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ABSTRACT: We present a construction of the most general BPS black holes of STU su-
pergravity (N = 2 supersymmetric D = 4 supergravity coupled to three vector super-
multiplets) with arbitrary asymptotic values of the scalar fields. These solutions are ob-
tained by acting with a subset of the global symmetry generators on STU BPS black holes
with zero values of the asymptotic scalars, both in the U-duality and the heterotic frame.
The solutions are parameterized by fourteen parameters: four electric and four magnetic
charges, and the asymptotic values of the six scalar fields. We also present BPS black
hole solutions of a consistently truncated STU supergravity, which are parameterized by
two electric and two magnetic charges and two scalar fields. These latter solutions are
significantly simplified, and are very suitable for further explicit studies. We also explore
a conformal inversion symmetry of the Couch-Torrence type, which maps any member of
the fourteen-parameter family of BPS black holes to another member of the family. Fur-
thermore, these solutions are expected to be valuable in the studies of various swampland
conjectures in the moduli space of string compactifications.
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1 Introduction

Many intriguing non-perturbative aspects of string theory and M-theory have been brought
to light by studying the black hole and higher p-brane solutions (see, for example, [1, 2]).
Especially important in this context are the supersymmetric BPS solutions, which are
expected to be protected in the face of stringy corrections to the leading-order effective
action. Thus by studying the BPS solutions in the low-energy supergravity limit one can
expect to gain insights that could remain relevant in the full theory.

The full four-dimensional supergravity theories resulting from the dimensional reduc-
tion of the ten-dimensional heterotic or type II superstring are quite complicated, with
many field strengths and scalar fields in their bosonic sectors. For many purposes, how-
ever, it suffices to focus on the black hole solutions residing within a truncation of the



theories to the so-called STU supergravity, which comprises N' = 2 supergravity coupled
to three vector supermultiplets. Solutions within the STU theory can be rotated using the
global symmetries of the full heterotic or type II theories to “fill out” solution sets of the
larger theories.

There are different ways to present the STU supergravity, which are related by duali-
sations of one or more of the four gauge field strengths. These different presentations of the
theory arise naturally in different contexts. For example, one of the duality complexions,
which we refer to as the heterotic formulation, is the one that arises naturally when one
performs a toroidal reduction from the ten-dimensional heterotic theory and then makes a
consistent truncation to the STU supergravity. A different duality complexion, which we
refer to as the U-duality formulation, arises if one makes a consistent reduction of eleven-
dimensional supergravity on the 7-sphere, truncates further to the subsector of fields that
are invariant under the U(1) maximal torus of the SO(8) isometry group of the 7-sphere,
and then turns off the gauge coupling by sending the radius of the sphere to infinity. This
formulation of STU supergravity is related to the heterotic formulation by a dualisation of
two out of the four field strengths. There is also an intermediate duality complexion which
corresponds to dualising any one of the four fields in the U-duality formulation. We refer
to this as the 341 formulation of the theory.

As a preliminary to subsequent calculations, one of the purposes of this paper is to
obtain fully explicit relations between the fields in the three above-mentioned formulations
of the STU supergravity theory. These will then be utilised later in the paper, when we
construct explicit expressions for the most general static BPS black hole solutions in the
STU supergravity theory. The most general such solutions are characterised by a total
of eight charges, corresponding to four electric and four magnetic charges carried by the
four gauge field strengths. One can use the compact U(1)3 subgroup of the SL(2,R)3
global symmetry of the STU theory to rotate these solutions to ones involving only 5
independent charges, but for our purposes it is more useful to present the solutions in the
more symmetrical 8-charge characterisation. In fact, we obtain this symmetrical form by
using the U(1)? symmetry in the opposite direction, to go from a 5-charge to an 8-charge
expression. This procedure was originally partially implemented in [3]; for later purposes
we also wish to generalise the solutions by allowing for arbitrary asymptotic values of the
six scalar fields of the STU supergravity. This can be done by acting with the remaining
six generators of the coset SL(2,IR)3/U(1)? within the global symmetry group.

One of our reasons for constructing the most general static BPS black hole solutions
explicitly is to study in detail a phenomenon that was first noticed by Couch and Torrence in
1984 in the case of the extremal Reissner-Nordstrém black hole [4]. This solution, which is
a special case [5] of the static BPS black holes of STU supergravity in which all four electric
charges are set equal and the magnetic charges are all set to zero, exhibits a conformal
inversion symmetry as follows. Writing the extreme Reissner-Nordstrém metric as

-2 2
ds? = —(1 + Q) dt* + <1 + ?) (dr* 4+ r*dQ3), (1.1)

r

where d)3 is the metric on the unit 2-sphere, the horizon is located at r = 0. Defined an



inverted coordinate # and a conformally-related metric d3? by

2 2
Q—, ds* = Q—dsz, (1.2)

-
r r2

one finds that metric ds? takes exactly the same form as the original metric ds?, written
now in terms of the inverted coordinate:

) 2
ds? = —(1 + ?) d* + (1 " ?) (dF + 7 d%3) (1.3)

The Couch-Torrence symmetry therefore maps the near-horizon region to the asymptotic
region near infinity, and vice versa. This symmetry has been employed in more recent times
to related conserved quantities on the horizon to conserved quantities at infinity. (See, for
example, [6-8].)

Recently, generalisations of the Couch-Torrence symmetry have been studied for the
static black hole solutions of STU supergravity. In [8] it was shown that the set of solutions
carrying four electric charges and no magnetic charges maps into itself under a similar
conformal inversion. The mapping is no longer a symmetry, in that a black hole with
charges (Q1, Q2, @3, Q4) maps into a different member of the 4-charge family, with different
charges (Ql,Qg,Qg,Q4), related by Q; = Q;l (Q1Q2Q3Q4)"/? [8]. More recently, we
studied the problem for the general 8-charge static BPS black holes [9]. Our focus was
on the metrics where the asymptotic values of the scalar fields were taken to vanish. We
established that any such 8-charge black hole will certainly be related to other members
of this family under a conformal inversion, although it does not seem to be possible any
longer to present an explicit mapping of the charges in the way that could be done for the
4-charge solutions.

A slightly different approach was developed in [11], which could be applied not only to
the static BPS black holes of STU supergravity, but more generally in Einstein-Maxwell-
scalar theories of type E7 [11]. An important aspect of this approach is that it is applied
in the context of the general class of static BPS black holes including the parameters
associated with the asymptotic values of the scalar fields. We exhibit this description of
the conformal inversion mapping in detail for the STU supergravity case, where it allows
an explicit mapping of the general 14-parameter family of solutions (comprising 8 charges
plus 6 asymptotic scalar values). At the price of the conformal inversion always entailing a
mapping from one set of asymptotic scalar values to a different set of values, the approach
allows one to give fully explicit transformations under the inversion.

The organisation of this paper is as follows. In section 2, we discuss how the four-
dimensional STU supergravity can be obtained by Kaluza-Klein reduction from higher
dimensions, where the internal space is a torus. In particular, it suffices for our purposes
to start from the pure AN/ = 2 non-chiral supergravity in six dimensions (which itself
can be obtained from a toroidal reduction of supergravity in ten dimensions), and then
perform a reduction on a 2-torus to four dimensions. In addition to discussing the resulting
formulation of STU supergravity, known sometimes as the heterotic formulation, we also
carry out explicitly the dualisation of two of the four gauge fields. This results in the



formulation known as the U-duality basis. This is the form in which the theory would arise
if one began with the gauged N/ = 8 supergravity coming from the reduction of eleven-
dimensional supergravity on S”, truncated this to N' = 2 supergravity plus three vector
supermultiplets, and then took the ungauged limit. We also discuss the STU supergravity
in a third duality complex, which we refer to as the 3+1 formulation, where just one of
the field strengths of the heterotic formulation is dualised. We shall make use of all three
of these formulations of STU supergravity, and the explicit relations between them, in the
remainder of the paper.

In section 3, we consider the general extremal BPS static black hole solutions of STU
supergravity in the U-duality formulation. These solutions carry 8 charges in total, com-
prising electric and magnetic charges for each of the four gauge fields. These are really
equivalent to solutions with just 5 independent charges, since the U(1)3 subgroup of the
global SL(2,R)? symmetry group of the STU theory allows 3 of the 8 charges to be trans-
formed away (while maintaining the vanishing of the asymptotic values of the scalar fields
at infinity). In fact the 8-charge solutions were constructed in [3], in the heterotic for-
mulation, by starting from a 5-charge “seed solution” and then acting with the U(1)3
transformations. The analogous process was employed recently in [9] to construct the 8-
charge solution in the U-duality formulation of STU supergravity. The new feature that
we implement now in section 3 is to allow also for arbitrary asymptotic values of the six
scalar fields in the 8-charge black hole solutions.! This can be achieved by employing the
action of the remaining six symmetries in the coset SL(2,RR)3/U(1)3.

In section 4, we carry out the same steps of generating the general static BPS black hole
solutions in the heterotic formulation. Again, we first “fill out” the 5-charge seed solution
to the full set of 8 charges by acting with the U(1)? subgroup of the global symmetry
group. We highlight similarities and also differences with the description in the U-duality
formulation.

In section 5 we describe the consistent truncation of the STU supergravity to a su-
persymmetric theory whose bosonic sector comprises the metric, two gauge fields and two
scalar fields (a dilaton and an axion). The theory is considerably simpler to work with than
the full STU supergravity, and as we show, the general static BPS black hole solutions,
characterised by four charges and asymptotic values for the two scalar fields, are very much
simpler.

In section 6, we consider the static BPS black holes in the 341 formulation, using
the description of the theory in terms of the Kéhler geometry of the scalar manifold. We
then use this to investigate the behaviour of the black hole metrics under an inversion
of the radial coordinate, which, together with a conformal rescaling, maps the horizon to
infinity and vice versa. In this description of the conformal inversion, which was discussed
previously in [11], one can show how any given member of the general 14-parameter family
of static BPS black holes (characterised by the 4 electric charges, 4 magnetic charges and
6 asymptotic scalar values) is mapped by the conformal inversion to another member of
the 14-parameter family. In this description, unlike one considered previously in [8, 9], the

'Partial results including the scalars were obtained in [3].



asymptotic values of the scalar fields are always different in the original and the conformally-
inverted metrics.

Section 7 contains a summary of our conclusions, and also further discussion. Some de-
tails of the Kaluza-Klein reduction from six to four dimensions are relegated to appendix A.

2 The STU supergravity theory

In this section, we shall provide explicit expressions for the bosonic sector of four-dimen-
sional ungauged STU supergravity in the three different formulations we shall be using in
this paper, and the explicit relations between them. Specifically, we shall consider what
may be called the heterotic formulation, which is the way the theory arises if one starts
from ten-dimensional supergravity and toroidally reduces on 79, together with appropriate
truncations. The truncated theory has N = 2 supersymmetry, and comprises N = 2
supergravity coupled to three vector multiplets. The theory was presented in this form
in [12]. We shall also consider the formulation of STU supergravity that one would obtain by
reducing eleven-dimensional supergravity on S7, performing an appropriate truncation from
N =8 to N = 2 supersymmetry, and also turning off the gauge coupling constant in the
four-dimensional theory. This formulation of STU supergravity is sometimes referred to as
the U-duality invariant formulation. The two formulations are related in four dimensions by
performing an appropriate dualisation of two of the four gauge fields. We shall also consider
STU supergravity in an intermediate formulation which we refer to as the 341 formulation.
In this case, instead of dualising two field strengths in the heterotic formulation only one
is dualised.

