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1 Introduction

Superstrata have provided some of the most remarkable and broad families of microstate
geometries. They approximate the exterior regions of black-holes to high precision, and yet
cap off smoothly, at arbitrarily high red-shift, yielding smooth, BPS horizonless geometries.
What makes superstrata all the more remarkable is that they have a precisely-known
holographic dictionary in which the magnetic fluxes that support the superstrata can be
directly related to coherent excitations in the dual conformal field theory. Indeed, this
holographic dictionary has undergone highly non-trivial tests using precision holography
in which the structure of the supergravity background has been checked against correlation
functions in the CFT.

To date, the known superstrata are all supersymmetric, or BPS, and one of the cur-
rent major priorities of the microstate geometry programme is to obtain non-extremal
superstrata. A priori, this seems an impossible challenge. Superstrata are constructed in
six-dimensional supergravity, and even the simplest of BPS superstrata depend on four
variables, and the most general depend on five variables. It is, therefore, to be expected
that non-trivial, non-extremal superstrata will be time-dependent and so will depend on,
at least, five variables. One can, of course, try to find such solutions in perturbation theory,
but to go beyond this, and find more generic, non-extremal superstrata would seem to be
out of reach of even the most advanced numerical methods.

However, a new family of consistent truncations [1] has shown how to reduce a non-
trivial “superstratum” sector of six-dimensional (1, 0) supergravity, to a family of gauged su-
pergravities in three-dimensions. This provides a promising new approach to the challenge
of finding non-extremal superstrata, and may well lead to a breakthrough in the near future.

There are many examples in which gauged supergravity in low dimensions represent
consistent truncations of higher dimensional supergravity theories. A consistent truncation
is much more than having a low-dimensional effective field theory: a consistent truncation
means that solving the dynamics in the lower dimension provides an ezact solution to
the higher dimensional theory. This means that any dependence of a solution on the
compactification manifold is handled through the machinery of the consistent truncation
and does not need to be solved directly. A consistent truncation can therefore dramatically
simplify the BPS equations and, even more importantly, the equations of motion.

The “heavy lifting” in establishing a consistent truncation is to prove the “uplift for-
mulae”, which show how all the fields of the higher dimensional theory can be fully re-
constructed from the fields of the lower dimensional theory. This often means that some
extremely complicated solutions of the higher-dimensional supergravity, that generically
depend on many variables, can actually be encoded in far simpler solutions, involving
fewer variables, in the lower-dimensional theory. There is now a forty-year history of
studying consistent truncations on sphere compactifications, and slowly, but surely, the
uplift formulae have been obtained and proven. Over the last 20 years, consistent trunca-
tion and gauged supergravity methods have found extensive applications in the analysis of
holographic field theory.

This paper focussed on the consistent truncation of particular (1,0) and (2,0) super-
gravities in six dimensions that are compactified on S3 down to families of three-dimensional



gauged supergravities. There is an extensive literature on such consistent truncations but
the consistent truncations of six-dimensional (1,0) supergravity coupled to two (or more)
anti-self-dual tensor multiplets was only recently established [1]. It is precisely this family
of six-dimensional supergravities that can capture the smooth geometries of superstrata:
at least two anti-self-dual tensor multiplets are essential to having smooth geometries, and
to capturing the dual description of correlators in the holographic field theory.

The significance of this consistent truncation is that it shows how particular families
of BPS superstrata, depending on four variables in six dimensions, reduce to a three-
dimensional solution that depends on only two variables. Moreover, it is also evident that
the three-dimensional theory can encode the collisions of BPS and anti-BPS superstratum
waves, and thus have the potential to capture a whole range of non-extremal, non-BPS
microstate geometries. As a result, such non-extremal solutions could be described in terms
of functions of, at most, three variables. Apart from the dramatic simplification afforded by
such a truncation, it also brings the problem within striking distance of numerical methods.
As an added bonus, we also know the precise holographic dictionary for such solutions and
can therefore study, and thoroughly test, such a collision of superstratum waves in the
dual CFT.

Before attempting this ambitious programme on non-extremal superstrata, it is essen-
tial to study the relevant three-dimensional supergravities and lay out all their structural
features, and thoroughly test the results of [1]. In [1], it was shown how two highly-non-
trivial families of superstrata can be reduced to a complete description in terms of gauged
supergravity in three dimensions. The uplift formulae were also obtained in [1], and were
extensively tested against the six-dimensional equations of motion using numerical meth-
ods. In this paper we make a detailed analytical study of the BPS equations and show how
they do indeed give rise to non-trivial families of BPS superstrata.

The results of [1], and the work we will describe here, rests on a remarkable body of
earlier work on gauged three-dimensional supergravities and upon the consistent trunca-
tions of other six-dimensional supergravities. A thorough survey of this literature would
take us far afield, but in this paper we have drawn heavily upon [2-9]. The results in [8, 9]
describe the consistent truncation of (1,0) supergravity coupled to only one anti-self-dual
tensor multiplet and so this was an immensely valuable guide to the construction in [1].!
Here we are focussing on the supersymmetries in three dimensions, and for this we make
extensive use of [4-7].

There is about a 15-year gap between the work on supersymmetry in three dimensions
and the more recent work on consistent truncation. In that time there has been a major
evolution in the construction, expression and conventions underpinning the results in three
and six dimensions. One of the other purposes of this paper is to “bridge the 15-year gulf,”
and provide a direct translation between these two eras in supergravity. It turns out that
there are many and varied, explicit and implicit, choices of convention in the three or four
primary sources for this paper. Part of our task will be to lay out every aspect of this

!The work in [1] made a lot of non-trivial tests of the uplift formulae of [9] and this led to some minor
corrections and clarifications.



as a foundation for future work. In what we hope will be a useful public service, we will
carefully catalogue all the essential details.

Quite apart from the motivation of superstrata, the paper is also an analysis of BPS
solutions in a particular three-dimensional gauged supergravity theory. Some supersym-
metric solutions of these supergravity theories have been found and analyzed. However,
to date, such BPS solutions have typically been the simple AdSs vacua or singular black
strings [10]. From the perspective of three-dimensional supergravity, the BPS solutions
we present here are remarkable: they represent extremely rich families of smooth, capped
BTZ geometries. This should be no surprise because they are superstrata, but from the
three-dimensional perspective they represent a rather dramatic evolution.

It is also very interesting to see everything that goes into the three-dimensional BPS
solutions. Indeed they seem to exploit the full range of options: (i) Simple projections of the
supersymmetries of the “parent theory,” (ii) holomorphy of the scalar fields; (iii) twisting
spin connections with gauge fields and (iv) highly non-trivial use of the Chern-Simons
structure.

We will begin in section 2 with a review of the relevant three-dimensional gauged su-
pergravities. We start with the A’=8 theory, with 16 supersymmetries, that underlies the
D1-D5 system at its “self-dual” point. We do this because the details of the supersymme-
tries of this model were established 20 years ago in [5]. We then discuss the truncation to
the A/ =4 theory, with eight supersymmetries that underlies the more recent work [1, 8, 9]
of more direct relevance to superstrata. We then catalogue all the essential parts of the
action. For those in a hurry, and for later convenience, we have provided “executive sum-
maries” of the action in section 2.7 and of the BPS equations in section 2.8.

In section 3 we first summarize the results of [1] that give the three-dimensional de-
scription of the “(1,m,n) superstrata.” We then use this data to compute all the details of
the three-dimensional fields that appear in the BPS equations. We also make some gauge
transformations that simplify the general solution found in [1].

Section 4 contains a summary of the conditions that we need to impose on the spinors
and the fields so as to solve the BPS equations. We do indeed find that the three-
dimensional solutions have four supersymmetries as do the original superstrata. Section 5
contains an analysis of the BPS equations for the smaller class of (1,0,n) superstrata in
three dimensions and in section 6 we perform the BPS analysis for the three-dimensional
formulation of the generic (1,m,n) superstrata. As we will see in section 6, the analysis of
the simpler superstrata in section 5 plays an essential role in the more general analysis.

Finally, we makes some concluding remarks in section 7, and some technical details
have been put in an appendix.

