

M = g*(c)Mg(c), (6.24)
where
1 0 0
gle)=1-v2¢ 1 0|, cecC, (6.25)
lc|? —v2¢ 1

and ¢%(c) = ng(c)tn~! with n = diag(1, —1,1). Then we have
(I = 1)% = £ (1= [el") V2e (1= [e* (1+ £)) |ef (1 + )

M=| V2e(e?(+f—-1)  1=2c?1+f) Vee(+f) |.  (6.26)
e (1+ /) —V2e(1 + f) 1+ f
Again we construct A = M~'dM = dfC, obtaining
1 0 0
C=—-1v2 0 0 (6.27)
0 V2 -1
and we will take the gauge group to be
GAr ) =su(,1). (6.28)
We have
C =—Hy—V2(Rec) (F| + F) +V2(Imc) i(F, — Fy), (6.29)

where Hy, Fy + Fy,i(F» — F1) denote a subset of generators of SU(2,1) given in (A.6)
and (A.12) in [19]. Then we identify our gauge group via

Tl(AdSQXSQ) _ 1w, T2(Ad5'2><5’2) — PR, TéAdszxsz) =i(F, —F) (6.30)
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and the YM gauge field components are given by

Ay =0,

Ay — %f (_Tl(Ads2x52) V3 (Rec) TQ(AdSZXSQ) + V2 (Ime) TéAdSQXSQ)) 7

Ay =0,

Az = %ew 0,G (—Tl(AdSQXSQ) — V2 (Rec) TQ(AdSQXSQ) + V2 (Imc) T?)(AdSZXSQ)> ,

(6.31)
where f and G are the same as in (6.22). Thus we already see that the gravitational
information is not lost when taking the single copy, but rather repackaged in the
matrices associated with generators of the gauge group.

Finally, we remark that the YM generators associated to the black hole in AdSy x S?
can be constructed via a global non-abelian transformation generated by the very same
matrix that gave us the Harrison transformation. Explicitly, the embedded 1-form A is

given by
. 100
A(emb) _ [M(emb)]_ dM(emb) _ dfo(emb)7 C(emb) ——loo o (6.32)
00 -1
and indeed the gauge field is obtained via
AELAdS2XSQ) _ g(c)—lA/Semb)g(C) ) (633)

Self-dual Taub-NUT (see section 3.1.4). The matrix M (p,v) belonging to a complexifi-
cation of G/H = SL(2,R)/SO(2) is given by

(TN _ —(@® =1+ (a—12fia+i(l—a)f
MTN_( o4 i(l - a)f - , aeC. (6.34)

—1
We have A(TN) = [M<TN>] AMTN) = qf OTN) | with

o(TN) _ <Z(i - 2)2 . Z_ 1) , (6.35)

We then pick the gauge group to be
GV = sL(2,0). (6.36)

A set of Lie algebra generators for SL(2,C) is given by
1 )
o™= (0 )= (00— (7)) (6.37)
0 -1 00 1 0

™ = (1 - o) 1™ + 7™ + (1 - a)? Ty™ (638)

such that
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and thus we have

Ay =0,
1
Av =S (1=a) ™ + 1™ 4 (1 - ) 157Y)
(6.39)
Ay =0,

1, TN TN TN
@:§e¢8pG((l—a)T1( )+T2( )—i-(l—a)QT?E )>,

again with the same f and G as in (6.22) and (6.31).

6.1.2 Solutions with multiple generators

An example of the form (6.1) based on two commuting matrices C; and Cj is provided by
the Kaluza-Klein black hole described in section 3.1.6. Its single copy description is then
based on two functions G; and Gy (respectively H; and Hs) with

Ay = 2 (i(p0) C1 + falp,) Ca) (6.40)

where f; and fy are given in (3.66).