2.1 STU supergravity from six dimensions

In the heterotic formulation one can in fact conveniently describe the STU theory by first
reducing from ten dimensions to six dimensions on 7% and truncating to pure N' = 2
non-chiral supergravity. The STU theory is then obtained by reducing this on 72 with no
further truncation. (Except, of course, the usual Kaluza-Klein truncation in which only
the singlets under the U(1)? isometry of the T2 are retained.) The bosonic sector of the
non-chiral supergravity in six-dimensional supergravity is described by the Lagrangian

~ 1 ~ ~ 1 2 A ~
Lo=R$1— J3dj N d 56*@’ $H e A He, (2.1)
where ﬁ(g) = dB. The reduction down to four dimensions is described in detail in ap-

pendix A. After dualising the 2-form potential for the field H ;) to an axion x1, the resulting
Lagrangian for the bosonic sector of STU supergravity is given by (A.14):

1 1 1 .-
L =Rxl— 3 Z (xdpi A dp; + e xdy; N dy;) — i*dgfzg A dpe — 562«:2 xdXa A dX2
i—1,3

1 - =~ =~ . =~ =
—56_“’1 [em—% xF1 ANFq+e P23 4«Fy A Fy (2.2)

+e P70 TN 4 P20 FUANF 4 xa (R A By + FP A FY),



where 13’1 = dﬁl, F’g = dﬁg, F3 = dA3 and F* = dA?* are the “raw” field strengths, and

Fi=F -2 F®, Fy=F —x3F®,

F’=F3, F'=F 4 x3F1 +Xo Fo — xa x3 F?, (2.3)
with overbars, denote the “dressed” field strengths that appear in the kinetic terms in (2.2).
The gauge fields numbered 1 and 2 are denoted with tildes here; later on, we shall dualise
these fields in order to obtain the STU supergravity theory in the formalism in which the
SL(2,R)3 symmetry is manifest.
2.2 Heterotic formulation of STU supergravity

In this formulation the raw field strengths (F‘l, 152, F3, F) are organised into the column

vector
JTl F3
F? P
F = 73 = K (2.4)
F Py

and the (¢1, x1) dilaton/axion pair are redefined as

1
o = 5@1 s U = X1 - (25)

The Lagrangian (2.2) can then be written as

1 1
L=Rxl+ gI&r(*dM A LAML) — 2%d® A dd — 56@ *dWU A AU
1 | -
—56—2‘1’ (LML)ijF' A F + S0 Liy F' A F (2.6)

where

0 Iy
L = I = . 2.7
o1 ®lo <H2 0) (2.7)

The scalar matrix M can be read off by comparing the kinetic terms for the gauge fields
F'in (2.6) with the kinetic terms in (2.2). It is straightforward to see that M can then be

written as
G -G 'B
M = 2.
(BG_IG—BG_1B> ’ ( 8)

where

G=c ¥ (e‘@jﬁ e” _%%e@z) ., B= (0 _X3> . (2.9)
—X2 eP2 ef2 X3 0

One can recognise G as being associated with the internal metric on the 2-torus in the

Kaluza-Klein reduction (A.1), ( i.e. ds3 = G;jdz"dz? is the metric enclosed in square

brackets in (A.1), in the 2-torus directions), and B as being associated with the internal

component A2 of the 2-form potential in (A.2).



The four-dimensional Lagrangian (2.6) is in the form that was obtained in [3]. It is
invariant under the O(2, 2) transformations (the T-duality of the 2-torus compactification):

M — QMQT | A — QY A, (2.10)

where g, and S are inert, and A" are the potentials for the field strengths F*; that is,
Fi=dA". The transformation matrix Q€ O(2,2) preserves the O(2,2)-invariant matrix L:

Q'O =1, L:(O H2> . (2.11)
I, 0

L is in fact the metric tensor in the (2,2)-signature flat space on which the O(2,2) trans-

formations €2 act. L has components L;; with Li3 = L31 = Loy = Lj2 = 0 and the

remainder being zero. The inverse metric L~! has components L%, and for these too

L3 =3 = [?* = [*? = 0 with the remainder being zero. Note that one also has

LML=M". (2.12)
sloppyNote that M has components M% and its inverse M ~! has components (M 71)1‘3‘ =
Ly Ljo M ke,

The equations of motion and Bianchi identities are in addition invariant under the
SL(2,R) transformations (electromagnetic S-duality):
aS+b
eS+d’
where g,,, and the scalar matrix M are inert.

Fio (W +d) Fi4ce™®® (ML);; +F7 (2.13)

The equations of motion for the electromagnetic fields that follow from (2.6) are

dG;i =0,  where G;=—e?*(LML);j*F +V L;; F7, (2.14)
which implies that the canonical electric charges & will be given by?
1
= — i 2.1
@ 47 / G (2.15)
The magnetic charges p’ are given by
. 1 .
p=— /P. (2.16)
4

It is convenient for later purposes to define also magnetic charges 5 with a lowered O(2,2)
index:

Bi=Lip . (2.17)
These will be referred to later as the “canonical” magnetic charges.? If the asymptotic
values of the scalars are taken to be zero, one has Soo =1 and My, = 4.

*We have changed the overall sign of the definition of the dual field strength G; in (2.14), relative to
the one in [3]. This is for consistency with our conventions for the Hodge dualisation of differential forms
(which is made explicit in eq. (3.65)), and our conventions in the rest of the paper.

3In toroidally compactified heterotic string theory the canonical electric charges & are quantised and span
an even self-dual lattice, subject to the constraint: &7 L& = —2,0,2, - --. For BPS-saturated configurations
one further requires &7 L& > 0. By S-duality the same conditions are satisfied for quantised magnetic
charges B , along with the condition that when & o 5 with magnetic and electric charge vector components
being co-prime integers [13].



2.3 The U-duality formulation of STU supergravity

We arrive at this formulation by dualising the gauge fields Ay and A, appearing in the
Lagrangian (2.2). To do this, we employ the standard procedure of introducing dual
potentials A! and A? as Lagrange multipliers, and adding the terms A' A dFy + A2 A dF,
to the Lagrangian (A.14). Up to total derivatives, this is equivalent to adding

Liy=F'NFL+F2 Ny, (2.18)

where F! = dA! and F? = dA? are the raw dualised field strengths. Varying the total
Lagranglan with respect to F; and Fb, now treated as independent fields, shows that F}
and Fy satisfy

Fl 4y Fy = e—11%2 (e %3 *fwl T y3 e *F4) ’
F? + X1 ﬁl = e P1T¥3 (6_¢2 *%2 + X2 P2 *FA) , (219)

and hence, using (2.3),

FUgxi Fat xaxs FY = 791402 (790 4By 4 xg 90 5 F),
F? + X1 Fl + X1 Xg Fs = e ¥1T¥3 (€_¢2 *FQ + )22 e?? *FA) R (220)

These two equations, together with their Hodge duals, can be solved algebraically for Fi
and Fo, with the results expressed, using (2.3) again, in terms of (F', F2 3 F*) and
(xF', «F? 3 xF*). Since the expressions are a little unwieldy, we shall not present
them here. N _

Having solved for F'; and F5 these may be substituted back into the Lagrangian (2.2)
plus (2.18), to give the theory in the dualised form, with the gauge fields (A', A%, A3, A%).
After one final step, in which the @9 and Y2 scalars are subjected to the discrete involutive
SL(2,R) transformation

Ty =——, where 75 = Yo +ie 2, Ty =x2+ie ©?, (2.21)
T2
one finds that the Lagrangian is precisely equal to the one described in appendix B of [15]
and appendix A of [9]. (The dualisation to go from the heterotic to the U-duality formula-
tion has also been discussed in [14].) The kinetic terms involving the field strengths given,
as in eq. (A.2) of [9], by

1 1
EF:—foB *FA/\FB—§f£BFA/\FB, (2.22)
where f5 and f 5 are the real and imaginary parts of the scalar matrix given in eq. (A.9)
of [9]. This is written in the formalism and notation described in Freedman and Van

Proeyen [16], in which, defining

Ga=—fhp*FP — fip FP, (2.23)



the field equations dG4 = 0 and Bianchi identities dF'* = 0 are invariant under the

() s (f). s-(22). oo

where the constant 4 x 4 matrices A, B, C' and D obey

transformations

ATc-ctA=0, B'™D-D'B=0, A'D-C'B=1,, (2.25)

and we have defined F = (F!,F?2, F3 YT and G = (G1,G2,G3,G4)T. The equa-
tions (2.25) are precisely the conditions for the matrix S to be an element of Sp(8,R),

obeying [16]
STas =,  whee 0=( 0 M) (2.26)
—I4 0
The scalar field Lagrangian
13
£scal - _5 Z(*dgpz A ngZ + 62% *dXZ A dXZ) (227)
i=1

is invariant under SL(2, R)3, which is a subgroup of Sp(8, R), and so in this formulation the
STU supergravity theory has a manifest SL(2, R)? symmetry, at the level of the equations
of motion. The explicit forms of the A, B, C and D matrices corresponding to the SL(2,R)3
subgroup of Sp(8,R) are given in [9)].

The conserved electric and magnetic charges in the U-duality formalism are given by

1 1
QAZE/GIM pA —/FA. (2.28)

:471'

If we define the charge vectors P = (P!, P?, P3, PY)T and Q = (Q1,Q2, Q3,Q4) then the
action of SL(2,R)? on the charges takes the same form as for the fields and their duals

P P
) s (2) o

where again the 4 x 4 matrices A, B, C' and D that form S are restricted to the SL(2,R)3
subgroup of Sp(8,R), as given in [9].

in (2.24), namely

There is in fact a simpler way to present the action of the SL(2,R)? global symmetries
on the charges, by introducing the charge tensor 744747, where a, a’ and a” are doublet
indices of the three SL(2,R) factors in the symmetry group (see, for example, [12]). If we
make the assignments

Yooo = —P*, You1 = P?, Y01 = P?, Y10 = P*,
Y111 = —Q1, Y100 = Q2 Yo10 = U3, Yoor = Qu, (2.30)

then the SL(2,R)? transformation of the charges is given by

Yaa'a” — (Sl)ab (SQ)Q’b/ (SS)a”bN Yob'b" (231)



where

S; = (ai bi) , a;d; —b;c; =1 for each 7. (2.32)
¢ d;
This gives exactly the same SL(2,R)? transformation as in appendix A of [9]. Tt furthermore
demonstrates that 7,447 is covariant with respect to SL(2, R)3 transformations.
One can, of course, conveniently write the SL(2,R)3 transformation (2.24) in the anal-
ogous way, by defining the field strength tensor

Pogo = —F*', Doy = F2, By = F3, ®yy9 = F*,
¢ = -Gy, P90 = G2, ®g19 = G3, ®go1 = Gy, (2.33)

which transforms according to
q)aa’a” — (Sl)ab (SQ)G/b/ (53)a”b// (I)bb’b” ) (234)

Furthermore, if the dilaton/axion pairs of scalar fields (¢1,x1), (2, x2) and (@3, x3) are
assembled into the matrices

. e¥i —Xi e¥i .
M= <_Xi efi e~ i + x? e%') ’ for =123, (2.35)

whose components are (M), (M) and (M3)®"?" respectively, then the scalars trans-
form under the SL(2,R) factors according to

M; — Mj = (S7)7' M 71, (2.36)
(with the 7’th scalars transforming only under the i’th SL(2,R) group).

2.4 Mapping between the heterotic and the U-duality formulations

As we saw in section 2.2, the scalar fields in the heterotic formulation comprise the dila-
ton/axion pairs (®, ¥), (2, x2) and (¢3, x3). These come from the Kaluza-Klein reduction
from six dimensions, as described in appendix A, with & = %@1 and ¥ = x;. The pairs
(2,x2) and (g3, x3) are packaged into the O(2,2)/U(1)? scalar coset matrix M given
by (2.8) and (2.9), while (®, ¥) parameterise the SL(2,R)/U(1) scalar coset.

In the U-duality formulation the scalars comprise the same set (@1, x1), (2, x2) and
(3, x3), except that now the (p2,x2) pair are subjected to the involution 79 — —1/79,
where 7 = y2 +ie” %2, as given in (2.21). Thus, in total, the mapping of fields from those
of the heterotic formulation and to those of the U-duality formulation is as follows:

1
‘I)—>58017 vV — X1, ©3 — 3, X3 — X35
e — (14 x5%7) e, X2 — —x2 €22 (143 e22) 7, (2.37)

The relation between the electric and magnetic charges in the two formulations follows
from the relations between the field strengths, which we discussed earlier. The dual field
strengths G; in the heterotic formulation, given by (2.14), can be seen, after making use of

~10 -



the equations (2.20) to express the fields F and F in (2.4) in terms of the dual fields F*
and F2, to be related to the fields F4 and dual fields G 4 of the U-duality formulation by
Go=—F',  G3=GCu

G = G3 Gy=—F?, (2.38)

7'2—)—1/7'2 ’ 7'2—)—1/7'2 ’

where in addition to the involution of (2, x2) indicated here, we also make the replacements
o — %gpl and U — x1, as given in (2.37). Similarly, one finds that the fields F* of the
heterotic formulation are related to F4 and G4 by

Fl=F, F=G ,  F=F', F'=G, : (2.39)

To——1/T2 To——1/T2

From the definitions (2.15) and (2.16) for the electric and magnetic charges a; and p' in
the heterotic formulation, and the definitions (2.28) for the electric and magnetic charges
Q4 and P4 in the U-duality formulation we therefore have

a = (a1, as,a3,a4) = (Q3,—P',Q4, —P?) (2.40)

and

It is also useful to record the mapping from the magnetic charges with lowered index in
the heterotic formulation, 8; = L;; o7, for which we therefore have

g - (ﬂ17ﬁ27637/64) = (P4)Q27P37Q1) . (242)

2.5 STU supergravity in the 3 + 1 formulation

There is a third choice of duality frame for STU supergravity that is useful for some
purposes. In this frame, which we refer to as the “3 4+ 1 formalism,” the starting point is
again the STU supergravity Lagrangian given in eqs. (2.2) and (2.3). We then dualise just
the F field. in this formalism, therefore, the simple 4-charge BPS solution would carry 3
electric charges and 1 magnetic (or vice versa).