2 Three-dimensional supergravity theories

Our purpose here is to give a full and complete description of the three-dimensional gauged
supergravity and its supersymmetries. It is also to provide a translation between the
supergravity theory in which the supersymmetries were analyzed [5, 11] and the more recent
discussions that involve the purely bosonic actions [1, 8, 9] for which the uplift formulae



have been derived. All of these references use different conventions and, in testing the
supersymmetry, a significant effort goes into making the translation between the various
formulations. We will therefore try to spell out many of the explicit details.

Initially, we will work with the A'=8 (16 supersymmetries) theory that was analyzed
n [5]. The theory we ultimately seek to analyze is the N'=4 (8 supersymmetries) theory
that underlies the D1-D5 system and that was used in [1, 8, 9]. We will show how this
theory is a truncation of the larger theory of [5].

2.1 A summary of notation and conventions
2.1.1 Group theory

We are going to be working with the group G = SO(8,n), and its subgroup H = SO(8) x
SO(n). Following [5], we use calligraphic indices as adjoint labels of G = SO(8,n). We use
barred, capital Latin indices, I,.J,... to denote the vector of SO(8,n), unbarred capital
Latin indices, I, J, ..., to denote the vector of SO(8), and small Latin indices, r,s,... to
denote the vector of SO(n). In the standard way, the adjoint indices of G = SO(8,n), SO(8)
and SO(n) can be written as skew pairs I.J, I.J and rs. Such a labelling double counts the
adjoint but when we use this notation we will always sum over all indices without any im-
plicit factors of % Later in the discussion we will restrict to G = SO(4, n), and its subgroup
H =S0(4) x SO(n), and this will result in the obvious restrictions on the index ranges.
We define the G = SO(8, n) invariant matrix in its canonical form:

51]) nrs = Ny = _4Ts

(2.1)
Later, when we restrict to G = SO(4, n), we will introduce ﬁj J = 7f 7, which will be adapted
to the GL(4, R) basis (see (2.36)).

The matrices, t™, will denote generators of the adjoint of G. In the obvious manner,

n :nszdlag(1717717_17_17_1)7 77U:771J:

it will be convenient to define
{tM} = {Xl_j — _Xjf} = {XIJ — —XJI,XTS — —XST,YIT — _YT[} (22)

tM V] = fMNH P which we write

The structure constants are defined, as usual, via |

as o e - -
[XIJ’ XKL} :fIJKLMN XMN 03
_ IR TL | JLx TR TR L JL TR '
which leads to:
I s = = 5™ Oy 0% = 0 03) + '™ (8 O — o ay) o)
+ LR (6L 6k — 6L 5Ly — LTl (T 68 — 6T 6K).

Note that the factors of % appear because we are summing over all values of M N and so
this leads to a double counting of the generators.

In terms of explicit matrix representations, (2.3) and (2.4) correspond to using the
matrix generators:

(XIJ)RL _ 55_{ JL 5J L (2.5)



One should note that these choices are the same as the conventions used in equation (A.3)
of [4],2 and equation (2.4) in [9] but have the opposite signs to those of [1], equations (2.13)
and (2.14). The conventions we use here appear to be the use used in [5], and match those
of equation (3.9) of [7].* While the gauge matrices and structure constants that we use here
have the opposite sign to those of [1], we will eventually arrive at the same formulation
as [1] through the choice of the sign of a gauge coupling, or the ultimate sign of the
embedding tensor. As we will see, the signs of these generators are crucial to showing that
the supersymmetric solutions in [1] are indeed consistent with the supersymmetry variations
of [5]. This provides many non-trivial tests of all the details we are cataloging here.”

While it is not directly relevant to our discussion here, to match our conventions
to those of the commutators in equation (3.9) of [7] one must reverse the signs of the
generators, X". This sign reversal is natural because the metric (2.1) is negative definite
on SO(n) and this passes into (2.3) and (2.5): reversing the signs of the X" give them
commutators for a positive definite metric on SO(n). Our computations are not sensitive
to this sign and we will stay with the conventions above.

2.1.2 SO(8) spinors
The N =8 theory has an SO(8) R-symmetry, and the fermions transform in the spinor
representations. Thus we will need 16 x 16, SO(8) I'-matrices that satisfy:

{17, 17} = 26" 11616 - (2.6)

We use capital Latin indices I,J, K,... to denote vector indices, capital Latin indices
A, B,C, ... to denote spinors in the 87 Weyl representation and dotted capital Latin indices
A,B,C,... to denote spinors in the 8 Weyl representation. We use a representation of
the I'-matrices where they are real and symmetric and in which the non-trivial, 8 x 8 blocks
are the off-diagonal pieces: Fi‘ 4 and Fj - The helicity projector is:

(T12345678) o — 5, (T12345678) . — 5 (2.7)

2.1.3 Space-time metric and spinors

Much of the literature on three-dimensional gauged supergravity uses the conventions set
up in [12], and we will follow suit. This means that the metric has signature (+ — —). The
2 X 2 space-time gamma matrices are:

0 —1 1 0 01

0 1 . 3 .

A o v =103 = Y =101 = . 2.8
2 <Z 0) ’ Los (O —i) ’ Lol (Z 0) ( )

and we have Y912 = —il9,5.

*However, in this reference, equation (A.3) is inconsistent with (A.1)!

3However, as noted in [1], there are inconsistencies in the gauge action of [9], and these suggest an incon-
sistent usage of the structure constants or gauge matrices. The gauge action in [1] is correct and consistent.

4This requires a small correction explained below.

5The results in this paper therefore provide detailed confirmation (and the occasional correction or
clarification) of the conventions and results in the literature over the last 20 years.



The orientation is set by taking (in frames):
12 = €012 = +1. (29)

We will use €% and egp. to denote the permutation signature that takes values 0,4+1. The
covariant e-symbol will be denoted

v, -1 _pv
Euvp = €€uup s el = e P (2.10)
where e = /|g| is the frame determinant.

2.1.4 The three-dimensional metric

The most general, three-dimensional metric will depend on three arbitrary functions: six
metric components minus three functions from coordinate transformations. One way to
realize this is to fix two of the coordinate transformations to arrive at a conformally-flat
spatial base. The time direction can also have its own scale factor, and there can also be
two-component, angular-momentum vector, k. One can use the coordinate re-definition of
t to gauge k so that it only has one spatial component. We therefore claim that, at least
locally, the most general three-dimensional metric can be re-cast in the form:

d 2
053 = O3 (dt + kydv)? — 03 1%L
T~ IeP) o)
dr? 2 ’
02 2 2 20,2 1 2y 7,2
= Q7 (dt + ky dv)* — Qf <r2+a2 + R§a4r (r*+a*) dv ),
where
T ix2v
£ = ¢ Ry (2.12)

VrE+a?
The three arbitrary functions are Qq, €; and k,. We are using the coordinates (¢, ,v)

because they are well adapted to the discussion of asymptotically AdS3 space, and super-
strata. Indeed, the metric on global AdSs of radius R, can be written as:

_ dgJ?
dsQ:RQ(R2dt+R 4272—|>, 2.13
where o
_ i (EdE—&dE) (2.14)
2\ 1-[¢P
As usual on AdSs3, we interchange between (t,y) coordinates, and null coordinates
(u,v) via:
Li—y Lttty (2.15)
u=—(t—vy), V= — , .
el et
The parameter R, is the radius of the y-circle:
y = y+2rRy. (2.16)



We will return to these metrics later, but here we will fix our frame orientations. We
will take frames with

e ~ (dt + k, dv), el ~dr, e~ dv. (2.17)

and use the e-symbols defined in (2.9), or (2.10). This means that our volume form has
the orientation:
volg ~ dt Ndr ANdv ~ du ANdr Adv. (2.18)

The orientation in [1] was given as:

e ey =— = woly~ —cduAdvAdr=cduNdrAdv, (2.19)

where ¢ = +1 is a parameter introduced in [1]. As we will discuss, we will take e = —1,

and so, on the face of it, we seem to be using different orientations to that of [1]. However,

one should remember that [1] uses the opposite of our metric signature and so raising all

the indices to create e**” flips the sign in [1] but does not change the sign here. Thus the
tensors, ", have:

ec? =M% = ¢ (2.20)

and are therefore the same as those of [1] (once we take ¢ = —1). This is the important
convention because it is (2.20) that enters the expressions for the Chern-Simons terms and
their kindred.