0 00 0 00
Ci=|-Eo00|, Co= 0 00]. (6.41)
0 5o — 2445 0 0

Note that this example does not require an expansion in a parameter m, since the field e?
in the line element (2.4) satisfies ¥ = 1 [19]. The coset is G/H = SL(3,R)/SO(2,1), so
following the prescription from the previous subsections, we define

G — SL(3,R) . (6.42)

The following subset of Lie algebra generators of SL(3,R) will be relevant

000 000 000
TF — 100, T =00 0|, ¥ =]o000]. (6.43)
000 0-10 100
We can write C; and C5 in terms of the above as
B (KK) B (KK) 2AD + B2 (KK)
_ By b Cy= -2 T5 g 6.44
Gr=-p"h c? 7 2D (6.44)
and then the components of the gauge field are given explicitly as
AU = 07
1 B B 1, 2AD +B?
Av =—chi (Tl(KK) + TQ(KK)> - *f27+T3§KK) )
2 D C 2 2CD
(6.45)
Ay, =0,
1, B _(kk)y B, (kK Iy 2AD+ B? (kK
Aw:_26¢apG1(DTf )+ET2( ))—Qe%pGQ D TR

with fi, fo given in (3.66) and G, G2 given in (3.67).
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6.2 A=-1

For A = —1, the procedure is completely analogous to the one for A = 1. In particular (6.6)
remains the same, whereas (6.8) and (6.10) need to be slightly modified to account for the
new coordinate systems. We have two possibilities: we may consider either the coordinate
system (5.36) or (5.37). Let us first consider the latter. Then, using (5.44), the first step
in our single copy prescription is

AU - A’u} - 07
Ap = 0G; C; = %ew 0,Gi(p,v) C; = i0y H = iei‘ﬁpi(PaU) i,
Ay = 8y G; C; = %fi(p,v) C; = i0pH = %e—m (ap + ;) H. (6.46)

For the non-vanishing components of the field strength we obtain

i 1 1 1
F :qu’):**vA = 7O Jili = 3 - 1
Uv 28 v 46f0 8(8p+p)pc
B P R P B BN
Fug 28vAw 46 0, fi Ci 86 Owpi Cs s
Fyw = —0u Ay = —ie*wap £iCi = —%e*w Bup; C; . (6.47)

Note that the field strength components are given in terms of single derivatives of f; (or
p;). In the second step we promote the above to YM fields, following the same procedure
as for A\ = 1, see eq. (6.11) and (6.12).

Using this prescription, we may associate a single copy to the Einstein-Rosen wave
solution (3.69). The Breitenlohner-Maison procedure dictates that the vector field is valued
in G/H = SL(2,R)/SO(2). The matrix M is given by

I
MER) — [ € 6.48
0 e/ (6.48)

with

F(p,v) = 2cos(kv) Jo(kp) — 2, C = ((1) _01> . (6.49)

Then for the single copy procedure we will construct A = M~'dM = dfC, and we will
take the gauge group to be

G — SL(2,R). (6.50)

We have a single non-vanishing component in (6.12), with the corresponding generator given by

TR = ¢ = (é _01> : (6.51)
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i.e. the YM gauge field is, explicitly

Ay =0,

)
. (6.52)
A@:%ew@GTFm.

To lowest order in k, f and G are given by (3.72).

As a further example, let us consider the Kleinian Taub-NUT solution® described in
section 3.1.8. The coset is a complexification of G/H = SL(2,RR)/SO(2), and the Breitenlohner-
Maison vector is given by

_ _ 2m _ 14+« —1 9
A=dfC, f(p,v) = 7?}2_102, C_<—i(1—|—a)2—(1+a)>’ C*=0. (6.53)

We take the gauge group to be
GETN) — s1(2,C). (6.54)

Let us use the same subset of Lie algebra generators as in (6.37):

0-1 00 i 0

Then we have

KTN) KTN)

KTN) _ (1 4 a)2T{K™) | (6.56)