To perform the dualisation of Fy, we add a Lagrange multiplier term L7y = F? A B,
where F? = dA? is the dualised field, and then solve the algebraic equation of motion
obtained by varying F?2. This allows us to solve for the dressed field Fy = Fy — x3 F3,
finding

FQ = _(1—1-)21362@2) [e<p1+<,52+<p3 (*F2 + X1 *ﬁl) + X2 2?2 (F4 + X3 ﬁl)} . (2.43)
Substituting back into the original Lagrangian plus the Lagrange multiplier term, we obtain
the bosonic STU supergravity Lagrangian written in the 341 formulation. It is convenient
to define the new (2, x2) scalars related to (P2, X2) by the involution 7o = —1/7, exactly
as in (2.37), and the three “dressed” field strengths:

F2:F2+X1ﬁ1, F3:F3+X2ﬁ1, F4:F4+X3ﬁ1. (2.44)
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In terms of these, the 3 + 1 STU Lagrangian takes the form*

1 1 L
L=Rx1- B Z(*dgpi A dp; + e2pi xdx; N\ dx;) — 56*%*@2*@3 I NI
i=1
1 P1—pa—p3 , P2 n L _ 4o — 3 3 1 _, ~4 A4
— [ /\F_ie p1tp2—ws y fr /\F_ie Pr—pote3 U AP
2
1 FPAFY + xo FPANFY + 3 F2 A F?

+oexsFP+xviaFP+xie FYANR +xaixexs AL (2.45)
Note that 151, F2, F3 and F* are the bare field strengths:
Fi=dA,, F?’=dA*>,  F3=d4A%,  F*=d4*. (2.46)

Note also that the scalar fields here are exactly the same as the ones in the U-duality
formulation. In this 3 + 1 formulation there is a permutation symmetry among the sets
of fields

(p1,x1, F?), (¢2,x2, F?), (03, x3, F*). (2.47)

We shall return to a discussion of the 3+1 formulation of STU supergravity in section 6.

3 General extremal BPS static black holes in the U-duality formulation

The most general extremal BPS static black hole solution in STU supergravity will carry 8
independent charges, since each of the four field strengths can carry an electric charge and
a magnetic charge. Since the theory has an SL(2,R)?3 global symmetry, this can be used in
order to map one solution into another solution that is equivalent under the group action.
The 3-parameter compact subgroup U(1)? leaves the asymptotic values of the six scalar
fields unchanged, and this means that it suffices to consider an 8 — 3 = 5 parameter “seed”
solution, with only 5 independent charges, in order to fill out the full 8-parameter family by
acting with U(1)3. If ones starts with a 5-charge seed solution in which the dilatonic and
axionic scalars vanish asymptotically at infinity, then the 8-charge solutions obtained in
this way will all have vanishing asymptotic scalars. One can also then choose to fill out the
solution set further by then acting with the remaining 6-parameter coset SL(2,R)3/U(1)3
transformations, thereby giving arbitrary asymptotic values to the six scalar fields.

In the subsections below, we shall present the general 8-charge static BPS black hole
solutions in the U-duality formulation, both for vanishing values of the asymptotic scalar
fields and for arbitrary values of the asymptotic scalar fields.

3.1 The general 8-charge static BPS metric

The general 8-charge solution for the case of vanishing asymptotic scalars was constructed
in this formulation in [9]. The starting point was the solution with 5 independent charges

*A dualisation to obtain the STU theory in the 3+1 formulation can also be found in [17].
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that was constructed in [3], after translating it into the U-duality formulation. The five
independent charges could be taken to be®

Q= (@17@27 @37@4) ) P= (ﬁa _ﬁa()?()) . (31)

(We are placing bars on the charges in the 5-charge seed solution.) For this solution, the
metric is given by [3]

2 T

r
ds* = ~ dt* + g (dr® 4 r2dQ?), (3.2)
V=rttart+8r+yr+A, (3.3)
where
aZZ@m 52261'@]'—1327 V= Z @i@j@k—ﬁQ(@1+@2)7
i i<j i<j<k
_ 1 _ _

A= H Q; — 1152 (@ + Q). (3.4)

This was filled out to give the general 8-charge solution by acting with the U(1)? subgroup
of the SL(2,R)3 global symmetry of the STU supergravity in [9]. It was shown that the
constants «, [, v and A are then given by

o? (;QA)2+(;PA)27
B=>(QaQp+ P PP),

A<B
oy = 48+ 57— 0 S ((PAPP) 4 (Qu@s)? + PP Qus) — 3] P4 - 3] @
A<B A A
A=TIQa+IIP* +5 3 PAQsPPQs — § Y (P2 (Qa) (35)
A A A<B i

where PAB = PAPB 4 (1o PY)/(PAPP) and Qap = Q4Q5 + (IIc Qc)/(Q4QB) (so
P12 = plp2 4 P3P4 etc.). Stated equivalently, the expressions for a2, 8, ay and A given
in (3.5) are the unique polynomials of degrees 2, 2, 4 and 4 in the charges, respectively,
that are invariant under U(1)? and that reduce to those following from (3.4) under the
5-charge specialisation (3.1). Note that A is actually invariant under the entire SL(2,R)3
symmetry group; it is the usual quartic charge invariant of STU supergravity.

The solution described above has 8 independent charges, with the scalar fields (¢;, x;:)
going to zero at infinity. In order to generalise the solution to include arbitrary values
for the six asymptotic scalars, we need only act with the symmetry generators in the six-
dimensional coset SL(2,R)3/U(1)3. This is most easily implemented by using the charge-
tensor formulation discussed at the end of section 2.3. We proceed in two stages, the first

°In [9] the magnetic charges were actually taken to be P = (0,0, p, —p), but we are making the equally
valid choice in (3.1) here, for consistency with the choice (4.1) in the heterotic formulation, given the
mapping (2.41).
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being to re-express the quantities «, 3, v and A in (3.5) in terms of the charge tensor
Yaa'a”- To do this, we first introduce the SL(2, R)-invariant antisymmetric tensors €, ald

and €*'?" with €”! =, etc. These obey
(S1)a° (Sl)bd et = ¢t etc. (3.6)

We also note that since «, 8 and v are invariant only under the U(1)? subgroup but not the
full (SL2,R)3, we may in addition employ the Kronecker deltas 6%, 6% and 6**" in their
construction, since ¢ is invariant under the U(1) subgroup of SL(2,R). It is straightforward
to see that we may now rewrite «, 3, v and A in (3.5) as follows:

a2 _ 6ab 6a/b/ 6al’b// ’yaa/a// ’)/bb/b/l + 2B , (37)
1 v v 1y 1"y v 1"y
5 _ _5(5ab 6ab € b + 6ab 5@ b € b + 6ab 6ab 5@ b )’Yaa’a” Vob'v s (3.8)
1 1
Y= a[A+2ﬁ2—Y]> (3.9)
1 130 1"y ’qr g
A fy geac 6a b ea b 6bd ec d EC d ’Yaa’a” "ybb/b// ,.YCC/C// ’ydd/d// 5 (310)

where

]_ IAN) AN ! q! /1 g1 1.0 1"yt /3! /1 g1
Y = g(5ac€ab e b 6bd€cd €€ d +5ac Eabﬁa b 5bd ECdEC d

" .1 AN 1" g1t ! !
+6% ¢ € b 6ab 6b d GCd GCd) Yaa'a' Yob'b" Ve ! Vdd'd! - (311)

Note that, as expected, A in (3.10) is written without the use of the Kronecker deltas,
since it is invariant under the entire SL(2,R)? symmetry.

The final step is to introduce the non-zero asymptotic values for the scalar fields. As
stated above, this could be accomplished by acting on the expressions (3.7)-(3.10) with
the coset symmetries SL(2,R)3/U(1)3. In fact a simpler way, with the added advantage
that it will directly express «, 3, v and A in terms of the asymptotic values of the scalars
(i, Xi), is to note that the only thing that will cause the expressions to change under the
action of SL(2,R)3/U(1)? is the fact that the Kronecker deltas are used in the construction
of a, B and . If we replace all the Kronecker deltas in the expressions for «, 5 and v by
the corresponding scalar matrices (2.35), evaluated at infinity,

//bll //bl/

5% — M, Y — Mgy, e e (3.12)

where the bars on the M; indicate that the scalars in (2.35) are evaluated at infinity, then
the expressions for these quantities will be invariant under the full SL(2,R)? symmetry.
Thus we see that we shall now have

//b//

2 _ agab yra’t F7a
a2 = Mab MY e

Yaa'a” Vob'b' T 2/8,

_— AN 12N —_— 1/ 11 1yl =
(Mtlzbeabeab —|—6abM%b€ab +€ab€ab Mg

//bll

1
_5 )'Yaa’a” Yo'y’

N = é {AJF;B?—Y}, (3.13)
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where now

1 _— AN) "yl — ! q/ s _— ) VAN AN 1) /1 g1
Yzé(Mtlzceabeab Mlidgcdecd +M%c€ab€ab Mgd GCdECd
" .1

+M§ C ea/b/ 6ab Mg//d// ec/d/ ECd> Yaa'a' Yob'b! Vee' ! Ydd'd! - (314)
A is unchanged, and is still given by (3.10).

3.2 Scalar fields in the U-duality formulation

The dilatons and axions in the 5-charge static black solutions in the heterotic formulation
can be read off from equations (40), (41) and (42) of [3],° together with eq. (2.9). Mapping
to the charges of U-duality formulation using (2.41) and (2.40), we have

0o (r+Q1)(r+ Q) P (@Q1—Qy)
TT w0 YT e+ 19
P — (T+Q%+Q4) R p([rjé()cil ig%] | (3.16)
r 2)\T 4
o — (r+Q1)(r+Qy) __plr+ 3(Q1 + Q)]
VN NI B (317

After mapping into the scalar variables of the U-duality formulation, using eq. (2.37), we
therefore have

o1 — (r+Q)(r + Qy) P(Q) — Q)

ST YT 0e e a) (319
e — (T Q1)(r +Qs) _ P+ 5(Q1 + @)
CETTW T T e @) (319
o T+ Q) +Qy) _ Pl + 3@+ @)l
v N e A XA (320)

To find the expressions for the scalar fields in the general 8-charge solution, we follow
the same strategy that we used previously for the metric. Namely, we take the expressions
above for the scalar fields in the 5-charge seed solution, and then fill these out to 8-
charge solutions by acting with the U(1)?® € SL(2,R)? global symmetry transformations.
A new feature that arises here is that the scalar fields, unlike the metric, themselves
transform under the global symmetries, and so these transformations must be included
also in the calculation. To be precise, the dilaton/axion pair (1, x1) transforms under
SL(2,R); but is inert under SL(2,R)2 and SL(2,R)3. Analogous statements apply to
(2, x2) and to (s, x3)-

As in our construction of the metric functions for the 8-charge solution, we find it
convenient to first obtain the scalar solutions for the case where the asymptotic values of

5The labelling of the torus coordinates is opposite in [3] to the labelling we are using in this paper, with
our coordinates (z',2?) in appendix A being equal to (y?,%") in [3]. This means that the torus metric and
2-form components G11, G2z, G12 and Biz in egs. (42) in [3] should be interpreted as our Gaz2, Gi1, G2
and —B1s respectively (see egs. (2.8) and (2.9)).
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the dilatons and axions are all zero. A very simple replacement at the final stage of the
calculation allows the introduction of arbitrary values for the asymptotic scalars.