2.2 The N =8 theory

Our presentation will closely follow that of [5]. Apart from the graviton, this theory has
eight gravitini, 1/1;?, the gauge connections, BMM, 8n fermions, x", and 8n bosons. The

4 and the gravitini transform in the, 8T, representation of SO(8) and

supersymmetries, €
the fermions, x4, transform in the opposite helcity, 87, representation of SO(8).
As with most gauged supergravity theories, the starting point is the scalar manifold

and its coupling to gauge fields. The scalar coset is

G SO(8,n)

H ~ SO(8) x SO(n) (2:21)

The scalar fields are then parametrized by a coset representative, L(x), that is viewed
as transforming on the left under a global action of ¢ € G, and on the right under a
composite, local symmetry h(z) € H: L(x) — gL(z)h(z)~!. The gauge group, Go, which
we will specify later, is a subgroup of G and the gauging promotes G to a local action on
L(x):

L(z) — go(z) L(z) h~Y(x), go(z) € Go, h(z) € H, (2.22)

The gauge subgroup and its coupling are defined by an embedding tensor, Oy
D, = 8, + g O BMY (2.23)

where BMM are the gauge connections.



The covariant derivative of L(z) is then used to define various connection components

via a Lie algebra decomposition:%

L7 (O + gOay BAMYV) L= 1O XM 4 L op x4 Pl X7 (2.24)

The tensor 73,57" will define the bosonic kinetic term and the Q,,’s are used to define covariant
derivatives on fermions:

A _ A _n A 1 b A 1 HIJpIJ B
Dy =0y — F,’ZV wp + Zwﬂa Yab ¥y, + 1 Qu LBV
D,LLXAT = 6[LXAT + %w#ab Yab XAr + % Q;ILJF,{{% XBT’ + QLS XAS )
Here f/”w is the Christofflel connection and should not be confused with the I'-matrices.
This term is omitted in [5], but this omission is harmless because only the skew derivative
Dy, 7/1{3 appears in the action and so the Christoffel connection disappears.
The scalar fields enter the action and supersymmetry variations in several non-trivial

ways, and these are characterized by various A-tensors that are derived from the T-tensor.
To define the latter one needs to decompose the adjoint action of the scalar matrix:

LHME = YM A = LyMy T LyM s Myl (2.25)
and then the T-tensor is defined by:
Tu5 = Oan VA V5. (2.26)

The A-tensors are then constructed from various pieces of the T-tensor:

AB AB | pIJKL
A7 =070 — zlig "Tryke

AAr _ 1 pIJK
Ay == U040 Ty (2.27)

AdrBs _ 95ABsrsg 4 8 O T Tk + 5T Tropes -

where 0 = (S-S-TL)ZWHMN O, and MV is the Cartan-Killing form on G. For more

details, see [5]. In the gauging we consider here, one has 6 = 0.
The Lagrangian is then given by:
—A . i i
L=—feR+ L™ P, Dl + 1 e Pl P — Liex "y Dux ™

_ %emng@M/\[BMM(&/Bp/\/Jr %99/@ fNKp BVEBPP)

_ (2.28)
— 5 ePUX T el + g e ARP el
+ Z-geAéArYAr,y,uwﬁ + %g@A?TBSYATXBS —eV,
where the potential is defined by:
1 . .
V=—; e (A{‘BA{‘B - %Ag‘ATAg‘A'") . (2.29)

SThis is where the signs of the generators are critical.



One should note that we have replaced the potential W of [5] by —V as we wish to avoid
confusion with the superpotential that will be defined later.
This action is then invariant under the supersymmetry transformations [5]:

L76L= X! A, x4 = LiTl A PIT 4 g At (2.30)
e, =ieh ’Yaw;l ; fwﬁ = Dpe +ig AP ye” (2:31)
0B M = —3 VM el g %lf +ivMp et PQA’YM X (2:32)

As usual there are also four-fermion terms in the action and higher fermion terms in the
supersymmetry variations. According to the arguments in [5], these terms are the same
as those given in [12]. Since we are interested in the BPS equations of supersymmetric
bosonic backgrounds, we will not need any of these higher fermion terms.

2.3 Truncating to the A =4 gauged supergravity

The N =4 theory has half the supersymmetries and, at a minimum, this means removing
half the gravitini and their superpartners. In six dimensions, the superpartners of the
truncated gravitini are four of the self-dual tensors, whose removal translates, in three
dimensions, to reducing the SO(8,n) global symmetry of the ungauged theory to SO(4,n).
This reduction also reduces the number of scalars from 8n to 4n, which means halving the
number of fermions, yA". The coset (2.21) is thus reduced to:

G SO(4,n)
A~ SO(4) x SO(n)

(2.33)

The SO(4,n) embeds in the obvious manner into SO(8,n) and indeed, in this paper
we will simply view the A/ =4 theory as embedded in the larger NV =8 theory. We will
therefore consider the scalar matrix to be that of the SO(8,n) theory but non-trivial only
in the SO(4,n) block defined by I,J,...=1,2,3,4.

The corresponding truncation of the fermions is easily implemented: one must require
(1-T%) @ =0, (2.34)

where @ is any fermion, including the supersymmetries. Because the SO(8) helicity pro-
jector is T'12345678 this condition translates to:

(-T2 JF=0, (@-TY =0, @+, P =0. (235)

This cuts the supersymmetries, and all the fermionic degrees of freedom, in half.

It is easy to see that this truncation is consistent with the supersymmetry variations.
Because of the restriction on the scalars, the Lie algebra matrices in (2.25) must live in
SO(4,n). This means that all the indices on the T-tensor and on Q;If] and 73}1/’ must lie in
the Lie algebra of SO(4,n). It follows that Q{;J i/, Pﬁ’TI , and all the A-tensors commute
with I'°67® This implies that the supersymmetry variations of the fermions respect the
projection (2.34). The variation L™10L is easily seen to vanish along X", I =5,...,8



as a consequence of (2.34). Finally, the fact that VM 4 lies in SO(4,n) means that it
is consistent with the supersymmery variations to restrict the gauge fields, BMM7 to a
sub-algebra of SO(4,n).

There is a simple way to characterize this truncation in terms of a group invariant
sector of the A'=8 theory. There is an (SU(2))* subgroup of SO(8). One of these SU(2)
rotations is characterized as the self-dual rotations on the indices 5,6, 7,8. The projection
condition (2.34) requires all the fermions to be singlets under this SU(2). Moreover, the
centralizer of this SU(2) in SO(8,n) is precisely SO(4,n). Thus the truncation of the N'=8
theory to the N'=4 theory may be defined as reducing to the singlet sector of this SU(2).

While the A/ =4 theory was the starting point of [1], and can be directly related to
superstrata, nothing prevents us from considering the three-dimensional solutions presented
in [1] as being part of the larger A'=8 theory and analyzing the supersymmetry from that
perspective. We will take this approach and find that the projection condition (2.35)
emerges from the analysis of the supersymmetry of the solution.

2.4 The minimal couplings of N =4 gauged supergravity

The three-dimensional theory that underlies the superstrata is the SO(4, 5) theory described
in [1]. Here we will summarize the essential features of that theory. Our presentation will
differ slightly from [1] because of our conventions and because we will fix some of the
parameters’ that appeared in [1].