C=(1+a)T, T

so that the YM field components are given by

Ay =0,
Ay = 21 (14T ™ — T (14 027

(6.57)
A, =0,

1 .
Ag = 3 698,6 (14 )T - 2™ (1 apET)

Finally, let us also consider the coordinate system (5.36). Then, using (5.41), the first
step in our single copy prescription is

Ap = Ay =0,
1, 1,

Ag = 03G; C; = —5e€ 0,Gi(p,v) C; = =0y H = —2¢ pi(p,v) C;
1 1 1

Ay =0yGi Ci= 5 filp) Ci= ~0utt =~ ¢ (8,4 ) . (6.59)

A single copy description of this Kleinian space-time has also been discussed recently in [41, 42] using a
different approach based on Kerr-Schild coordinates.
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where we used

Ay = —OpH, Ay = —0y,H (6.59)
with
1 v
Hp.0.6) =~ (5 [ Plo.o)do+hip)) . Plov) =piloo) G (660)

For the non-vanishing components of the field strength we obtain

1 1 1 1
F =Fyps = —50,Ay = —=0,f; C; = — = - )
Uv 26 Vv 48f0 8<8p+p>pc
j E@A__lﬂbaf.c._l—d)a O
Uw — 2vw—4e pJi 1—86 vPi Ui,
1 1
Fyw = —0uAy = _Ze¢apfi Ci= —§€¢ Oup; C; . (6.61)

In the second step we promote the above to YM fields, following the same procedure as
for A = 1, see eq. (6.11) and (6.12).

6.3 The case of the Eguchi-Hanson metric

In this subsection we consider the Eguchi-Hanson metric (4.27). As already remarked, when
switching off the parameter a, the associated matrix 1-form A does not vanish (cf. (4.36)),
even though the metric is flat when written in lightcone coordinates, see (6.65). This differs
from all the other examples considered in this paper. To deal with this situation, we expand

the matrix 1-form A in powers of the parameter a?,

A=A0 4 A® L (6.62)

We call A the background 1-form, while A denotes its perturbation at first order in
the perturbation parameter a?.

Now we focus on A1) and invoke the construction given in section D. We express A1) in
terms of the four-dimensional lightcone coordinates (U, V, X, Y) given below, and subsequently

we focus on the component set (O,AS),O,Ag/l)). We use the four-dimensional lightcone

coordinates introduced in [10]. Performing the analytic continuation v = —it, we obtain
0 i =
U=r sinfeid’*%t,
2
V = —rsin g e*%¢+%£,
0 _
=—w=-r cos—e2¢’+%t7
2
_ 0 _i p—it
Y:—w:—rcosie 2972 (6.63)

which satisfy

r=XY -UV. (6.64)
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In these lightcone coordinates, and to first order in the parameter a?, the Eguchi-Hanson
metric (4.27) takes the form
at (VAU — XdY)? + (UdV — YdX)?

ds? = —dUdV +dXdY + — ) 6.65
! 2 (XY —UV)? (6.65)

The component set (0, A&}), 0, Ag/l)) is expressed in terms of a matrix function (cf. (D.2)),

which in this example is the matrix function H; given in (4.44),

AV = oy, AP =—oyH,. (6.66)
Using
, UX , UX
2ip _ i _ _
e vy = ¢ VY (6.67)
as well as
1
\/ P2+ = E(XY_ uv),
1
P = 5 vV —XYUV,
1
v= (XY +UV), (6.68)
we get
N iat (1 2 U
HUV,XY)=—|—4+—————= ] C. 6.69
UV X,Y) =73 (YV+XY—UVY) (6.69)
. . . 1) .0
The first term, proportional to 1/(Y' V') gets projected out when computing Al ), Ag/),
A jat U
AV = o =2
v = o=y (XY —UV)? ¢
N ja* X
A(l) - — o, H = _a . .
Y It 24 (XY —UV)? ¢ (6.70)

The associated matrix field strength F(1) reads
F(l) _ ia4
24UV — XY)3

X [~(UV + XY) (dU AdV +dX ANdY) +2VXdU AdY +2UYdX AdV] C.