The process of promoting the 5-charge seed solution to a full 8-charge solution proceeds
in the same we that we described in [9]. Because we have made a small adjustment in the
conventions in this paper, in order to allow a direct mapping to equivalent the results in the
heterotic formulation, we need first to record the explicit results for the U(1)3 rotations
that yield the 8-charge solution. Specifically, it was convenient in this paper to change
the 5-charge configuration in the U-duality formalism from the one specified in eq. (B.4)
of [9] to the one specified in eq. (3.1) of this paper. (That is, P = (p, —p, 0,0) rather than
P = (0,0,p, —p).) This modifies the expressions that were found in [9] when solving for
the 5 charges and the three U(1) angles 6; in terms of the 8 generic charges @Q; and P°.
Thus we solve the 8 equations contained in

Yaa'a’ = (Ul)ab (UQ)a’bl (U3)a”b” Tob'b'! (3'21)

where 74,4747 is the charge tensor for the 5-charge seed configuration in (3.1); Ygarqr is the
charge tensor of the generic 8-charge configuration, and U; denote the three U(1) matrices
with 01, 65 and A3 as parameters:

Ui — ( cos b; sm9i> . (3.22)

—sin 6; cos6;

(See eq. (2.30) for a definition of v4q7qv.) Eq. (3.21) thus yields expressions for the three
angles 0; and the 5 charges of the seed solution, expressed in terms of the 8 arbitrary
charges of the generic 8-charge solution. We find

(P'+P?)—(Q1+Q2) tan 6, tanf. — (P?=P")+(Q3—Q4) tan b
(Q3+Q4)+(P3+P4)tan 6y’ T (Qi—Q2)—(P'—P2?)tan6; ’

2(P°+P%)(Q3+Q4) = 2(P1 4+ P?)(Q1+ Q)
(P'4+ P24 P34 P4)(P1+P?2—P3—P4) = (Q1+Q24+Q3+Q4)(Q1+Q2—Q3—Q4) ’

where 64 = 05 £ 03, and

tan 0, = (3.23)

tan 201 =

P= Y00, @Q1=-711, Q2=%00, ®3="10, Q1="001, (3.24)

where we have placed bars on the 5 seed charges @Q; and p.

To begin, let us consider the dilaton/axion pair (¢1,x1). The first step is to promote
the right-hand sides of egs. (3.18) to 8-charge expressions, by using eqs. (3.24) together
with (3.24). We shall write the expressions in (3.18) as

= Dv(g) X1 = D((ST) : (3.25)

where
D(r) =r*+apr+fp, (3.26)
ap = (Q1+@x)*,  Bp=0QQy, b= %ﬁ(@l —Q,). (3.27)
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We first promote these 5-charge expressions to 7-charge expressions, by acting with
the U(1)2 and U(1)3 rotations, while keeping ¢; = 0. From (3.24), this latter requirement
means the 7-charge restriction implies the Q4 and P4 must obey

(P'+ P*)(Q1+ Q2) — (P> + P")(Q3+Q4) =0. (3.28)

This leads straightforwardly to the 7-charge augmentations

0Dy = (Q1+Q2)" + (P*+ P12, Bp = Q1 Q2+ P° P*,
1

on = 1[(131 — P?)(Q1— Q2) — (P° — P")(Q3 — Qq)] . (3.29)

The augmentation from 7 to 8 charges, relaxing the constraint (3.28), is achieved by
further rotating the quantities in (3.29) under the remaining U(1); transformation (now
with 62 and 63 set to zero). It is helpful at this point to establish a general result for the
U(1); rotation of a general 2-index symmetric tensor Wyp; this obeys the transformation

Wap — Wap = (S1)a® (S1)6? Wea, (3.30)

where S is the U(1); € SL(2,R); matrix

S, = ( cos 01 51n91> ' (3.31)

—sinfy cos b,

If we define the U(1)2 x U(1)3 -invariant symmetric tensor

//bll

Lah = (Ea b €’ - 5 b 0 )’Yaa’a” Vb’’’ (332)

where the charge tensor 7,.q7 is defined in (2.30), then the expression for tan26; in
eq. (3.24) can be written in the compact form

2701
tan20; = ————. 3.33
" Zoo— Zn (3:33)
From this we find
Zoo — 2 27
cos20; = %, sin 26, = =224 (3.34)

[
[1

where Z is the U(1)3-invariant quantity defined by
52 = Zyy Zog (09° 54 — €2¢ b (3.35)

It then follows straightforwardly from (3.30) that

~ 1 |
Woo = 5 3% Wap + G(;/V) , Wn=g3 5" Wap — G(;/V) ;
— 1
Wor = = Zap Weq 6° €, (3.36)
where
G(W) = Wy Zpg (59 5% — €2 ) . (3.37)

(Note from (3.35) that G(Z) = =2.)

17 -



To proceed with the augmentation of the 7-charge expressions (3.29), we note that if
we define the two U(1)y x U(1)3 -invariant tensors

AN AN AN AN
Xab = b €’ b Yaa'a' Yob'V' Yab =0 b o b Yaa'a” Vb’ 5 (338)

where the charge tensor 7,4/, is defined in eq. (2.30), then the 7-charge expressions in (3.29)
can be written as

N 1~ 1 ~ -
ahq =—2Zi, Bpe = —§X11, Oy = E(XOI + Yo1) - (3.39)

Using the U(1); transformations (3.36),” we therefore obtain the 8-charge expressions

1 -
oz2D = —5(5‘”’ Zay — 2),
1 G(X
Pp =—7 0" Xap — (:) :
1 ac bd
6 = —4? (Xab+Yab) ch5 e, (340)

and G(X) is given by substituting Wy, = X4 in (3.37). These expressions are all manifestly

invariant under U(1)3.

in (3.7)) and Z as

It is useful to note that ap can be written in terms of « (given

2 —_—
a4+ =
= 3.41
ap 2a ( )
It is also worth noting that if we define the U(1)? invariants
Zl = —5ab Galbl Ea”b// Yaa'a' Vbbb 5
Z2 = _eab 5a’b’ Ea//b” Yaa'a” Vob'b" 5
Zg = —Gab Ea/b/ 5a”b” Yaa'a' Vbbb
Zo = 606V 5 e Yoy (3.42)
then =2, defined in (3.35), can be written in the factorised form
22 = (Zo+ 21+ Zo+ Z3)(Zo+ Z1 — Zo — Z3). (3.43)

It remains to implement the U(1)3 transformations that augment the 5 charges to 8
charges on the scalar fields. Since we are looking specifically at ¢; and x1, which transform
only under U(1);, this means that we just have to make the replacement

(x1 +ie ®1) cosby + sin by

e Pl — . 3.44
Xitie costy — (x1 +ie 1) sinb, ( )
In other words, the scalars ¢1 and x; will be given by
D D(r) C
6901 = —, = =, 345
V) X1 D ( )

"The transformation (3.36) is viewed here as the inverse, taking us from the general 8-charge (untilded)
configuration to the 7-charge (tilded) configuration.
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where

9 L[V (r)+ 62 )
C = m COS 291 - 5 |:D(7")2 — ].:| Sin 261 y
AL V()48 6 11, V() +4°
D = 5 |:1 + D(/r)Q :| — D(’r) S 291 + 5 |:1 — W:| COS 291 s (346)

where V(r) in (3.2) is calculated using the 8-charge expressions (3.7)—(3.10), the quantities
0, ap and p appearing in D(r) are given by the 8-charge expressions in (3.40), and cos 26,
and sin 260; are given by (3.34).

The expressions for ¢ and y; are in fact considerably simpler than is immediately
evident from (3.45) and (3.46). This is because the quadratic function D(r) is actually a
divisor of the quartic function V(r) + 62 that appears in (3.46). In fact we can show that

V(r)+d*=D(r)D(r), D()=r*+apr+fp, (3.47)
where the coefficients in the quadratic function l~)(7") are given by

G(X)

—_
—
—

_ _ ~ 1
ah=—=(0"Zy +E), 5D=—Z 6% X op +

% (3.48)

(Note that ap and Bp are closely related to the coefficients ap and Bp in the function
D(r) =r*+ apr + Bp given in (3.40).) Thus we see that ¢1 and x; are given by

r2 4+ by r + by c1r+ ¢
o , __arta 3.49
c V(T) X1 7“2 + bl T+ bo ( )
where

b — ap+ap | (ap —ap)(Zoo — Z11)
1 — — )

2 . 2= .
b — PotBp  20Zo , (Bp — Bp)(Zoo — Zu1)
0 — 2 - = + 2= )

—ap) Z 8 (Zoo— Z —Bp)Z

o — (ap :D) 0 o = (Zoo 11) -F:(BD Bp) Zo 7 (3.50)

Using our previous expressions for the various quantities appearing in (3.50), we find that
in terms of the eight charges of the general static BPS black holes,

b= X [<P3+P4> STPA QL+ Q) ZQA},
« A A
bo = PP+ Q1Qq,
[P )@+ Qo) — (P4 PAY(Qs + Q)]

Co:%(P1Q1+P2Q2—P3Q3—P4Q4)7 (3.51)

c1 =

where as usual o = \/(ZA PAY2 4+ (Y 4Qa)2
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Finally, it remains to introduce non-vanishing asymptotic values for the scalar fields.
As before when we discussed the metric, this is accomplished by making SL(2,R)3/U(1)3
coset transformations on the charges, and now also on the scalar fields. Thus we introduce
an asymptotic coset vielbein V; for each of the SL(2,R);/U(1); coset factors, with

i 1o o i
v, - ( e ) | (352)

where (¢;, Xi) denotes the asymptotic values of the scalar fields. The corresponding trans-
formation of the charge tensor is therefore

Yaa'a! — T}}i a 173'&/ Vg/;// Yob'v! - (3.53)
The effect of this is that all U(1)® invariants, such as «, B, v, ap, Bp, 9,
ap, Bp will receive modification, namely that each Kronecker delta in the expres-
sions (3.7)-(3.9), (3.32), (3.42), (3.50), etc., will be replaced by the corresponding asymp-
totic scalar matrix
M; =VIv;, (3.54)
as in eq. (3.12). Additionally, the components of the tensor Z,, appearing in the expres-
sions (3.50) will be transformed by making the replacement

Zap — T}ia v?b Zed - (355)

As already observed, the quantity A receives no modification because its construction
in (3.10) uses only the SL(2, R)-invariant epsilon tensors, and no Kronecker deltas.

It is worth recording that even when the asymptotic scalars are non-zero, the quantity
=, defined now by (3.35) with all Kronecker deltas replaced by the asymptotic scalar M
matrices as in (3.12), is again simply factorisable, as

[1]

=ad, (3.56)
where « is given in (3.13) and & is the closely related quantity given by
&> = (N3 N3 1§ Yawrar v — M3 &
+€ab Mg/b/ 6aubu + 6ab ea/b/ Mgubu) Naatal Vol - (3.57)
In other words Z2, which is a quartic multinomial in the charges with coefficients that are
multinomial in the y; and e asymptotic scalar values, factorises as the product of the two
quadratic multinomials o? and &?2.

It is also useful to note that the quantities ap and &p, given by (3.40) and (3.48) after
the replacements (3.12), are related to a and & by

ap+ap =a, ap —ap =Q. (3.58)

Thus after introducing the asymptotic scalar values the coefficients b; and ¢; in egs. (3.50)

are particularly simple, and are given by
1

N ) 7 7 _ -
by = % [ + Zoo — Z11| s Ccl o Zo1 (3.59)
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where Zab = Vﬁa Vﬁlb Z.q and all Kronecker deltas involved in the construction of o and
Zap are as usual replaced by M matrices according to (3.12).
The action of the coset transformations on the scalar fields themselves will be given
by sending
M; — VEM;V;, for i=1,2,3, (3.60)

where the M; scalar matrices are given in (2.35). These transformations amount to
e Pl e IR Xi — Xi+xie P (3.61)

The U(1) rotation angle #; will be modified by the coset transformations, as dictated
by substituting the 7,47 transformations (3.53) into the expression (3.32) for Z,;, and
then substituting these transformed Z,;, components into (3.33). However, since we have
already re-expressed the expressions in (3.45) and (3.46) for ¢ and x; in the simpler forms
given by (3.49) and (3.50), we no longer need to implement the coset transformation on 6,
explicitly.