First, it is most convenient to express the embedding tensor details in terms of the
GL(4,R) basis of SO(4,5) in which the invariant matrix takes the form:

Ogxs Tyxa O
N=|Tlaxa Ogxq O | . (2.36)
0 0 -1

Note that we have fixed the parameter € of [1] by taking:
e=-1. (2.37)

This is merely a choice of convention. The change of basis matrices to go back to canonical
SO(4,5) conventions with 1 of the form (2.1) may be found in the appendix.
Following [1], a vector of SO(4,5) will be denoted by

X=X X0 X)), aM =l X eX), (2.38)

where the indices are raised and lowered using (2.36). The components, X; and X7,
transform, respectively, in the 4 and 4 of GL(4,R).
The embedding tensor, O, is totally anti-symmetric:®

Orimn = rimn = VgL - (2.39)

"This is not a restriction because these parameters were ultimately fixed in [1] by requiring that the
superstratum data solved the equations of motion.
8This is why 6 in (2.27) vanishes.
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and the only non-vanishing pieces are [1, 7-9]:
O17KL = —90 €1JKL » 01t =1 goergin 04, (2.40)
One should note that we have replaced the parameters a and 7 in [1] according to:
a=r0=}u (241

These replacements follow from equations (3.7) and (4.5) of [1] with e = —1, as in (2.37).
We also note the gg is related to the supergravity charges of the D1-D5 compactification via:

PN,

9o = (Q1Q5)~ (2.42)

(See equation (4.5) of [1].) o
The gauge group is SO(4) x TS and the connection A, has the following 12 fields:

AN =-AT0 A=A, (2.43)

Because of the e-symbols in the embedding tensor, it is convenient to define:

1J _ 1 KL 1T IJ 1 K
AM = §€[JKL AM y A# =3 €IJKL A# L (244)

As in [1], we introduce:
B, =4g0 (A - A1), (2.45)

The gauge connection acts according to (2.23), which we now write as:
DuXp=0uXp+9 A " Oz iw (XMN )

- o o (2.46)

=0 Xp + g AT (@Ri,ﬁﬁ ™9 Xg — O ap O X, ) ;
where we have used (2.5). There are several things to note at this point. Because we
have replaced adjoint indices by doubled indices like, K L, we are double summing over the
adjoint representation. One can take this to be part of the definition and normalization
of the components of the embedding tensor, © ;7 ;5. Indeed one can compensate for
the double sums by sending © — i@. Next, compared to [1], we have introduced another
gauge coupling, g, (inherited from (2.23)) and we are using the opposite signs for the group
generators and structure constants. In principle, this will change the signs of the gauge
couplings throughout the action. However we are now going to choose

g=—1. (2.47)

This will compensate for all the opposite signs compared to [1], and lead to precisely the
same covariant derivatives and actions. Indeed, exactly as in [1], our covariant derivative
on a SO(4,5) vector, (2.38), in the GL(4,R) basis becomes

D, X1 =08, X+ B, x7 —290 A, X,

_ - . 2.48
D, X =09, X —2g0A," x7, D, Xy =0, 4. (245)
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It may seem circuitous to have used the opposite-sign generators for SO(4,5) only to
undo this choice through (2.47). However, the signs of the generators are also crucial to the
definition of all the tensors in section 2.2 and so we have taken this apparently circuitous
route so as to arrive at the action of [1] while respecting the conventions essential to [5].

The connections, BMI 7. lie in the upper triangular part of the SO(4,5) matrices:

(2.49)

These are the gauge fields of T and will ultimately be integrated out of the action. The
vector fields A“I 7 are those of SO(4) but they act with their duals, and with a gauge
coupling of —2gg. It is therefore useful to introduce the SO(4) covariant derivatives:

D, Xr =0, X —2g0 A Xy,

! 2.50
DMXIZBMXI_2QOAMIJXJ7 Dy Xo = 9 Xp - | )

2.5 The Maxwell fields
The connections, (2.50), lead to the Maxwell fields

Fu" =Leke F, 5 =0,A,1 —0,A,1 —2g0 (AL AL — AT AL (2.51)
The Chern-Simons action appearing in (2.28) is:

_ %Eﬂypg@MNBuM (a,,BpN+ %QQICL fNICP BVLBPP)

(2.52)
= +1 e Oy BM(0,8,Y — L 0xc fNCp BB,
where we have set ¢ = —1. Using the double sum conventions, this translates into:
KL MN MN,PQ UV 4 RS
Los =5 AR Oppaw (004, = 3 1MV PO Rs Opg v ALV AS) L (253)

To compensate for the double sums one can rescale ©® — %@, as one does in going
from (2.23) to (2.46). This leads to the correct normalization in the first term, how-
ever this introduces a factor of 1—16 in the second term whereas there are five double sums.
The extra factor of % is, however, built in through our definition of the structure constants
in (2.3) and the resulting factors of % in (2.4). One should also note that the second term
in (2.53) has the opposite sign to that of [1]. This is because our structure constants also
have the opposite sign.
Using (2.4), (2.40) and (2.45) we arrive at

Log = %Suup {go (A#IJ &IAPIJ + %go AMIJ A, K ApKI) _ iBuU FVI;)J] , (2.54)

which exactly matches? (2.33) of [1].

9We have re-ordered some of the indices relative to the expression in [1].
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2.6 The scalar fields

Following [1], our scalar matrix will be defined by:

1\ K
. Pl iy ((P7Y, " xk) X1

L= o0 Pr-Y, 01, (2.55)
0 (P_l)JKXK 1

where P = PT is a symmetric GL(4,R) matrix. The matrix, P, can be chosen to be
symmetric because of the composite local symmetry, H, in (2.22). Since we also have a
local SO(4) gauge symmetry, it will be convenient to diagonalize P in terms of four scalar
fields, p;:

P =diag(e!, el?, et el . (2.56)

One should remember that the gauge symmetry only acts on the left of L in (2.22), and
this translates into the purely left action of the gauge fields in (2.24), which, in turn, means
that the covariant derivative, D,,, only acts on the left of P.

It is also convenient to define the scalar matrix m; and its inverse, m!”:

mry = (PPT)U, m!? = (P~hHT P_I)U. (2.57)

One should note that the covariant derivative of m is therefore given by:
DumU:Gumu—QQOAMIKmKJ—2ggﬁu‘]Km1K ) (2.58)
We will also define the following combinations of fields:

Yur0 = x5 Duxt — X1 Dux

ko (2.59)
c/ =B, + 3V, ¢/ =p K pt okt

Note that these objects break the GL(4,R) covariance and are to be considered only as
SO(4) tensors. This means that we will not distinguish raised and lowered indices for
such objects.

The various pieces of the Lie algebra element (2.24) are then given by:

Q) =3[ (P'D,P), — (P7'D,P), + 6} |,

Pr=3 [P Dup) 4 (DR, - ], R ew
S [ R Rl R P )
Q= % (P71, Duxs P, = _% (P71, Duxs, 1<r<4

Note that in defining QJ° we are using the generators, X"*, defined by (2.3) or (2.5), and
not those of [7].

To define the A-tensors in the supersymmetry variations, we introduce the superpo-
tential:

W = %o (det(P) ! [2(1- 1 (xaxa)) — Te(P PT)]

— %go oM —H2— 3= Ha {2 (1 _ % (XAXA)) _ (eQ’” I Y 62“4” | (2.61)
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Then we find:

B 124147’ _ BiW (I‘1234 1—17‘)

AAB — W F1234
1 ( ) 8/_1,7«

AA> 1<r<4,

w

4
AgAP = /23 et o (T84T 4
=1 j

(2.62)

where there is no sum on 7 in the expression for A‘24AT. While we will not need it, we
also find:
0w

Ar Bs __ 1234 1J
A3r s__”rérs(r )AB—eljrsiauralus(F )AB’ 1<rs<4,
4 2
i T 0*W
ArB5 __ ClJ W 2.63
= _ﬂ;ewr Vigetmi e g 5 tersd 0

Ag&s Bs _ _w (F1234)AB .

where there is no sum on r or s.
Using these expressions we find that the potential (2.29) is given by:

iy OWOW 11 OW OW
Opi Op X1 OxJ

Thus the scalar sector of the theory, and its role in the supersymmetries, are determined

V=90 —2W?2. (2.64)

entirely by the superpotential (2.61).
Using the explicit forms of P, or m, we find

V = %9(2) e~ 2 (mtpotpztpa) {2 (1 _ i (XIXI))2 + <€4u1 4 oethz o ptus 64#4)

+3 (€211 x3 22 2 4 218 N3 4 e?Ha )
1

—L(e?M p Pt ?hs 4 62/14)2} (2.65)
= ig(z) det (’mU) [2 (1- % (XIXI))2 +mpymyy + %meXIXJ - %mn mJJ} .
Using (2.56) and (2.60), the scalar kinetic term can be written
pir pulr _ g { i (le D, mKJ) (mJL D, mLI) .

+ 1m! (Dyx1) (D xg) + 3 (m! T mEE CiK C;,]L)} .
Thus the expressions (2.65) and (2.66) precisely match the corresponding quantities in [1, 9].