(6.71)

This is the expression for the field strength is the Lorentzian space-time (6.65). To compare
with the expressions for the gauge field and its field strength in Euclidean space with line
element ds? = dUdV —dXdY, given in eq. (5.9) in [11] and in eq. (114) in [12] respectively, we
first interchange U and V in M), which corresponds to passing from the self-dual to the anti
self-dual sector, cf. appendix C. Subsequently we send U — iU,V — iV, X — iX,Y — Y.
The resulting expressions for A1) and F() agree with the expressions given in [11, 12].
The field strength F(1) can be promoted to a field strength of a non-abelian Yang-Mills
gauge group as in (6.11).
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7 Conclusions

In this paper we discussed the mapping of the integrable sector of certain gravitational
theories in D > 4 to the integrable sector of Yang-Mills theories in four dimensions. This
mapping is formulated in terms of Weyl coordinates, since these are the natural coordinates
used in the Lax pair description of the integrable sector of these gravitational theories. The
gauge group on the Yang-Mills side is specified by the dimensional reduction performed on
the gravitational side. Let us summarize our results.

We considered two classes of solutions (class I and class IT) to the two-dimensional
PDEs (1.1). These PDEs arise by dimensional reduction of the field equations of certain
gravitational theories in D > 4 dimensions, and therefore solutions belonging to these
two classes correspond to solutions of the gravitational field equations in D space-time
dimensions. The two-dimensional PDEs (1.1) are the compatibility conditions for a Lax
pair, the Breitenlohner- Maison linear system. This Lax pair can be described by a pair of
differential operators (£, M) in two dimensions, which have been given in section 2.

The PDEs (1.1) also arise as compatibility conditions for certain Lax pairs in three and in
four dimensions, see appendix A. That there is a Lax pair in four dimensions giving rise to (1.1)
is not surprising, since it is known [8, 9] that a certain dimensional reduction of the self-duality
equations for Yang-Mills fields in four dimensions gives rise to the two-dimensional PDEs (1.1).
Solutions to the PDEs (1.1) can thus be regarded as either describing gravitational solutions
in D > 4 or describing solutions of the self-dual Yang-Mills equations in four dimensions.

The single copy prescription associates a Yang-Mills solution to a gravitational solution.
To ensure that this mapping is physically meaningful, we demand that the nature of the
sources of both types of solutions be the same. Our single copy prescription is as follows. We
focus on gravitational solutions that have both a class I and a class II description. These
gravitational solutions are constructed from the 1-form A which we assume to depend on a
parameter which, when set to zero, gives rise to a background solution A(?). Subsequently
we work at first order in this parameter. By expanding A in powers of this parameter,
A= A0 + AW 4 we obtain the first-order perturbation A, Then, given A®), we
construct a new gravitational solution by integrating over the Weyl coordinate v, as depicted
in table 3 for the case A = 1 and in table 4 for the case A = —1. We then use this new
solution as a device for constructing the single copy A of the original gravitational solution,
that is, for ensuring that the nature of the sources supporting the gravitational and the
Yang-Mills solutions is the same (monopole to monopole, etc.). We illustrated our single copy
construction in various examples and confirmed that it correctly reproduces the single copy for
various gravitational solutions discussed in the literature. In all but one of the examples the
background A©) vanishes and we integrated once over v. The exception is the Eguchi-Hanson
solution, which we discussed in section 6.3: its background A(®) is non-vanishing, and the
single copy requires integrating twice over wv.
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A=1 AWM signature (1,3): A

v ~\ 7~ A :Aw:Oa
Class T df C G(p,v) = [, f(p,)dv+ g(p) A :6—UGC’ Ay = 0vGC
Ay = Ay, =0,

Class I | —3 xdP + 5 dv | H(p,v,0) = 3¢ ([ P(p,0)do + h(p)) Ay — O H. Ay — 8, H

Table 3. Single copy construction for A = 1. The coordinates (U, V,w, w) are given in (5.1) and (5.4).
The Hodge star * is defined in (2.2).