The procedure we have described above provides specifically the expressions for the
dilaton/axion pair (¢1,x1) in the general 8-charge static BPS black hole solutions. One
could repeat the discussion, starting from the same 5-charge seed solution, to augment the
expressions (3.19) and (3.20) for the (¢2,x2) and (¢s3, x3) dilaton/axion pairs. In fact a
simpler way of arriving at the same result is to exploit the triality symmetry of the U-
duality formulation of STU supergravity. The precise statement of this triality can be seen
from the definition of the SL(2, R)? charge tensor y4q/q~ in (2.30). The first SL(2,R) index,
a, is associated with the (1, 1) pair, and the charges (P2, Q2); the a’ index with (2, x2)
and the charges (P3,Q3), and the a” index with (3, x3) and the charges (P*,Q4). Thus
from the expressions we have obtained for (¢1, x1), we just have to permute the labellings
according to this triality correspondence, in order to obtain the expressions for (2, x2)

and (()037 X3)
Acting with the Zy € triality symmetry

(1, x13 P2, Q2) +— (2, x2; P*, Q3) (3.62)

on the results obtained above for the @1 and x; scalars will give the expressions for o and
X2- Acting instead with the Zy € triality symmetry

(@17X1;P27Q2) A (@37X3;P47Q4) (363)

will give the expressions for ¢s3 and ys3.

If we specialise for simplicity to the case with vanishing asymptotic values for the scalar
fields, acting with the triality transformations (3.62) or (3.63) on the constants in (3.51)
will map (3.49) into expressions for @9 and yo, or ¢3 and xs, respectively.

As a check on the calculations in this section, we can take the expressions of the ¢;
and y; scalars and make the 5-charge specialisation given by eq. (3.1). Doing this, it is
straightforward to see that we do indeed recover the expressions given in egs. (3.18), (3.19)
and (3.20). Expressed conversely, this shows that if we were instead to act with the U-
duality transformations in order to elevate the 5-charge expressions for (2, x2) and (3, x3)
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to general 8-charge expressions, we would indeed obtain the results that follow by making
the triality transformations on the general 8-charge expressions for (¢1,x1) that we have
constructed.

3.3 Gauge fields for the 8-charge BPS black holes

Having obtained the expressions for the metric and the scalar fields, the form of the gauge
fields in the general 8-charge static BPS black hole solutions follow straightforwardly from
the gauge fields equations of motion.

In the U-duality formulation, we find

FA=PAsin0db Ade + L (FH ™Y (@Qp + fhe PO)dt Adr, (3.64)

VvV

which is consistent with the definitions of the electric and magnetic charges in (2.28).
Note that our conventions for Hodge dualisation are such that in the metric (3.2)
we have
1

VV

4 General 8-charge static BPS black holes in the heterotic formulation

% (sin@dh A dyp) = dtNdr,  x(dt Adr)=—VV sin0df A dep. (3.65)

4.1 8-charge static BPS black hole metric

The starting point for writing the general 8-charge static BPS black holes with arbitrary
asymptotic values for the scalar fields is again the metric (3.2). The charges in the seed
solution with five independent charges and with vanishing asymptotic scalars take the form

0_20 - (Qh _67 qs, q_) ) 170 - (07p27 Oap4) (41)
in the heterotic basis [3]. (The superscripts 2 and 4 refer to the indexed labelling of charges
p’. See section 2.2 for the notation.) The quantity ¢ parameterises the introduction of the

fifth, independent, charge) The coefficients «, 3, v and A appearing in the metric function
V (r) are given by [3]

a=q+g+p+p,

B=aqaeg—7+pp" + (0 +aea) @+,

v = (qgs — )P +p") + 00" (01 + a3),

A = (q193)(p°p") — 30 (0> +p)* . (4.2)
(Here ¢*> means just the square of 7.)

The general solutions with 8 charges and non-vanishing asymptotic scalars can be
filled out by acting with the global O(2,2) x SL(2,R) symmetry of the heterotic formula-
tion, where O(2,2) is the T-duality symmetry from the 2-torus and SL(2,R) is the elec-
tric/magnetic S-duality symmetry. We proceed in three stages; first, acting with the U(1)?
subgroup of O(2,2) to augment the 5-charge solution to 7 charges; then acting with the
U(1) subgroup of SL(2,R) to augment further to 8 charges; and finally, acting with the

remaining O(2,2)/U(1)? and SL(2,R)/U(1) cosets in order to introduce the non-vanishing
asymptotic scalars.
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Acting with U(1)2 € O(2,2). The 5-charge starting point can be filled out to 7 inde-
pendent charges by acting with the U(1)? compact subgroup of O(2,2). Since «, 3 and
should be invariant under U(1)? but not under the remaining O(2,2)/U(1)? coset action
(that is, when the asymptotic scalars vanish), the 2 additional charges can be introduced
by writing a, 3 and ~ as U(1)%-invariant expressions in @ and 7 that reduce to (4.2) under
the 5-charge specialisation (4.1). In fact, rather than using the magnetic charges p with
components p’ we shall instead find it convenient to lower the index and work with the
magnetic charges §, which have the components f3; = L;ijp’, as defined in (2.17). The
available “building blocks” are the matrix L defined in (2.11), which is fully O(2,2) invari-
ant, and the 4 x 4 identity matrix I, which is invariant only under the U(1)? subgroup.®
We can also construct the more general expression for A along similar lines. Since A is in
fact invariant under the full O(2,2) symmetry its expression will not involve the use of I4.
Defining the matrices

vy =14+ L7, (4.4)

one can straightforwardly establish that «, 3, v and A may be written for the 7-charge
solutions in U(1)%-invariant terms as follows:

2 =aTv,d+3 v +o8, 45
28 =aTL'a+7 L5 +28, (4.6)
20y = @GTL'a + § L1 )E
+@’Lra) s v B+ (8 L Byatvea), (4.7
AN = (@TL '@ B L F) — @TL B2, (4.8

where
52 = (@ @)(F s B). (4.9)

These expressions reduce to those in (4.2) under the 5-charge specialisation (4.1). Note
also that in the original 5-charge configuration (4.1), the charges satisfy the constraint

aTv, B =0, (4.10)

and that this continues to be true after filling out to 7 charges, as we have done by acting
with U(1)2.

8 Actually things are a bit more complicated. There are two further matrices that are invariant under
the U(1)? subgroup, namely K; and K> given by

iJg 0 0 iO’Q
K = Ko = 4.3
! ( O iO’Q) ’ 2 (’iUQ O ) ’ ( )

where o3 is the usual Pauli matrix. Note that K; and K> are antisymmetric. It turns out that by using
K = K, + K>, one can write the quantity ¥? that appears later in (4.15) as a manifest perfect square.
It then gets dressed up with asymptotic scalars once these are turned on. See later in this section for a
discussion of this point.
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Acting with U(1) € SL(2,R). The constraint (4.10) is removed once the 8th and final
charge is introduced. This is achieved by acting with the U(1) subgroup of the remaining
SL(2,R) S-duality symmetry. Its action on & and 3 is

a —a cosdJ—g sin), B — @& siny+ B3 cosyp, (4.11)
where o
an 2 = ——— 26"y +€T) . (4.12)
(@ vpad)— (B viB)
Thus we have
]. —-‘T - —’T d . 2 —‘T pd
00821/125(04 vid —f vy f), sin2y = ——-a v 8, (4.13)
where
=2 — (@Tved + G v f)? — 452, (4.14)
— — >T = — =
2= (@Tv@)(B v B)— (@ B)7 (4.15)

We now apply the transformation (4.11), with cos21 and sin 2y given by (4.13), to
the expressions (4.5)—(4.8) in order to add in the 8th charge. It is useful to note that for
any symmetric 4 x 4 matrix X we shall therefore have

aTxa —s %(&TX& +3 X B)+ 02(;() :

ETXE—>§(O7TX07 +ETXE)—G2(§), (4.16)

aTXF — 2 [@TX D)@ s d —F v ) - @ )@ X -5 X)),
where

GX)=(@"Xa -3 XF)@Tved —F vy B)+4@TXF)@Tvs f).  (417)

Note that G(vy) = Z2.
Applying these results in (4.5)—(4.8), we therefore find that the general 8-charge ex-
pressions of «, B, v and A are given by

2 =aTv,a+8 vy +2%, 4.18)

28 =alL'a+3 L3 +2%, (4.19)
20y = @TL '@ + 5 L F)S —2@TL F)@a v §)

@ L @) v B+ (B LT B )@ vy d), 4.20

1A= (@TL @) F L)~ @7 (4.21)

We may now observe that these 8-charge expressions may be written in a more compact
notation by introducing the SL(2,R)-valued 8-charge vector 7%, where

il=a, ©*=43. (4.22)
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We also introduce the SL(2, R)-invariant antisymmetric tensor e4p, with ;2 = 1, and the
Kronecker delta d,p, which is invariant only under the U(1) subgroup of SL(2,R). Using
these, the quantities «, 3, v and A in (4.18)—(4.21) may be rewritten as

TI/+’l7b+2Z,

a? = 6, T (4.23)
28 = 6 0°TL 15t 4+ 2%, (4.24)
20y = 8oy (TTLTTO) S + geepq (FTL7 100 (0T vy 7Y, (4.25)

(4.26)

8A = egeepg (TTL b)Y (7T L5,

where

1
2 aT b cT d
- ac . :
by EacEbd (V4 v TV) (T vy U9) (4.27)

Introducing the asymptotic scalars. This final step is achieved by acting with

the cosets O(2,2)/U(1)? and SL(2,RR)/U(1), appropriately parameterised in terms of the

asymptotic values of the scalar fields. This can be done by using a vielbein formulation for

both the O(2,2)/U(1)? scalar coset matrix and the SL(2,R)/U(1) scalar coset matrix.
For O(2,2)/U(1)2, the scalar matrix M given in (2.8) can be written as

(4.28)

E-'—-E1B
M=VT =
Viy, % (0 BT )

where E is the zweibein for the internal 2-torus metric G. Note that VIL='V = L=!. In
terms of indices we have

MY =y iy LV = LMy iy (4.29)

We shall then make the O(2,2)/U(1)? transformation F — (V1)1 F on the gauge fields,
which implies the transformations

a-—va, pf-—Vi, (4.30)

on the charges, where V denotes the asymptotic value of the scalar vielbein V. Since
VIL7'V = L and V'V = M, this means that the only change in the expres-
sions (4.18)—(4.27) will be that the matrix Iy in v, = I, + L™! will change to M, and so

Vy — [y, My = M + L_l . (4.31)

In a similar way, the scalars ® and ¥ enter the SL(2,R)/U(1) scalar coset in the form

1 -
P
N = é? <\I; 72 +e—4‘1>> , (4.32)

and this can be written in terms of a vielbein U = U as

] U (]
N=uTu, U= (eo . ) . (4.33)
e
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The components U%, of this matrix obey the SL(2,R) invariance condition

Uy eca = cap, (4.34)
while, contracted instead with 6.4, we have

UU% bca = Nay, (4.35)

where N, are the components of the SL(2,R)/U(1) scalar matrix (4.32). Thus if we
transform the electric and magnetic charges under the SL(2,R)/U(1) transformation

7Y — U T 4.36
b 5

where U%, is the scalar vielbein (4.33) with the scalars set equal to their asymptotic values,
then the only change in the expressions (4.23)—(4.26) and (4.27) will be that the Kronecker
delta 64, will be replaced by the corresponding SL(2,R)/U(1) scalar matrix N 4, where
the scalars in Ny defined in (4.32) are set equal to their asymptotic values.

Pulling together the threads of the previous discussion, if we act with O(2,2)/U(1)?
and SL(2,R)/U(1) coset elements to introduce asymptotic values for all the scalar fields,
the final expressions for the quantities «, 3, v and A given previously in (4.23)—(4.26) will

be given by
o = N0 p v+ %, (4.37)
8= %Na el L= g0 + %2, (4.38)
1= g N GTL ) S 4 caempa 0TL )@ s )], (459)
A= %5% eoa (T L E)(@T L 5 (4.40)
where
2 = %&zc eba (047 g %) (0T g 7). (4.41)

As was first observed in [3], the quartic invariant A does not depend on the values of the
asymptotic scalars.

Having obtained these general expressions in the heterotic formulation for the coefhi-
cients «, 3, v and A for static BPS black holes with eight independent charges and arbitrary
asymptotic values for the six scalar fields, it is instructive to compare them with the anal-
ogous expressions in the U-duality formulation, which we obtained in (3.13) and (3.10).
After making use of the mappings (2.42) and (2.40) between the charges @ and 3 of the
heterotic formulation and the charges (P?,Q;) of the U-duality formulation, and also the
mapping (2.37) between the scalar fields in the two formulations, it is straightforward to
verify that the two sets of expressions for «, 3, v and A agree.