2.7 The three-dimensional supergravity action
Putting all the pieces together, the three-dimensional action (2.28) becomes:
L=—LeR—Liex" D" + L e Dyt + Le g™ m! (D, xr) (Do 1)
+ 1—16 egh (m'E D, mg.y) (m’ED,mprr) + 1—16 egh (m!? mKL C’ftK cJh)
+ % eeh’ {90 (Auu avgp” + % g0 AMU AR ApKI ) - i BMU szlﬁ]} (2.67)
— L e P XA T i et + g e APyl
+igeA‘24AryArfy“z/)f i %geAérBsyATXBs eV,
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One now completes the square in all the terms that involve BMI 7 to arrive at the action:
. i i —A
L=— % eR — % zeXATfy“DMXAT + % etrP zp“Dyng‘ + % e g m!’ (Duxr) (Dyxs)

+ 15 e g™ (" Dymg ) (m”" Dymypr) — § e g g"7 mux myp Fl FisE
+ 5 e g0 (A1 0, 4,1 + 4 go AT ALK AKT) 4 1, R (2.68)
— 5 e P X TV 4 g ge AP gty
+igeA124AryAr,yuw;;4 + %geA?TBSYATXBS —eV+Lp,

where

_1 IK, JL(p IJ 1 PP
L =q5eg" m " m (Bﬂ +§Y,uIJ_gumgalplmmlleJPzF12)

p1p2
KL pop (2.69)
X (Bu + 5 YU KL = Guoy €773 mgp, mLp, Fp;’pf) :
The action for the B, leads to the constraint:
C”[JEB#IJ—F%YH]J:gﬂpep‘me(mJLFU[iL. (2.70)

These actions, and the constraint, are exactly consistent with the bosonic action given
in [1]. One should note that here we are using a metric signature of (+ — —), whereas [1]
uses (— + +). One can convert from one convention to the other by mapping Juv = —Guv-
This reverses the sign of the Ricci scalar and, in (2.67) and (2.69), we have written the
metric contractions explicitly so as to facilitate comparison. One should remember that
el is actually independent of the metric and so such terms remain unchanged under

9w - —Yuv-

2.8 An executive summary of the BPS equations

For supersymmetric backgrounds we must require (W;? = 5)(‘47" = 0. These are the “BPS

equations”:
S = Dyet — i AfPreB =0, oA = LiTl APl - AfATer =0, (2.71)
where we have taken g = —1 in accordance with (2.47). Here we will simply summarize

the pertinent details needed to set up and solve these equations.
First, the covariant derivative on e is defined by:

Dﬂ EA = aMEA + %Wuab Yab EA + % Q{LJFQJB EB ) (272)
where
o) =3[P DuP), )~ (PDuP), 16l ] (2.73)

and P = PT is a symmetric GL(4, R) matrix. The gauge covariant derivative is:

Dy Xr =0, X —2g0 A" Ay (2.74)
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and it acts only on the left-hand side of P. The Chern-Simons vector fields are determined
by:
¢ =p NP holt O = g4, mikmaL FAE (2.75)

The scalar kinetic terms, ’Pﬁ’", are given by:

Plr =3 [(PT'D,P),"+ (PT'D, P) T =6 |, 1<r<4, -
P == (P71, " Duxa. 1<r<4 '
We take the scalar matrix to be diagonal:
P =diag(e!, el?, et el . (2.77)
The superpotential is defined by:
W = 1 go (det(P))™ [2 (1 — i (XAXA)) - Te(P PT)} )7
_ d e [3(1- 1 () - (40 1 e g ot g om)],
and the A-tensors are given by:
AfB = W(F1234)AB’ A,24Ar _ ‘;Z‘: (1234 FT)A/“ 1<r<4,
(2.79)

AA5 V2 y 1y OW' 1234 1

where there is no sum on 7 in the expression for A44™.

3 Superstrata in three dimensions

In [1] it was shown how to reduce the (1,m,n) family of superstrata to an entirely three-
dimensional description. In this section we will summarize these results and use them to
compute all the individual terms that go into the three-dimensional BPS equations. In the
next section, we will use all this data to solve the BPS equations.

3.1 The metric

Following on from section 2.1.4, we use the coordinates (u, v, r) and work with asymptoti-
cally AdS geometries and use & defined in (2.12). For the superstrata, the three dimensional
metric has the form [1]:

a*R248 NG 2 A2
ds2 = — 470 [ qu + dv + Al — = ds3, 3.1
where o
ds? = 7’(1&’2 and A= i8dE — &de = v2r? dv (3.2)
2 (1- 15\2)2 2 1-[¢f @Ry '
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Note that, compared to (2.11), there is only one arbitrary function, A, in this metric. In par-
ticular, the “time fibration” part of the metric is a scaled version of that of the AdS metric.
For future reference, we note that the metric, ds3, has a Kihler potential

= —log (1 —[¢[?) (3.3)

and that A is the potential for the Kéhler form. Thus the three-dimensional metric has
the form of a canonical time-like Ké&hler fibration.
As we will see, supersymmetry requires that this warp factor be fixed in terms of the
scalars:
N =1-10+x3+3+x3)- (34)

We will use the frames:

o a*Rygs 1 A 1 s A V2rvir24a?
= (du+dv)+ —A, e = — ———dr, = —F—dv,
V2 90 go Vr?+a? 90 a’Ry, 35)
3.5

such that
ds? = (eo>2 - <€1>2 - (62)2. (3.6)

The spin connection is then given by

WO1:wlo:%€2, w()z:w%:—%el,
Wyo=—wy=-"5€ +_—F€ ——F€ ——F— —F—=2¢",
AT T2 ot A i
where A1 and Ay are defined by:
d(A?) = Mel + xoe?. (3.8)

3.2 The scalars

The fundamental scalars that determine the superstratum fluxes are parameterized by two
holomorphic functions, Fy and Fi, of &:

) 2v2a R . L/ 1
Xt = = R i Ro(€) = —2V2aRygi (¢T3 Fole))

. 2vV2a R . L1
vo—iva = 2 50— 2Barmi (7 R(9).

where we have written these scalars in a more canonical form using the Kéhler poten-
tial (3.3).
One should note that our expression for ys — ix4 differs by a phase from that of [1].

(3.9)

We have performed a U(1) gauge transformation so as to make ys — ix4 have the same
form as x1 +ix2. As we will see, this gauge transformation also makes slight modifications
elsewhere. One should also note the difference of sign in the two left-hand sides of (3.9):
this will play a crucial role in the supersymmetry.
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For future reference we note that the (1,0, n) family of superstrata is defined by taking
X3 — ix4 = 0 and the (1,1,n) family is defined by taking x; + ix2 = 0.
To describe the scalar sector, it is convenient to introduce the shorthand:

Pl=xXi+X5. P=Xi+Xi, r=pi+p; and A*=1-1pf. (3.10)

The scalar matrix m, with components myy, which descends from the shape modes on
S3 . is given by:

P 0 X1X3 — X2X4  X1X4 + X2X3
1 0 2 _ _
m=1— - P1 X1X4 -I;X2X3 (X1X3 — X2X4) (3.11)
41 x1X3 — X2X4  X1X4 + X2X3 P3 0
x1X4 + x2x3 —(X1x3 — x2X4) 0 03

Note that this matrix is diagonal for the (1,0,7n) and (1, 1,n) sub-families separately. We
also note that, while this matrix has exactly the same functional form as that of [1], it
is, in fact, different. This is because we have made a gauge transformation to remove a
phase from x3 — ix4. This gauge transformation also acts on the matrix m and preserves
its functional form despite the non-trivial change in x3 — ix4.