A=-1 AWM signature (2,2): A
Class I af C G(p,v) = [ f(p,)dv + g(p) A = ;;,UG:C:AZVZZOEVGC
Class IT | 3 xdP + £ dv | H(p,v,0) = 3 ([ P(p, ) dd + h(p)) A :ég;{ﬁv:: 7@8wH
Class I | § «dP + % dv | H(p,v,¢) = —e? (% [ P(p,v)dv + h(p)) Ay — J_ASUZ':{’Z:_ ’_&UH

Table 4. Single copy construction for A = —1. The coordinates (U, V,w,w) are given in (5.37) and
in (5.36). The Hodge star « is defined in (2.2).
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A Various Lax pairs

The PDEs (2.1) can be viewed as being the compatibility conditions for a Lax pair of
differential operators. Here we discuss 4 such pairs.

The first Lax pair (L, M), formulated in D = 4 in coordinates (U, V,w,w), is given
in (5.19),

L=0y—Q0g+Ag), M=0dy,+Q0y+Ay), (A.1)

with Ag, Ay expressed in terms of A,, A, as in (5.26) when A = 1, and as in (5.41) and
in (5.44) when A = —1. Here,  is a constant spectral parameter.
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The second Lax pair (L, M) is formulated in D = 3 in coordinates (p, v, $), and again
uses a constant spectral parameter €2,

~ . 1 )
L=—e2%p, + oAl (D,, + 28¢> ,
p

M:e*wwﬁ%pgewm, A= =+1, (A.2)
where the covariant derivatives D are given by
D,=0,+A4,,
D, =0, + A,
[Dp, Do) = Fpy. (A.3)

Note the presence of the factor p multiplying the constant spectral parameter 2. The
compatibility condition

LY=0AMY=0=[L,M]Y =0 V YeC? QeC (A.4)

gives
N | A 1\ s
0=[L,M]Y = —5er &,Av—i—)\apAp—l—;Ap + 5/)(2 e’ Foy| Y. (A.5)

Taking Y to be an invertible matrix function and multiplying by Y ~! on the right gives (2.8)
and (2.9) as vanishing coefficients of this quadratic polynomial in €.

The third Lax pair (L, M) is also formulated in D = 3 in coordinates (p, v, ¢), but now
it uses the non-constant spectral parameter 7 specified by (2.13), which is a function of
p,v and of w € C and satisfies

5 2072
vT = )
p(T2 4+ A)
TN - 72)
8pT = m (A6)

The Lax pair (L, M) reads

I = ¢i® (—8U+T (Dp+;8¢)> ,

M=¢e"(\d,+7D,), A==I, (A7)
where the covariant derivatives D are given by (A.3). The compatibility condition
LY=0AMY=0=[L,M]Y=0 V YeC? QeC (A.8)

yields (2.8) and (2.9), as follows. We compute
S A
[L,M] = —7 (avAv +A9,A, + pAp) +12F,,
+ % (AD, + 7Dy) — 8y Dy — A0,T (Dp + ;a¢)

' A
+ 70,7 Dy — TO,T (Dp + % 3¢) + Zp—;- 0s. (A.9)
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Using (A.6), we find that all the terms in the second and third lines cancel out, resulting in
S A
0=[L, MY = {—T <8UAU + A9, A, + pAp) + TQFW] Y. (A.10)

Assuming that the matrix function Y is invertible and multiplying by Y ! on the right
gives, using 7 # 0,

A
— <&,AU +A0,A, + Ap) +7F,, =0. (A.11)
p
Now we note that F),, has to vanish, because otherwise we would obtain