There is, however, one respect in which the two sets of expressions for the constants
«, # and v ostensibly differ in the two formulations. In the U-duality formulation, the
SL(2,R)3-invariant expressions in (3.13) have the feature that a2, 3 and a-y are manifestly
polynomial in the eight charges. By contrast, in the heterotic formulation the corresponding
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0(2,2) x SL(2,R)-invariant expressions (4.37)-(4.39) for a?, 8 and a~y are not manifestly
polynomial in the eight charges, because they are written using X, which is defined via the
expression (4.41) for ¥2. In fact one finds that X2 defined in (4.41) turns out to be a perfect
square when one evaluates it, and so X is indeed a quadratic polynomial in the charges.
However, one cannot write X itself as a manifestly O(2,2) x SL(2, R)-invariant quadratic
polynomial in the charges and asymptotic scalars. The explanation for this phenomenon
turns out to be related to the observation made earlier, in footnote 8, namely that there
exists a three-dimensional vector space of matrices that are invariant under the U(1) x U(1)
subgroup of O(2,2) while being non-invariant under the full O(2,2) group.

As we proceeded through the steps described above, we first promoted the 5-charge
expressions for «, 3, v and A to 7-charge expressions. At that stage, we could have used
the U(1)%invariant matrix (4.3)

0101

~10-10
K=K +Ky= 4.49
1+ He 0101 (4.42)

—10-10
in order to write ¥ in (4.9) directly, unsquared, as
S=-a’Kj, (4.43)

as may readily be verified. This 7-charge expression can then be augmented to an 8-charge
expression by making the replacement (4.11), with ¢ given by (4.12). Because the matrix
K is antisymmetric, this replacement leaves (4.43) unchanged, and so in the 8-charge
expressions for a, 5, v and A in (4.18)—(4.21), the expression for ¥ following from (4.15)
can instead be replaced directly by the unsquared expression

y=-aTK§. (4.44)

Finally, when the asymptotic scalars are introduced by acting with the O(2,2)/U(1)? and
SL(2,R)/U(1) coset matrices (4.28) and (4.33) as we did previously, the expression (4.44)
for 3 will become

¥ = %eab 7*TPyb, (4.45)
where
P=VI'KV. (4.46)
Thus we have
Y= Kkt T)kl ng o 5]‘ = —(171i + Vgi)(T/Qj + ]74j)(047; 5]' —Qj 5,) . (4.47)

4.2 Scalar fields in the heterotic formulation

The derivation of the expressions for the scalar fields in the heterotic formulation proceeds
in an analogous fashion. Here, we shall just present the results for the (®, V) dilaton/axion
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pair, associated with the S-duality in the heterotic formalism. They are given in the 5-
charge special case (4.1) by

1
_ V(r)2 )
20
— U = 4.48
c D(r) D(r)’ (4.48)
where

D(r)y=r*+apr+Bp, (4.49)

with 1
ap=p'+p',  Bpo=pp",  G=ca@-ph). (4.50)

Asin the corresponding derivation in the U-duality formulation, we shall assume the asymp-
totic values of the scalar fields are all zero until the final stage in the calculation.

The augmentation to a 7-charge solution is accomplished by acting with the O(2)xO(2)
subgroup of the O(2,2) T-duality, and this results in expressions for a%,, Sp and § that
are O(2) x O(2) invariant:

—»T -

04D(7> P+ + @ +p") =8 v B,
Bpe = p'p® +p*p %5 L3,
Oy = —1[(191 — ) (@1 —a3) + (P* — p*) (@2 — qu)] = LT 3. (4.51)

4 2

These quantities are further augmented to 8-charge expressions by acting with the remain-
ing U(1) € SL(2,R) symmetry, with angle ¢ given by (4.12). Thus the right-hand-most
expressions in (4.51) are replaced according to the rules (4.16), leading to the 8-charge

expressions
1/, o 2T =
OL2D:§( TI/+OL —{—ﬁ I/+B—:4),
1 - -
Bp = 4(&%15 +3 LG - Z) (4.52)
17, 2 oTr-1- 2T _13 T 1 3\ . T
b= =@ B)@ L a - F L F) - @ L BT ved - § v B)),

— — >T = = 1 = 5 —

Ly a@Tved — B vy By + 4@t B vy B).
(4.53)

These expressions can be written more compactly in terms of the 8-component charge

vector U defined in (4.22), giving

1 L b =
o2 = §<5abvaTl/+vb —:) ,
_ 1 gaT 150 g
/BD - 4(6(16@ L~ E)a
1
0 = 5z baccra (7 oTr=1gbyweTy, v9), (4.54)
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with = and o given by

22 = (6 09 vy 0°)% — 492,

—

= (Oab Ocd — 2€ac €bd) (UaTV+ ﬁb)(v vy %),
0 = (6ab Ocd — 2eac ) (0 Ty 0°)(FT LT 57). (4.55)

Thus o%, Bp and § are all written for the general 8-charge configuration, in forms that are
manifestly invariant under the U(1)3 subgroup of the full O(2,2) x SL(2,R) duality group.

As in the analogous earlier discussion in the U-duality formulation, here the dila-
ton/axion pair (¢, V) transforms under the U(1) subgroup of the SL(2,R) S-duality group,
and so to obtain the expressions for ® and ¥ after the augmentation from the 5-charge
seed solution to the general 8-charge solution, we should transform these too, according
to (2.13) with a = d = cost and b = —¢ = sin ), where the U(1) angle is given by (4.12).
Thus, analogously to (3.45) the dilaton and axion will then be given by

e2% = Dg((:)) . U= %, (4.56)
where
) L[V (r)+ 62 .
C= D0 cos 2y — 2[;)(:)_2 — 1] sin 29,
1 V(r)+ 62 5 . 1 V(r) + 6°
D:z{l—i— IGE }_D(r) s1n2w+2[1—D(7‘)2} cos 21 . (4.57)

The function V(r) is given by the expression in (3.2) with the coefficients «, 3, v and
A given by (4.23)—(4.26); the function D(r) is given by (3.26) with the coefficients given
by (4.54); the coefficient ¢ is given also in (4.54); and the expressions for cos 2t and sin 2¢
are given, as in (4.13), by

2
o8 2t = = (8a1 Op1 — Ga2 Op2) T* v G, sin2p = = Ga1 62 7 1y 5. (4.58)

[1]

(Of course these last expressions should not be invariant under the U(1) subgroup of the
SL(2,R) S-duality, since 1 is the U(1) angle of the final rotation that introduced the
8th charge.)

Finally, the process of turning on non-vanishing asymptotic values for the scalar fields
can be accomplished by means of transformations under the [O(2,2) x SL(2,R)]/U(1)3
coset, as in section 4.1. This means that in all the expressions above one makes the
replacements

Vi — g, bay — N, (4.59)

where 1 is defined in eq. (4.31) and Ny, is obtained by setting ® and ¥ to their asymptotic
values ® and ¥ in (4.32). Note that d,; and d42 in (4.58) will be replaced by Ny and N g2
also. Finally, the dilaton/axion pair (®, V) will transform under the SL(2,R)/U(1) coset
also, undergoing the replacements

ey 228y e 2P (4.60)
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4.3 (Gauge fields for the 8-charge BPS black holes

Having obtained the expressions for the metric and the scalar fields, the form of the gauge
fields in the general 8-charge static BPS black hole solutions follow straightforwardly from
the gauge fields equations of motion.

In the heterotic formulation we find

. . 2¢ ..
F=p sinﬁdé?/\dgo—i—eﬁM” (aj — W By)dt Ndr. (4.61)

As may be verified, these expressions are consistent with the definitions of the electric and
magnetic charges in egs. (2.15) and (2.16).

5 Truncation to pairwise-equal charges

The STU supergravity theory admits a consistent truncation in which the four gauge fields
are set equal in pairs, and at the same time two of the dilaton/axion pairs are set to zero.
Because of the triality symmetry in the U-duality formulation, the three possible ways of
equating pairs of gauge fields are equivalent. We shall choose the pairing

Al =42 A=t (5.1)

in the theory described in section 2.3. It is straightforward to see that this truncation is
consistent provided that at the same time one sets

p2=p3=0, x2=x3=0. (5.2)
The entire bosonic Lagrangian then reduces to
1 1
Ly = R+l — §*d¢1 A dpp — §e2¢’1 sdy1 A dx1 (5.3)

624101

- —p1 1 1 1 11 _—p1 3 3 3 3
e [e sFYAFL 4y FLAFY — e 91 «F3 A F3 4y F3 A F3.

Note that this Lagrangian is invariant under the discrete symmetry

. 1
Al — A3, A3 — AL, T — ——, (5.4)
T1
where as usual 7 = x1 +ie” %1, that is,
»1 2¢1
e ‘ VN g ¢ L . (5.5)

(1+ X7 e*#1) (1+ X7 e*#1)

In the heterotic formulation, as can be seen from (2.38) and (2.39), the corresponding
truncation amounts to setting

Al = A3 A2 =A%, (5.6)

together, again, with
p2=p3=0, x2=x3=0. (5.7)
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The bosonic Lagrangian in the heterotic formulation, described in section 2.2, therefore
reduces to

1
Ly = Rl = 24d® N d® — S e'® 4d ¥ A dD
—e PP GFAF 4« PPAF) + U (F AF + FPAF?). (5.8)

The general static BPS black hole solutions in the truncated theory are obtained by
setting the charges associated with the corresponding pairs of equated fields to be equal
also. Thus in the U-duality formulation we set

P'=P*  Qi1=Qy, P*=P' Q3=Q;. (5.9)
In the heterotic formulation, this corresponds to setting
pr=r, o=@, pP=p, e=u. (5.10)

Not only is the STU theory greatly simplified in the pairwise-equal truncation of the fields,
as we saw above, but also the form of the black hole solutions becomes considerably simpler.
In particular, the quartic metric function V(r) (3.2) now becomes a perfect square, The
metric function V' in eq. (3.2) also becomes a perfect square:

2
V(r)= (r2 + %ar + A1/2) ; (5.11)

with « and A now given by

a=2/(PL+ P32+ (Qi+Qs)?,  A=(P'P+QiQs)°. (5.12)

(For simplicity, we first consider the case where the asymptotic values of the scalar fields
are taken to be zero here.)

The scalar fields (¢1,x1) themselves can be read off from egs. (3.49) and (3.50), to-
gether with the triality-related expressions for (2, x2) and (@3, x3) as detailed in (3.62)
and (3.63), after making the pairwise-equal specialisation (5.9). These latter expressions
reproduce the vanishing of the (y2, x2) and (g3, x3) as in (5.7), and the former give (3.49)

2 4+ by + by car—+co
= ————— X1= 57 .1
r2+dir+dy’ r2+bir+by’
4
bi=— [P (P'+ P°)+ Qi (@ +Qs), bo = (P)? + (Q1)?,
4
Clza(PlQl_P3Q3)a co =P Q- PQs,
1
dlzia, d0:P1P3+Q1Q3. (513)

It is worth noting that the asymmetry of the expressions for ¢ and x; with respect to
exchanging (P!, Q1) and (P2, Q3), because of the asymmetry of b; and by given in (5.13),
is in fact precisely consistent with the exchange symmetry of the pairwise-equal truncation
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of the STU theory. This symmetry is given in (5.4). One may verify that the scalar fields
@1 and x1 given in (5.13) have the property that

e¥l P+ dyr 4 do X1 e2#1 _ c1r+ ¢ (5.14)

(1+x3e21)  r24eir+ey’ (1+xFe2)  r24+eir+ey’

where

e = 3 [Pl (P*+ P34+ Q3(Q1 + Qg)} , eo = (PN +(Q3)°, (5.15)

and so indeed the pairwise-equal solution is compatible with the exchange symmetry given
by (5.5).