3.3 The gauge fields
The gauge fields live in an SU(2) x U(1) subgroup of SO(4) and so we introduce the matrices:

0 001 00 —10 0100
0 010 00 01 10 0 0
= = = 3.12
M 0o —100l" ™F|10 00" ™=|looo1|> ©GP
1000 0-10 0 00-10
000 1 00—-1 0 0100
00-10 00 0 —1 100 0
n = Ny = Na = 3.13
mn 0100 m=1100 o0 3 000-—1 (3.13)
10 0 0 010 0 0010

The triplet (11,12, 73) generates one of su(2) algebra, while the triplet (71, 772, 773) generates
the other commuting su(2) algebra.
The gauge fields are then given by:
Yz 1

1J IJ 1J | A =1J
:\@@233;90(01771 + Cany” + Csns +C3773)

where

Cir=10axs—xexa)v  Ca=10axat+xexs)v  Cs=—% (pf - ,02) v, (3.15)

Oy = —r?dv+ (1 — g (pf +p3)) v, (3.16)
and Ao 4 )
1 (a'Rygo 2 a*Rygo o
= [—22 =0 1
v A2< 5 (du + dv) +r“dv T3 (3.17)

Once again, these gauge fields are slightly different from those given in [1] because we have
made a gauge transformation to remove a phase from x3 — ix4.
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3.4 The gauge fields for the (1,0,n) superstratum

It is extremely instructive to consider the pure (1,0,n) superstratum in which one has
x3 = X4 = 0. The scalar matrix reduces to:

A? A

A2 A
m = > P= : (3.18)

and the gauge fields (3.14) become

2 3 0 2
~ a’Ry, g e T e
2v/2 (du+dv) 2 VrZ4aZ20
a4 a“Ry g5 A -1 T e r e
=———" (du+dv) + 5 dv=—-—5+ —.
2v/2A2 A% \/2a2R, g0 2A Vr2 4+ a2 2A

Since this connection is abelian, the field strength is simply F' = dA and its components
are given by:

1

12
Fr=—pa

[g0(1 =A%) et Ae?+ e A (el + hoe?) |, F3 =0, (3.20)

We then find that the components of the Chern-Simons terms, (2.59), are given by:

1

12 _
T

200 (1 =A%) ® +doet =M e?], %™ =0. (3.21)

Finally, the scalar kinetic terms (2.76) are:

1
Plr=— (Me+Xe?)d] -3¢, 1<r<2,
272
13 14 15 1 (322)
Pl =P, =0, Pu__\/iA(MX)I
and the connection Qﬁ‘] , defined in (2.73), becomes
Q) =290 Al + 5617 (3.23)

3.5 A gauge transformation of the full (1, m,n) superstratum

We have written the supersymmetry transformations in terms of the “diagonal gauge” for

P, (2.77), however (3.11) is not in that gauge. One can either recast the supersymmetry

transformations in a general gauge, or one can diagonalize m. We choose the latter option.
Define

B0 @ (x1x3 — X2Xx4) @ (x1x4 + x2X3)

0 B = (X1x4 + X2x3)

— oo (X1X3 — X2X4)
0 2 ——L (x4 + x2x3)

1
po P p 055 (X1X3 — X2X4)

20— (xixs = XaX4) — 555 (X1X4 + x2x3)

, (3.24)
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This is an SO(4) matrix. Indeed, it commutes with 7752, and so lies in the same SU(2)xU(1)
as the gauge connection (3.14). By construction, one has:

A? A
m=UmuU " = A . - p-| A e (3.25)
1 1
where A is defined by (3.4). One also finds that
(X1, X2, X3, X4) = % (X1, X2, X3, X4) = % (x1,X2,0,0). (3.26)

Observe that, up to an overall factor, x; is the same as for of the (1,0,n) superstratum.
For future analysis, it is useful to separate out this factor and define:

~ A

X]E%X[, = )ZZ(Xl,XQ,O,(D. (3.27)
One should also note that

A2=1-1(F+3+3+13) =A%, (3.28)

=

is gauge invariant.
The gauge transformation also significantly simplifies the gauge field:

~ 1 ~
UAU ' = ———— | (N (3 +73) + (13 —m3)) v — 2r° 3 dv | = Anpetian - (329
2 \/iRyCLQQO {( (773 773) (773 773)) 3 ] Abelian ( )
In terms of components, this implies that the only non-zero components are:

0 2

712 _ To,-n2_¢ T el

AAbelian_ (%A% ) - 9 \/’/WQA’
(3.30)

34 (A1 — e? r e?
Abelian_( ) __2A2+\/r2+7a2ﬂ7

which exactly matches the gauge connection (3.19) for the (1,0,n) superstratum. We
have thus almost mapped the complete superstratum back onto the (1,0,n) superstratum
using the local SU(2) x U(1) gauge transformation defined by % . There are, however, two
important differences. First, the functional dependence of (3.26) is a little more complicated
than that of (3.9), and second, the transformed gauge potential is, of course:

s 1
A= AAbelian + 5 (d%) %71 . (331)
290

To write the last term in (3.31), we define:

1

K1 = — (x2dx1 — x1dx2) = darctan <X1> ;
P X2
1

K> = — (xadx3 — x3dxa) = darctan <X3> ) (3.32)
P2 X4

Ly =dlog(p1), Lz =dlog(pz),
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and then one has

— 1 _

Q)= 2.2 (K1+K>) [(P%—P%)Us*ﬂ% n3+2p1p2 772} +%(L1—L2) m.  (3.33)
0 0

The field strength is then given by:

2~ . P1P2 0
8A2

A ((Eq+ K2)m — (L1 — L2)12) (3.34)

where Fapelian = dAApelian and Aapelian is defined in (3.29), or (3.19). After taking the
SO(4) dual, Fapelian can be read off from (3.20).

To compute the Chern-Simons terms we need the frame components of the K’s and
L’s, and so we write

(K1 + Ky) =Kiel + Koe?, (Li — Ly) = L1et + Ly €. (3.35)

We then obtain:

A

1 _
G == 5 [200 (1= A0+ A el — A1 €2 | (s + )

102 (3.36)
+ H |:(IC2€1 —’C1€2)’I71 — (ﬁgel —£1€2)172} .
It is convenient to define the “Abelian” piece of this connection:
1 _
(gAbelian = _2 A2 [290 (1 - AQ) e + )‘2 6 - )\1 € } (773 + 773) ’ (337)

and we note that this is exactly the Chern-Simons connection (3.21) for the (1,0, n) super-
stratum.

Finally, the scalar kinetic terms are a little more complicated than those of (3.22). We
must use P, defined in (3.25), which is identical to P in (3.18), in (2.60). The difference
now is that the gauge field, A, is no longer U(1) x U(1) invariant and so P" and QY have
new gauge terms. We find:

P = dlog(A) 67 — plp?{(Ll L2)771+(K1+K2)772}—1C5”7 1<r<2,

8A
Pl =+ EL[(L1 = Lo)m + (B0 + Ka)ma | - 367 3<r<d4, (339
1
sz—m(DuX)r

and the connection Q,{J , defined in (2.73), becomes

AT 1 1J
QU:{—2goA# + 1! IJe{l,2)or I,J € {3,4) (339)

—2gg BAZ AL L Lgl) [ (1,2}, € {3,4} or [ € {3,4},J € {1,2}

Observe how the signs in front of the n-matrix terms flip between the first and second line
of (3.38). This happens because the covariant derivatives of P are symmetrized in PI7.
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3.6 Holomorphy

There are many significant aspects to holomorphy in the structure of the superstrata, but
for now we focus on how this influences the solution of the BPS equations. In particular,
we first observe that all the scalar fields, y;, in (3.9) involve a common, non-holomorphic
pre-factor of (r? + az)_%. (As we saw in (3.9), this factor has a natural interpretation in
terms of the Kahler potential.) The derivatives of this factor cancel out in (K; + K3) and
(L1 — Lg), leaving only the derivatives of the holomorphic functions, Fy and F}.

Since we are working in real coordinates, it is simplest to express the holomorphy
properties in terms of the Cauchy-Riemann equations, which take a very simple form when
expressed in terms of the frames, e! and e®. In particular, because the x;’s are holomorphic
up to a common pre-factor, we find that the Cauchy-Riemann equations imply:

Ki= Lo, Ko =—L1. (3.40)
One consequence of this is that the Chern-Simons term (3.36) can be re-written as:

% = Cabelian — % {(L1 — Lo)m + (K1 + Ka) 772} , (3.41)

where @apelian is defined in (3.37).
As a result, we find that various pieces of the gauge connection and the Chern-Simons
connection either cancel, or reinforce, in the 4 x 4 block of the scalar kinetic term:

dlog(A) 61 — Lt/ I,Je{1,2}
0 Ie{1,2},Jec{3,4

plJ _ {1,2} (3,4} , (3.42)
-1 Ie{3,4},J€{1,2}
0 I,J € {3,4}

and 73,55 is unmodified:
1
15
N TR (3.43)

Holomorphy thus plays a critical role in the cancellation that produces the second row
of (3.42), and, as we will see, this is essential to the supersymmetry.