(904 + 20,4, +24,)
E,, ’

T=-

(A.12)

which cannot hold, since the right hand side is independent of w, whereas 7 is a function
of w. Hence we infer that (2.8) and (2.9) hold.
The fourth Lax pair (£, M), formulated in D = 2 in coordinates (p,v), is given in (2.11),

M=X0,+ 7Dy = N0y +7 (0, + A), A=£1, (A.13)

where 7 is a non-constant spectral parameter, namely a function of p,v and of w € C as
specified by (2.13). The compatibility condition

LX=0AMX=0=[LMX=0V XcC? weC (A.14)
yields (2.8) and (2.9), as follows. Using
(L, M] = — ([0s, 7 Dy] + \[0,,7D,)) + [t Dy, 7 D] (A.15)
as well as
[Dy, Dy| = Fpyy, [0, Dy] = 0Ay, [0, Dy] = 0,A4,, (A.16)
we obtain

0= [£, MIX = =2 (0,7 + 70,7) 9y — (NI + 70u7) Dy — 7 (Do Ay + A A,) + 72 Fo,
T

(A.17)
where we used MX = 0 once. Next, using the relations (A.6) in the form
2
—O0yT + 70,7 = - ,
p
AO,T + TO,T = )\% , (A.18)
and inserting them into (A.17) gives
A
0=[L,M]X = [—T (&,Av +A0,A, + » Ap> + 72 va] X. (A.19)
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Assuming that the matrix function X is invertible and multiplying by X! on the right
gives, using 7 # 0,

- <avAv FAG,A, + ZAp) 47, =0. (A.20)

By an argument analogous to the one used below (A.11), we conclude that (2.8) and (2.9)
both hold.
B Self-dual Yang-Mills equations in different space-time signatures

B.1 Signature (1,3)

We consider the line element in signature (1,3),
ds® = —dad + da? + dxd 4 dz3 . (B.1)
Given a two-form F, the self-duality condition F = xF implies the relations
Fo1 = iFa3, Fo2 = —iFi3, Foz =iF12. (B.2)

Setting
To=T,TL =V, Tag=pCosSo, 3= psing, (B.3)

and introducing the coordinates
U=1—v, V=r4v, w=pe?, w=pe ™, (B.4)

we obtain the line element (5.3),

ds* = —dr* + dv? + dp* + p*d¢?* = —dUdV + dwdi . (B.5)
Using
dxo A dzy = %dU/\ av,
dxog Ndxs = pdp Ndp = %dw/\dﬂ;, (B.6)
we obtain

1
Fordxg ANdxy = ifm dUNAV = Fyy dU AdV

Fosdxo N dxs = %./—"23 dw A dw = Fygdw A dw , (B7)
and we infer the relations
1 )
Fuv = 5}_01, Fuws = 5-7'"23- (B.8)
The, using (B.2), we obtain
1 7
Fuv = 57:01 = 57:23 = Fuw (B.9)

in agreement with (5.13). Similarly, one infers the relations (5.11) and (5.12).
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B.2 Signature (2,2)

We consider the line element in signature (2,2),

ds® = dz? + da? — da3 — dal .

Given a two-form F, the self-duality condition F = xF implies the relations [43]

For = Faz, Fo2 = Fi3, Foz = —Fi2.

Now let us perform various coordinate changes. First, consider setting

To=pcoso, x1 =psing, ro=7, r3="0,
in which case we obtain the line element (5.39),
ds® = —dr? — dv® + dp* + p*do? .

Then, introducing the coordinates

U=74+w, V=1—1v, w:pem, w:pefid’

the line element becomes expressed as
ds* = —dUdV + dwd .
Using
dro Ndx1 = pdp Ndo = %dw/\d@,
dzo N\ dxs = %dU/\ av,
we obtain
Fo1dxo Ndxq = %]-"01 dw A dw = Fugdw A dw,
Fozdzo N\ dxs = %fgg dU NdV = Fyy dU A dV,
and we infer the relations
Fov=2Fas, Fun=Fo.