If the asymptotic values of the scalar fields are taken to be non-vanishing, ¢1 — @1 and
X1 — X1, it is straightforward to check using the results in section 3.2 that the constants
b1, by, c1 and ¢ in (5.13) are replaced by

b= {e-w (P2 + Q2 + P' PP + Q1 Qs + 1 (P Q1 — PP Qs)

Fa e [Py = P Qu+ g (P2 + (P2 + G + Q3] }.
by = P (PR + QF)+ T (P @1 — P2 Qu)

e [PHQu— PP Qut i (P2 + (P2 + Q3 + QR

2
e = S [PrQi- PPs+ e (P + @3],
= PIQI*P3Q3+X16¢1 [(P1)2+Q§] (516)

Note that by = % (b + P P3 +Q1Q3), and c; = %co. The quantity « is now given by

o = 4e? [(P'+ 31 Q)% + (@ — %1 PP +8(P' PP + Q1 Qy)
+4e=? [(PP)? + Q7). (5.17)

Finally, the scalar fields ¢; and x; themselves should be transformed, as in eq. (3.61).

6 Symmetry transformations and asymptotic scalars

In this section, we shall address a conformal transformation for BPS black holes, studied
in [11], in the context of STU theory. In order to study the conformal transformation,
we need to go outside the approach of the rest of this paper, and adopt the pre-potential
formalism studied in [18, 19]. In [19], the authors discuss various stationary solutions of
D = 4, N = 2 supergravity, among which the one with pre-potential

X1x2x3

= (6.1)

F(XT) =

is of interest to us. The resulting theory, as we shall see later, corresponds to STU super-
gravity in the 341 formulation that we discussed in section 2.5.
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Let us consider a Kéhler manifold with Kéhler potential given by
K = —log[i (XTW; — XTW)] (6.2)

where X1 and W;,? are related to the “holomorphic section” of the underlying Kihler

X! k(L'
5)--+(4)

L[
where (M > constitute the “holomorphic section”. The four quantities, W7, are evaluated
I

manifold via the usual definition

from the pre-potential mentioned in (6.1) using the definition: W = % Physical scalars
zA, A = 1,2, 3, which parameterise the Kéhler manifold, are given in terms of X' functions
as follows A

A= Yo A=123 (6.4)

It can be shown that the metric function of the 8-charge static BPS black hole should
be related to the Kéhler potential (since the metric has to be duality invariant, it should be
related to a similar duality invariant quantity in special geometry), and X', W and their
complex conjugates should be given by harmonic functions. These are made to ensure that
the bosonic solutions are supersymmetric (i.e. solutions which render the supersymmetry
variations 01/, and §A? equal to zero). We refer to [19] for detailed results.

eV = K = i (XTw; — XTWyp),

B _ _ B I
i(XT — X7y =H' where HI:hI—I—p—,
r
i(W[ — W]) = H;, where H;=hr+ ﬂ (6.5)
T

Here h! and h; are integration constants, while ¢; and p! are the electric and magnetic
charges. Using (6.4) and (6.5), the metric and scalar fields are expressed in terms of the
harmonic functions below,

(2B4HA — B'Hy) —ie™2

A = S— - , A=1,23,
(dABCHBHC + 2H0HA)

1
—4U
= —V
e aV(r)
= —(H'H})? + (dapcHPHC d*PP Hp HE)
+4HH\HyHs —AHy H' H?H? . (6.6)

dapc is the “symmetrised € tensor,” dapc = |eapc], so

d123 = 1 = do13 = (any permutation of 1,2,3 indices) . (6.7)

W7 is denoted as Fr in most of the literature dealing with supergravity and special geometry, however
we choose not to use the notation Fr to avoid confusion with field strength.
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Towards the end of this section we shall relate the charges, scalar fields and the metric men-
tioned in the above equation to those in the U-duality formulation, via the 3+1 formulation
discussed in section 2.5.

Not all the eight constants h; and h! are independent; they are constrained by two
conditions. Since the metric is asymptotically flat, we have the constraint

1= —(fLIh])2 + (dABC BBiLCdADE hDhE)
+ 4 hOhyhohs — 4 ho K R2R® (6.8)

The other constraint is [18]
hqr—hip' =0, (6.9)

which arises from a more fundamental requirement of special geometry:

LI

(V,DaV) =0, where V = (MI

) , DAEaA—i-%(aAK), (6.10)
where 94 = 0/0z*. The angular bracket denotes the inner product with respect to the
symplectic metric. We again refer to [18, 19] for details. Thus only six out of the eight
integration constants A/ and h; are independent.

We now have all the necessary ingredients for discussing the conformal inversion of the
static 8-charge BPS metric. Since the metric is in general is parameterised by eight charges
and the asymptotic values of the six scalar fields, the conformal inversion transforms the
charges and the asymptotic values of the scalars into a new set of charges and asymptotic
scalar values in the conformally rescaled metric (see, for example, section 4 in [9]). Although
it is relatively easy to find the relations between constants «, S, v and A appearing in
the metric function V(r) in section 3.1 and those in the conformally rescaled metric, it
is quite difficult to find the relation between original and the transformed charges and
scalars. It is nonetheless possible to circumvent this difficulty by viewing the metric as
being parameterised by qr, p’, hr, and h!. It should again be emphasised that out of these
sixteen parameters, only fourteen (i.e. eight charges and six out of the eight h; and h!
constants) are independent, thus giving us the same number of parameters as we have
when the metric is written in terms of the eight charges and the asymptotic values of the
six scalars. Following [11], if we implement the transformation

hr hi _1(qr qr qr 1 (hy
(BI>—> 21 =A 4<p1 , o — i = A1 i (6.11)

together with r — # = VA /7, it is easy to check that we obtain the correct conformally

rescaled metric, namely

VA

7@2

V(r) = =V(#), ds* ds”

. 72 V(7
ds’ = —— 1 _aq® ¢ ) (di* 4 7#2dQ?) (6.12)

~ f.‘2
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N ~ al
where V (7) is obtained from the second equation in (6.6) by replacing H! and H; by H

N .y i
and Hy, with H =h +p' /7, ete.'0
It is now instructive to see what happens to the asymptotic values of the scalar fields
under these transformations. Under the transformations in (6.11),

AT ~
i HI -

}‘A[ =r A_i (H ) , @_2U = TZA_%e_QU . (613)
H[ 1

According to (6.6), this implies for scalars that
21 L ~
214 (fuql)ﬁl7h 7h1> = ZA (Tv anpIahI7hl> . (614)

Thus the functional form of the scalar fields remain unchanged under the conformal trans-
formation. This implies that

lim 24 = (2}~LAh~A _ Blhlz_i = lim 24 = QﬁAQA — Pl i V', ar)
= dapc hBhC + 20Ky =0 dapc PPpC +2p°4a

., (6.15)

where f/(ﬁl ,qr) is the metric function at the horizon after inversion, which can be obtained
by the replacements H! = p! and H; — §; in the lower equation in (6.6). In other words,
the above equation implies that the asymptotic values of the scalar fields in the original
metric map to the values of the fields at the horizon of the transformed metric.

It is important to distinguish this property of the scalar fields undergoing conformal
inversion from that considered in [9]. In [9], the asymptotic values of the scalar fields were
taken to be zero in the static black hole solution of STU supergravity, and it was mandated
that after the conformal inversion the metric should again be an 8-charge solution with
vanishing asymptotic values for the scalar fields. By contrast, in the present discussion, if
we start with zero asymptotic values for the scalar fields, we will end up with the scalar fields
becoming zero at the horizon of the inverted metric, but at spatial infinity the scalar fields
will be non-zero. Therefore, the type of transformation considered in (6.11) clearly does not
satisfy the requirements of the conformal inversion discussed in [9], which involved mapping
any member of the restricted 8-parameter class of charged black holes with vanishing
asymptotic scalars to another member of this 8-parameter class. Instead it provides an
alternative way of implementing the inversion, describing a mapping from any member of
the 14-parameter general class of black hole solutions to another member of the class.

Although we have in principle demonstrated the effect that the conformal inversion
has on the metric, the charges, the constants h!, hy, and the scalars, the discussion might
appear abstract to some degree since no real connection has been made between a particular
theory and the particular pre-potential considered in (6.1). To establish that connection,

Tn [11] and in [9] the quantities after the conformal inversion were denoted using tildes. Here, we
are instead using hats to denote the conformally-inverted quantities, reserving tildes for the functions
H" = h' + p’ /r in the notation of [19].
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we need to look at two equations which arise as a consequence of holomorphicity of the
section (L, M7) of the underlying Kihler manifold, namely,

Wr =N X7, DaW; = N1yDaX’, (6.16)

where N7 is the complex matrix describing the coupling of the scalars to the field strengths
(see below). Here Dy = 04+ (04K) is the appropriate covariant derivative with the Kéhler
connection. Note that the change of the coefficient of the (04 K) term from % in eq. (6.10)
to 1 here is because the different weights of the differentiands with respect to K, as can be
seen in eq. (6.3).

Since we know the relation between X4 and the scalars z4

via (6.4), it is possible to
solve the (4 + 12) = 16 conditions coming from (6.16) to determine N7 in terms of z4.
The gauge field part of the Lagrangian in the 341 formulation considered in section 2.5
has this structure, and if we choose

A=y —iePA (6.17)
then it is straightforward to see that the Lagrangian in (2.45) becomes
L=R+L(p ) — %%(NU) cFIAF) 4 %?R(NU)FI AFY (6.18)
where scalar kinetic terms are given by

_ 1 /3
L(p,X) = —2g 45 * dz NdZP = ) <Z xdp; A dp; + ¢ % dx; A d)@) ,  (6.19)

i=1
with Japg = 8A63 K.
Finally, the metric considered in (6.6) as a general function of H! and H; can be shown
to be equal to the static 8-charge metric in the U-duality formulation upon relating the
charges in this section to the charges of U-duality frame via the mapping!!

PA
pA:%7 CIA:?/%a A:17273
0o_ @ s

P =5 = (6.20)

Note that it would also be natural, when mapping from the (3+1) formulation of STU
supergravity used in [19] to the U-duality formulation, to relabel the constants hY and hg
in the same way as p” and qg are relabelled in (6.20):

O =hy,  ho=—h*. (6.21)
Thus the functions H’ and H; with I = 0,1,2,3 would also now be defined instead for
1=1,2,3,4, with
P! Qr
) Hr=nh + )
V2r T ey

"The field strengths Fprs) in [19] are normalised differently from ours, with FizLs) = 1/(2v/2) F. The
Lagrangian (6.18) is written in terms of our convention for the field strength normalisation. Comparison of

H =1l + I1=1,2,3.4. (6.22)

the expressions for the fields in the black hole solutions in [19] with our expressions leads to the relations
in eq. (6.20).
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Although we have given a way to write the metric in terms of the constants A, h; and
the charges, and shown how these should transform under conformal inversion, it should
be emphasised that the quantities 2! and h; are not all physical and independent. In order
to evaluate them in terms of physical charges and asymptotic scalar values, we need to use
the first equation in (6.6). Keeping in mind the equation (6.4), we could write six equations
for h! and h I:

0= QFLAhA—}NLIh]—i— (dABciLBFLC—i-QiLOhA) XA, A=1,2,3.
fa = dapchPh® + 20°hy, A=1,2,3, (6.23)

where x4 and f4 = e%4 are the asymptotic values of the scalars. These six equations,
along with (6.8) and (6.9), enable us to solve for the eight constants, giving

- - - b ~ b
hO:a7 hlz—a7 —'——’ h2:—a7 +77 h3__a "‘7
X1 f1 X2 7 X3 73
o X1 X2 X3 1 X2X3 o X1X3 . X1X2
ho = —a ( - — - ) - < + + + > )
0 XS 8 T B A fifafs T h 2 fs

= (g rwn) +0 (5+3)
ho = a <f1f3+X1X3) <f1+>;§)

ta = (g +van) +o (43 (624
where a and b are given by
_Vhlfs D, - Viifafs Dy (6.25)
V2 /D2y D2’ V2 /D24 D2
and

Dy = qs+ fife (Q1 — X2P® — X3P” — X2 X3 Q4) + f1f3 ((JQ —x1P° — X3P" — X1X3 Q4>
+f1f2 <Q3 —X1P° — X2P" — X1 X2 Q4> ;

Dy, = fifafs (p4 X1+ X2q2+ X303 — X2 X3P — X1X3P” — X1X2P” — X1 X2 X3 Q4)
+f1 (pl + X1 Q4) + fa (p2 + X2 Q4> + f3 (p3 + X3 Q4) : (6.26)

Note that in the special case where the asymptotic values of the scalar fields ¢; and x; are
taken to vanish, the A/ and h; constants become simply

L= h2 = 3= pt = > P’
V2 (S, P12+ (2,(Qu)?

hy =hy = hg = hy = 21 Q1 (6.27)
V(S5 P+ (5@

(after the change to the U-duality notation in (6.21)).
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Plugging the solutions (6.24) into the metric in (6.6), along with the mapping (6.20),
one can show that the metric is indeed equal to the static metric of the U-duality formula-
tion (it is most easily done when the asymptotic scalars are set to zero). These voluminous
but symmetric equations enable one to find the eight constants 4! and h; in terms of
the eight charges and the asymptotic values of the six scalars. One can think of this as
an “initial value” assignment for the eight Al and h; constants, prior to the inversion.
One could then formulate the inversion problem entirely in terms of these constants and
charges, forgetting about the scalars. It is always possible, after inversion, to re-express:
I) the transformed charges in terms of original charges and scalars using (6.11) and the
aforementioned equations, and II) the transformed scalars in terms of the original charges
and asymptotic values of the original scalars using (6.6), after expressing (6.6) in terms
of “hatted” quantities. The latter, as we have already shown, turn out to be equal to the
original set of scalars.