Holomorphy also leads to another important identity. Observe that if y; and yo have
the form (3.9) then (d —i.4)(x1 +7x2) is a holomorphic differential, and thus proportional
to e! +ie2. This follows because the anti-holomorphic differentials cancel between A and
dZ . If one writes the differentials in terms of the real frame components:

dy1 4+ Axz = (dy1 + Ax2)1e' + (dyr + Axz)2e?,

) ) (3.44)
dy2 —Axi = (dx2 —Axi)ie + (dx2 — Axi)z2e”,
then holomorphy implies the Cauchy-Riemann conditions:
(dx1 + Ax2)1 = (dx2 — Ax1)2, (dx1 + Ax2)2 = —(dx2 — Ax1)1- (3.45)
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Note that (3.5) and (3.30) imply

0 2
e r e 0 1

- 1
/R T S 0 N —
Abelian 2 /’["2 + a2 2A 2 € 290
which means that the covariant derivatives of x1 and x»2 contain precisely the terms that

are related by (3.45).
There is a parallel story for y3 — ix4 if this also has the form given in (3.9).

(3.46)

Finally, we note that while the scalar matrix, m, generically lies in GL(4,R), we have
seen that we can use an SU(2) x U(1) gauge transformation to write it in terms of a simpler
matrix, /, in (3.25). This means that m actually lies in GL(2,C). Similarly, the gauge
fields are those of SU(2) x U(1) and the scalars, x7, should be thought of as a complex
doublet, (x1+ix2, x3—1ix4), transforming under these global and local symmetries. Indeed,
it might be natural to recast all the scalars in terms an element of GL(3,C), or perhaps
SU(2,1). Either way, the BPS sector that we are studying can be recast in terms of the
unitary gauge group acting on complex fields with precise holomorphy properties.

4 Supersymmetry in three dimensions

We now use the results of the previous section to solve the three-dimensional BPS equa-
tions (2.71). We will, however, start with a summary of some of the conditions that will

emerge from our computations.

4.1 The supersymmetry conditions in three dimensions

We will find that the superstrata preserve precisely the supersymmetries that satisfy:
(1-9212)e=0,  (1+920%)c=0. (4.1)
Note that, together, these two projections imply:

(1-1r)e=o0, (4.2)

which was anticipated in (2.35). Moreover, any two of the projectors from (4.1) and (4.2)
imply the third.

These projections mean that the superstratum is a %—BPS state in the A/ =8 theory
of section 2.2, or a %—BPS state in the AN/ = 4 theory of section 2.3. Either way, the
superstratum has four residual supersymmetries, which is precisely consistent with its
original formulation as a %—BPS state in IIB supergravity.

Observe that the projection condition (4.2) implies that

n/re=0, j=1,2,3, (4.3)

where the 7; are defined in (3.12). This explicitly shows that the Killing spinor is a
singlet under the SU(2) generated by the n;. This means that under the SU(2) x U(1)
gauge transformation, %, of (3.24), the Killing spinor only transforms under the U(1) part
generated by 73.

~ 93 -



This also implies that the only part of Qﬁ‘] I''7 that does not annihilate € in (2.72),
and hence in the BPS equations, (2.71), are the pieces proportional to 73.

For the superstratum we take the momentum wave to be in the left-moving sector of
the CFT, while the unbroken supersymmetry, and the unbroken SU(2) R-symmetry, act on
the right-moving sector. Since the supersymmetry is inert under the local SU(2) gauge sym-
metry that we are using to simplify the background, we see that this gauged SU(2) must act
purely on the left-moving sector. This is in accord with the fact that this gauge symmetry
is rearranging the fundamental momentum carrying modes that are encoded in the ;.

For the (1,0, n) superstratum, and for the general (1,m,n) superstratum in the gauge
discussed in section 3.5, and in which the scalar matrices take the form (3.25), it is evident
that we must take:

p = pg =log(A),  pz=ps =0, (4.4)
in (2.77).
This constraint on the scalar matrix is a direct consequence of imposing:
ow oW
—=—=0, (4.5)
Ous Opa

on the superpotential (2.61) and then using (4.4). We will show how (4.5) emerges from
solving the BPS equations.
Finally, we note that (4.4) leads to

8W_8W_ g0

oW go 90
o1 Opz  2A2 W

i | 4AZ Y

(1 - A2) )
and these relationships will also emerge from solving the BPS equations.

5 Supersymmetry and the (1,0, n) superstratum

As a “warm-up” exercise we start with the simpler, pure (1,0,n) superstratum, with ys =
x4 = 0, and whose key data is summarized in section 3.4. As we will see, the solution
to the BPS equations for the general (1,m,n) superstratum involves the solution of the
(1,0,n) system and so this “exercise” will, in fact, prove to be an essential part of the fully
general system.

5.1 The first BPS equation

The simplest equation to solve is the fermion variation of (2.71) for r = 5:
2Dl et PP — APt = 0. (5.1)
where we have set ¢ = —1. Using (3.22) and (2.62), (4.4) and (4.6), this becomes
2 .
ZTIIL‘A’WEA (Dux)r + 90 Z X (ri2s FJ)AAEA =0, (5.2)
j=1

where the sum is only over j = 1,2 because x3 = x4 = 0.
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Next we use (3.46) and (3.44) to see that

A (Dux)1 = (dx1 +Ax2)1 7" + (dx1 + Ax2)27* — 907° x2,

N ) 0 (5.3)

Y (Dux)2 = (dx2 — Ax1)1y + (dx2 —Ax1)27" + 907" X1 -

Now use the Cauchy-Riemann conditions (3.45) and collect terms in (5.2):
i (dxa + Axa) (Y Th 4+ 97T )+ (dxa + Axa)s (VT4 =91 T%) 5.

+g0(—iyOF}L‘sz—HVOF?MXl+(F1234F1)AAX1+(F1234F2)AAX2)]eA:0.

Right multiply this expression by I‘i > use (2.8) to replace 7¥ = i7'2 and use the properties
of the T'I’s to write 'y, = —T'1/, and T'123* = T34, This yields:

{i(d;a + Ax2)17 (=P TEa +0pa) +i(dx1 + Ax2)2y' (VP T B4 — 0Ba) (55)
5.5
— 07" (DB (6oa + 72 TE0) xo + (0pa + 72 THa) x1) | et = 0.

This vanishes by virtue of the projectors (4.1).

From this variation we see that holomorphy implies both the projection conditions
in (4.1) and, conversely, if one imposes these projectors first, the vanishing of the variation
requires the Cauchy-Riemann conditions, (3.45), and hence holomorphy.

5.2 The second set of BPS equations

Using (2.71) and (2.62), the next set of BPS equations may be written:

APIT _ ow

Lyl Ate
2 AA aMT

(F1234 Fr) =0, r=1,2,3,4. (5.6)

From (3.21) one knows that P/{T = 0 for r = 3,4, and so this equation is satisfied by
imposing the conditions (4.5). The equation is non-trivial for r =1, 2.

To simplify the equation we right multiply by FZ‘ and then use I'}/ U = -1t 54 and
F1234 ng‘*. This yields the following equation for both =1 and r = 2:
— [(/\1’7 +X7?) 0ap —TH4 (200 (1 — A% 4 + Aoy — My )} A

4A (5.7)

90 4 A
_2A2 (1 —A2) (F123 )BAE — 07
where we have used (3.22) and (3.21) to replace P" and ¢*2, and (4.6) to replace the
derivative of W.

Using (2.8) to replace 7° = iv'2 and collecting terms, one finds:

) 90
T | 4 207?) (Ban—12TEs ) | ' 4+555 (1=A%) TEo (72 60a—T2) € =0, (5.8)
and the left-hand side vanishes by virtue of the projectors (4.1).
In this BPS equation, the derivatives of A are cancelled by the Chern-Simons connec-

tion, and the superpotential term is cancelled by the time-like component of the gauge
connection.
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5.3 The third BPS equation

This is the gravitino variation from (2.71):
Due?t —iA{By, P = 0. (5.9)

Writing out all the pieces more explicitly and using (2.72) and (2.62), and converting to
forms gives

de? + 2wy et + 1 QT € —iW (T2 | L yeeteP = 0. (5.10)

Now use (3.23), (3.19), (3.21), (3.7) and (4.6) to replace all the pieces:

90 ;012 021 120 1 90 2r? + a? ¢2 12| (A
de? + 2A2(’Y e“ —"e —n 6)—W(A26 — A e?) 412 +ox \/m ]
2
90 ( o T e 1 2 12 B
- [2 ( ‘mA> a7 (200 (1= 2%+ Dot —M))]FABE
60 T 62
. s F34 B
+ 90 A2 1 a2 2 AB€

+ ZW (e —Atel —4%e?) (r'#h) L P =0.
(5.11)
Note that one has to be very careful about raising and lowering indices correctly using the
metric with (+ — —) signature.
Collecting terms and replacing 7° = iy'2, we find

de+ 220 (ylel 442 e2) (1 -T2 e — — (Mgel — Ay e2) (7124 T12) e

2A2 4A2
— R e (T2 =T 412 4 120120 ¢ (5:12)

+ 802

1
2N rr? 4 a2

Almost all the terms vanish as a result of the projectors (4.1) and (4.2), leaving the equation:

(2T2+02)’712+7‘2F12—T2F34 e=0.