The, using (B.11), we obtain

7 7
Fuv = 5»7:23 = 5}"01 = Fuww

in agreement with (5.13). Similarly, one infers the relations (5.11) and (5.12).

Next, let us consider setting

xg=psinh¢, x1=wv,ax0=7, x3=pcosho,
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(B.10)

(B.11)

(B.12)

(B.13)

(B.14)

(B.15)

(B.16)

(B.17)

(B.18)

(B.19)

(B.20)



in which case we obtain the line element (5.38),
ds? = —dr? + dv® — dp* + p*d¢?. (B.21)
Then, introducing the coordinates
U=1—-v, V=14v, w=pe®, w=—pe, (B.22)

the line element becomes expressed as

ds? = —dUdV + dwdiw . (B.23)
Using
dxg Ndxs = —pdp Ndp = %dw/\dﬁ),
dzi Ndxoy = —%dU ANdV, (B.24)
we obtain

1
Fozdxg N dxg = 5.703 dw A dw = Fupdw A dw,

1
Frodry ANdxg = —5.712 dU NdV = Fyy dU AdV, (B.25)

and we infer the relations

1

1
Fuoy = —5,/712, Fowiw = 5./703. (B.26)
Then, using (B.11), we obtain
1 1
Fuv = —§f12 = 5-7:03 = Fuw (B.27)

in agreement with (5.13). Similarly, one infers the relations (5.11) and (5.12).
Finally, we note that the line element (5.47) differs from (B.13) by an overall sign, and
hence the relation (B.19) applies to this case as well.

C Anti self-dual Yang-Mills equations in signature (1, 3)

We consider the line element in signature (1,3),

ds® = —dad + da? + dxd 4 dx3 . (C.1)
Given a two-form F, the anti self-duality condition F = — x F implies the relations
For = —iFaz, Fo2 =1iF13, Foz = —iF12. (C.2)
Setting
To=T, T =0, Ty =pCoSp, x3 = psing, (C.3)
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and introducing the coordinates
U=17—v, V=140, w:pew, w:pe_i‘f’,

we obtain the line element (5.3),

ds® = —dr* + dv? + dp® + p*d¢? = —dUdV + dwdw .

Using
1
dxg Ndxr1 = idU ANdV
dao A dzs = pdp Adp = %dw/\du_),
we obtain
1
Fo1dxrog ANdxy = 5}—01 dU NdV = Fyy dU ANdV
Foz dzo A drs = %J-“gg dw A div = Fopg dw A dio
and we infer the relations
Fuv = 1.7-" Fup = 3'.7-"
ov =501, Sws = 5723
Then, using (C.2), we obtain
Fuv = 1.7-" = 3‘.7-' = —Fuw
UV—201— 223— ww -+

Similarly, one infers the relations

If we now interchange U and V we obtain

Fov = Fow, Fow=Fve =0.

(C.6)

(C.7)

(C.8)

(C.9)

(C.10)

(C.11)

Thus, by interchanging U and V the anti self-dual equations get mapped to the self-dual

equations and vice-versa.

D From 2D to 4D

In section 5 we constructed the mapping of gravitational solutions to solutions of the self-dual

Yang-Mills equations in four dimensions by starting from the latter equations and performing

dimensional reductions of them to two dimensions. Here we present a different approach to

this mapping, by starting on the gravitational side in two dimensions and expressing the

1-form A in two dimensions as a 1-form in four space-time dimensions, as follows.