7 Concluding remarks and outlook

Studies of BPS black holes in four-dimensional ungauged supergravity theories, such as
the extremal STU black holes of the N = 2 supergravity theory coupled to three vector
supermultiplets, have been a subject of intense research ever since their discovery [3, 5]. The
study of their properties attracted extensive efforts over years, with recent ones focusing
on their enhanced symmetries, such as Aretakis and Newman-Penrose charges [8, 20], and
Couch-Torrence-type symmetries [9]. It is important to note that these features of extremal
STU black holes stem from and are closely related to those of extremal Reissner-Nordstrom
and Kerr-Newman black holes of Maxwell-Einstein gravity, these are a special case of STU
black holes. The STU BPS black holes are fourteen-parameter solutions, specified by four
electric and four magnetic charges, and by the asymptotic values of the six scalar fields.

In the past, most analyses focused on the BPS black holes where the asymptotic values
of scalar fields were taken to be their canonical zero values. The explicit form of such black
holes was constructed in [3], in the heterotic formulation, and the analogous process was
employed recently in [9] to construct the eight-charge solutions in the U-duality formulation
of STU supergravity. In [10], all attractor flows for BPS and non-BPS black holes were
described in full generality in the STU symplectic frame.

One of the main purposes of the present paper was to derive systematically the full
explicit solutions, both in the U-duality and the heterotic frames, in sections 3 and 4 re-
spectively.'? The solutions are specified by coefficients in the functions giving the metric
and scalar fields that are expressed in terms of manifestly covariant U-duality or heterotic-
duality quantities. In section 5 we also presented BPS black hole solutions of the consis-
tently truncated STU supergravity obtained by equating the four electromagnetic fields in
pairs and at the same time setting four of the six scalar fields to zero. This supergravity
theory, with two gauge fields and one complex (axion-dilaton) scalar field, and its black

!2Tn [3] explicit results for the mass and the horizon area of these black holes in the heterotic frame were
obtained. This analysis showed that the horizon area, and thus the Bekenstein entropy, is independent of
the asymptotic values of the scalar fields.

— 38 —



hole solutions, are significantly simplified, and are well suited to further explicit studies.
In section 6 we made use of some of the general results we obtained in order to discuss in
detail a conformal inversion symmetry of the BPS black hole solutions.

The new results we have obtained immediately lend themselves to study further sym-
metry structures of these generalised solutions, such as generalisations of the conformal
inversion symmetries of the Couch-Torrence type. For that purpose, in section 6, we con-
sider the eight-charge static BPS black holes [19], formulated in the description of the
theory in terms of the Kéhler geometry of the scalar manifold [16]. In this formulation
the BPS black hole solutions are expressed in terms of eight harmonic functions, subject
to two constraints [18] and thus, again, the solution is specified in terms of fourteen pa-
rameters. We employed a transformation, discussed in [11], by acting with an inversion of
the radial coordinate, which, together with a conformal rescaling of the metric, maps the
horizon to infinity and vice versa. As we also obtained the explicit map of the black hole
solutions in this formulation to those in the U-duality frame, we can show how any member
of the general fourteen-parameter family of static BPS black holes (characterised by the
eight charges and six asymptotic scalar values) is mapped by this conformal inversion to
another member of the family. This type of conformal inversion is different from, although
closely related to, the one considered in [8, 9], where the asymptotic values of scalar fields
remained unchanged (actually, always set to zero) under the inversion.

The conformal inversion symmetries of extremal black holes have been used previously
to relate the conserved charges on the future horizon to conserved Newman-Penrose charges
at infinity. The conserved charges on the horizon have been shown to imply the existence
of certain kinds of instability, associated with growing modes of scalar or gravitational
perturbations at large time v on the future horizon (for a discussion of some of these issues,
see, for example, [7, 21, 22]). On the face of it such instabilities might seem to be at odds
with the fact that the black hole backgrounds under consideration are extremal, obeying
BPS conditions. However, it should be recalled that in a theory of gravity, as opposed to
the situation in a flat-space Yang-Mills/Higgs theory, one cannot in general turn a surface
integral at infinity (related to the mass) into an integral over positive-definite invariants
in the interior. Indeed, counter-examples have been discussed in the literature, such as
the instability even of Minkowski spacetime to the formation of black holes from ingoing
finite-energy gravitational radiation. Some discussion of related issues can be found, for
example, in [7, 23].

Building on technical advances presented in this paper, we foresee a number of impor-
tant future research directions. First of all, black hole solutions of the STU supergravity
have in principle an immediate generalisation to black holes of maximally supersymmet-
ric ungauged supergravity theories, i.e. the N/ = 8 and the N' = 4 supergravities of the
toroidally compactified effective Type II and heterotic superstring theories, respectively. In
particular, we expect that the BPS solution of N' = 4 supergravity with O(6,22) T-duality
symmetry and SL(2,R) S-duality symmetry (at the level of the equations of motion) can
be obtained in a straightforward way by acting on the STU black hole with a subset of
the global symmetry generators in the heterotic frame. The final solution will then be pa-
rameterised by 28 electric and 28 magnetic charges, and the asymptotic values of the 134
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scalar fields in the coset of O(6,22)/[0(6) x O(22)] x SL(2,R)/U(1). It is expected that the
final result should represent a straightforward generalisation of the resulting section 4, with
charge vectors @ and 5 characterising the 28 electric and 28 magnetic charges, respectively,
the matrix L now denoting the O(6,22) invariant matrix, and the matrix p4 parameteris-
ing the corresponding asymptotic values of 132 scalar fields in the O(6,22)/[O0(6) x O(22)]
coset. (Note again, that in this case the mass and the horizon area were obtained in [3].)
On the other hand, N = 8 supergravity has an E;; U-duality symmetry, and the general
BPS black hole solution can in principle be generated by acting on the STU black hole
solution with a subset of E7 7 generators. It would be of great interest to obtain the explicit
form of the full BPS black hole solution in terms of manifestly E7 7-covariant coefficients.

Another important application is to focus on black hole properties as a function of
the asymptotic values of the scalar fields, which in effective string theory specify the mod-
uli of the corresponding string compactification. The explicit expressions obtained in this
paper would allow us to employ these black holes for studies of various so-called swamp-
land conjectures [24-26]. In particular, we plan to explore the implications of these black
holes for the swampland distance conjecture [25], and its connection to the weak gravity
conjecture [26]. (The swampland distance conjecture argues that as one moves toward
the boundary of moduli space, there appears an infinite tower of states with masses ap-
proaching zero exponentially as a function of the traversed distance. The weak gravity
conjecture argues that in any consistent quantum gravity there must exist a particle whose
charge-to-mass ratio equals or exceeds the extremality bound for black hole solutions of
that theory.) For recent work, tying together the two conjectures via special examples of
BPS black holes, see [27] and references therein. We would also like to emphasise that since
the BPS black hole solutions presented in this paper account for both electric and mag-
netic charges, they would allow for probing non-perturbative effects in the moduli space of
string compactifications, such as the appearance of light /massless dyonic BPS states in the
middle of moduli space, where they could signify, for example, the appearance of enhanced
gauge symmetry and/or supersymmetry (cf., [28]).
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A  Kaluza-Klein T2 reduction from six dimensions

Using the notation and conventions of [29, 30], the T? reduction of the six-dimensional
Lagrangian (2.1) is accomplished by means of the reduction ansétze

dgg = e%(%-ﬁ-%) dsi + e‘%(%-ﬁ-@a) {e—iﬁz (hl)Z + 2 (hQ)Q] ’ (A.1)

B(g) = B(g) + A(l)l A le + A(1)2 A\ dZ2 — A(0>12 le A d22 y (A2)
A 1

= — , A3

o NG (o1 — ¥3) (A.3)
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where
Wh=da' + AL+ Al dz®, WP =d+ A (A.4)
and (2!, 2%) are the coordinates on the internal 2-torus. The six-dimensional 3-form field

strength is then given by
ﬂ—(3) - dB(Q) - H(3) + F(Q)l /\ h,l + F(2)2 /\ h2 - F(1)12 hl /\ h2 5 (A5)

with the four-dimensional field strengths H), Fi2)1, Fla)2 and Fiy)12 being read off by
substituting (A.2) into (A.5). It turns out to be advantageous to make redefinitions of
certain of the potentials in order to obtain the four-dimensional theory in a parameterisation
in which the axionic scalars A(IO)Q from the metric and A2 from the E(z) field occur
without derivatives in their couplings to the vector fields. Thus we define primed potentials
as follows

1 1 1 1/ 1 2
A(1>1 = AE1)1 + A(0)2 ) A(1>2 = A21)2 + A(0)12 A(1) ) A(1) = -/4(1) + A(0)2 A(1) . (A-G)

/

We also define a primed potential B,

for the four-dimensional 3-form H ;) via
By = By + A2 Al A A% (A7)
The four-dimensional dressed field strengths are now given by
1 gl 1 2 2 142
Foy = dAGy + A dAG),  Fo =dAG,,
Fopn = dA )y — A2 dA?
Fap = dA 5+ A2 d AL, — AL o dAL |+ ALy Ao dAZ)
/
Hgy = dB(,, — dAj) AN AL — dAj s AAT (A.8)

In this form, after then dualising the 2-form potential B, to an axion, the bosonic STU
supergravity Lagrangian was presented in [31].
In this paper we shall denote the four gauge potentials by (A1, As, A3, A*), with

~ , -
A=A, A=A, A=A, A=A, (A.9)

We also define the axions X and y3 by
%2 = _A(IO)Q ) X3 = A(0)12 . (AlO)

(The tildes are placed on the potentials Ay and A, to signify that these are the fields that
we shall dualise when passing to the U-duality formulation of the STU supergravity. The
tildes on Y2, and on Py earlier, are used because we are reserving the symbols x2 and @ for
redefined fields we shall be using later.) The four-dimensional Lagrangian is then given by

1 1 1 1 ,-
L =Rx1—- §*d<p1 Adpp — 562“01 xdx1 A dy1 — i*dgég A dpy — 562“"2 xdxa N dX2
1 1 _
—i*dgﬁl AN dsD]_ - 56 21 *dH(3> AN dH(3)
1 - =~ =~ - = =
——e A1 [6@2_“’3 *Fy ANFy+e P28 4Fy ATy

2
e P 4 FP AT 4 eP2tes 1A FY (A.11)
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where 151 = dﬁl, F’g = dﬁg, F3 = dA3 and F* = dA* are the “raw” field strengths,

1%12151—)?21[73, szﬁQ—X?)FS,
P =F? F'=F'4 sy + xoa Iy — Yo x3 F?, (A.12)

are the “dressed” field strengths appearing in the kinetic terms in (A.11), and

Hyy = dBl, — Ay AdAy — A3 N dA* . (A.13)

Finally, we may dualise the 2-form potential B&) to an axion 1 by adding a Lagrangian

multiplier term x; (dH s + F1 A Fy + F3 A F4) to (A.11), treating Hs as an independent
field, and substituting its equation of motion H s, = —e?#! xdy; back into the Lagrangian.
This gives the bosonic STU supergravity Lagrangian in the form

1 1 1.,
L= Ril=3 3 (sdpi Adipi + € sy A i) =SBy A dipz — S22 xd¥a A ds
i=1,3

1 - =~ =~ - =~ =~
—56_501 [6902_903 *F1 N\ Fq+ e P2tes xFo A Fo (A14)

e P2 TN FC 4 eP2tes 4 /\Fﬂ +x1 (FLAFy+ FPAFY).
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