Let us consider a solution M to the gravitational field equations (2.1). The associated
matrix 1-form A = A,dp + A,dv satisfies the field equation (2.8) as well as F,, = 0, cf. (2.9).
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Next, we view A as a 1-form in a four-dimensional flat space-time with lightcone coordinates
(U, V,X,Y),
A= AydU + AydV + AxdX + AydY . (Dl)

The map between the lightcone coordinates (U,V,X,Y’) and the Weyl coordinates (p,v)
depends on the space-time signature. For example, for the case of signature (1,3), it is
given by (5.1) and (5.4). The four components (A, Ay, Ax, Ay) are expressed in terms of
(Ap, Ay). Since the latter have to satisfy F,, = 0, this will impose conditions on the field
strength components constructed from (D.1), which will be discussed below. Let us now
assume that these four components are given in terms of first-order derivatives of two matrix

functions (U, V,X,Y) and ¥(U,V, X,Y),
Ay =0yv¥, Ay =-0x¥, Ax =0yVU, Ay =-0yV, (D.2)
and that W(U,V,X,Y) and ¥(U,V, X,Y) satisfy

(aUaV - anY) v+ [aU\I/,ax\If] =0,
(Oydy — Oxdy) U + [y U, 0y 0] = 0. (D.3)

Now we consider the following two sets, (0, Ay, 0, Ay) and (Ay, 0, Ax,0). We observe that
each of these two sets, when viewed by itself, satisfies the self-duality conditions

Fyy =Fxy, Fyx=0, Fyy=0 (D.4)

by virtue of (D.2) and (D.3). For instance, if we consider the set (0, Ay, 0, Ay ), then Fyx =0
is trivially satisfied, since for this set Ay = Ax = 0. The condition Fyy = 0 holds by virtue
of the first equation in (D.3), while the condition Fyy = Fxy holds by virtue of (D.2).
Thus, there are two non-trivial conditions, which precisely equals the number of equations
(namely (2.8) and (2.9)) that (A,, A,) have to satisfy. It is thus tempting to identify the
condition Fyy = 0 with F},, = 0, and to identify the condition Fyy = Fxy with the field
equation (2.8). This turns out to be indeed the case in all the examples considered in this
paper. Similar considerations hold for the set (Ay,0, Ax,0).

Since the two sets (0, Ay, 0, Ay) and (Ay, 0, Ax,0) are constructed from the same data
(namely from (A,, A,) and the coordinate transformation relating the lightcone coordinates
(U,V,X,Y) to the coordinates used in the four-dimensional line element (2.4)), they carry the
same information, and hence the matrix functions ¥(U,V, X,Y) and ¥(U,V, X,Y) should
be related. This expectation has been borne out in all the examples studied in this paper.
In these examples we find that

U=y, (D.5)

We also note that in these examples ¥ and ¥ are complex conjugates of one another.
As an illustrative example, let us consider the Schwarzschild solution discussed in section 3.
Using (3.87) and (2.26), we obtain the following expressions for ¥ and ¥ when expressed
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in terms of the lightcone coordinates given in (5.1) and (5.4),

V-U
U =m )
Y /AU -V)2+ XY
U=m v-U . (D.6)
XU -vyR+ Xy
Using (D.2), we obtain
AU =4m v-v 372
(U=V)2+4x7)%
Y
AX = 8m 379
(U =V)2+4xY)¥
AV =4m V-U 372
(U=V)2+4x7)%
X
Ay =8m (D.7)

(U= V)2 +4XY)¥?

It is straightforward to check that each of the two sets (0, Ay,0,Ay) and (Ay,0,Ax,0)
satisfies the self-duality conditions (D.4). Both sets are related by interchanging (U, X') with
(V,Y). We note that were we to pick any of the sets (Ay, 0,0, Ay) and (0, Ay, Ax,0), each
of them would satisfy anti self-duality conditions, cf. appendix C.

Since the two sets (0, Ay, 0, Ay) and (Ay,0, Ax,0) carry the same information, we pick
the set (0, Ay, 0, Ay) and declare it to be the solution to the self-duality conditions (D.4)
that we associate to the gravitational solution encoded in (4,, A,).

Open Access. This article is distributed under the terms of the Creative Commons Attri-
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