2

a 1
de—&—— 2y2e=0 & de+ ——~Pdve=0. 5.13
\/7"2—{—@2 ﬂRyv (5:13)
This has an elementary solution:
v 12 34]
€=ex €0 = €X eg=exp| ——I""| ¢, 5.14
p{\/iRy7 }0 p[ \fR }0 p[\fR 0 (5.14)

where € is a constant spinor satisfying the projection conditions (4.1) and (4.2).
Interestingly enough, the last rotation in (5.14) is induced by the gauge rotation we
did in section 3.2 to re-write the scalar fields, x, of [1] in the form (3.9). This means
that, had we stayed in the original gauge of [1], the cancellation in (5.12) would have
been complete, and the Killing spinor, €, would have been constant. In retrospect, this is
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not surprising because the three-dimensional fields obtained in [1] descend from the six-
dimensional solution, and in the six-dimensional theory the supersymmetry parameter is
constant. (See (2.28) of [13].)

There are some interesting features in this computation. First, we note that the spin-
connection terms involving dA are cancelled by the Chern-Simons connection, and so the
existence of the supersymmetry hinges on the “twisting of the spin-connection” by the
Chern-Simons connection. It is also evident from the computation that the cancellation
requires that the metric have the Kéhler fibration form of the metric discussed in section 3.1,
but all we needed to know about the two-dimensional spatial base was that it had constant
negative curvature. Thus one could use a uniformized Riemann surface instead of the
hyperboloid of (3.2). Using a Riemann surface would generically lead to strange boundaries
at infinity, but there still may be interesting BPS solutions based on such a generalization.

6 Supersymmetry in the generic (1, m,n) superstratum

We now solve the BPS equations for a generic (1,m,n) superstratum. When working in
the gauge defined in section 3.5, one finds that each equation decomposed into a sum of
the terms found in the pure (1,0,n) superstratum, plus additional terms. Since the first
ones have been shown to vanish in section 5, our goal here is to show that the additional
terms also vanish when one applies the projection conditions.

6.1 The first BPS equation

We start with the first BPS equation (5.1), the fermion variation for r = 5, that we recall
here:

LirL Ate ApIs _ pAAS A _ 6.1
27" AA I3 2

Using (3.38), (2.62), (3.26) and (3.27), we find
: Po Po
iTl et (Du (Pl X)> + 90 Z j (M) et =0, (6.2)

Next, using (3.31) and (3.30), we compute the covariant derivative

(2(24)) =2 @0+ (02) -2 (0202 7),. 63

where D denotes the covariant derivative of the abelian gauge field:
(DuX)1 = 9uxrt — 290(AabelianX) 1 (6.4)
This implies that the BPS equation takes the form

2
po (. A < '
= (z FiAfy“eA (Dux)1 + 90 Z Xj (F1234 F])AAEA)
p1 =1 (6.5)

+iTL e ((a Z?)Xl—pl((a WU~ X)) 0.
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The first line of this equaton is simply a multiple of equation (5.2) and the analysis in
section 5.1 showed that it vanishes.

To simplify the second term, we use (3.33), (3.10), (3.32), (3.27), (3.12) and (3.13).
The simple form of x, (3.27), picks out specific matrix elements of  and 7 in (3.33), and
the result is:

2
: p
| = (T = L) (allys el ) + o 2-(K + K (T — el )

P2 P2
+ 22 (L1 = La)uy (a4 + xel% ) — 2Ky K)o (ar%,; — xel A)] =0,

Po
(6.6)
Observe that the interchange:

Fl <~ F4, FQ <~ F3 s (67)

maps the first line of the equation onto the second, up to an overall factor, and vice-versa.
Since the projectors (4.1) are invariant under this transformation, it therefore suffices to
show that the first line of the equation vanishes.

Now multiply the first line of the equation by T’ use the notation (3.35) and the

1
AB’
consequences of holomorphy (3.40) to reduce it to

2
—i P2 {£1X1 (715AB + ’YZF%B)GA + Li1x2 <’YlF,2413 - 725AB) et
Pop1 (6.8)

+ Laxa (725,43 - 71F§113> e + Laxo (72F2AlB + 715,43)6’4] -

Using the fact that T3y = +T',, one can sees that each of these terms vanishes due to
the projections (4.1). Once again, we see that holomorphy and the projectors are working
together to produce the residual supersymmetry.

6.2 The second set of BPS equations

The next set of BPS equation is given by (5.6):

il et Pl — gzv (O et =0,  r=1,234. (6.9)
r
where the scalar kinetic terms are now given by (3.42).

First we note that because of the cancellations between the gauge connection and the
Chern-Simons connection discussed in section 3.6, we have that 73/57" = 0 for r = 3,4.
(See (3.42).) This means that we must also impose (4.5) and then, with this condition, the
BPS equation (6.9) is trivially satisfied for r = 3, 4.

For r = 1,2, using the expression of the Chern-Simons term (3.41), the equation has

the form
ow
1.l A I Lol 1234 A
3iT e (dlog(8) 6" — 36han) — 5 - (M) e 6.0
. P1P2 r '
-1 SA {(Ll - L2)u7u77fr + (K + KZ);W’”?% }F{MGA =0,

where €1/ ... is the Abelian Chern-Simons term in (3.37) and (3.21).
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It was shown in section 5.2 that the first line of this equation vanishes. We multiply

what remains by F’;z and then use I'l); = —T'Y, to find for both 7 = 1 and r = 2
i (L = L) + (Ko + Ka) g T e (6.11)

We use once again the relation between the derivatives resulting from the holomor-
phy (3.40) to obtain:

pé//? [51( "5ap — 721“%3) + Lo (725AB + 71F3B4A)}6A‘ (6.12)

This vanishes after using the projection conditions (4.1).

6.3 The third BPS equations
The third BPS equation is given by (5.10):

d _|_ Wab ,yab A % QIJI\I{{]B €B _ ZW (1—\1234) CGB — 0 (613)

A Ye€

Here, the spin connections and superpotential terms are the same as for the pure
(1,0,7n) superstrata. The only difference arises from the connection, @'/, given by (3.39).
While generically an SO(4) connection, the connection, @'/, of (3.39) lives in SU(2) x U(1)
and, as noted in section 4.1, the projection condition (4.2) implies that the Killing spinor is
a singlet under SU(2). In particular, the spinor satisfies (4.3). This tremendously simplifies
the computation: one can ignore all the terms in 7y, 72 or 13 in Q, and keep only the terms
in 773.

Using the result (3.39) with (3.31) and (3.33), one obtains

1 Q[JFIJ B QAbehan 114JB € - %(Kl + K2> (F"l42B - F3A4B>6B ’ (614)

where Q47 . is the connection of the pure (1,0,n) superstrata (3.23).
The full equation is then given by
det — L(Kq1 + Ko) (T3 — T%5)
(6.15)

1 ab A IJ B . 1234 c B
+ 3 Wab Y +3 QAbehan AB€ lW(F )A3706 e’ =0.

The second line of this equation is, once again, precisely the same as that of the (1,0,n)
superstratum, and, in section 5.3, it was shown to reduce to the simple gauge term in (5.13).
Using the projectors (4.1) one obtains:

dv
V2R,

The key to solving this differential equation is to use the expressions in (3.32) to observe

de — 3(Ky + K2) T2 e — M?e=0. (6.16)

that —%K 1 and %Kg are the exterior derivatives of the phases of x1 +14x2 and, respectively,
X3 — ix4- Introduce the phases ¢; and ¢ by defining

X1+ ix2 = p1e (6.17)
X3 — ixa = p2e'®?, (6.18)
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then the equation becomes

de+d<¢)1—¢2— \/;R )r%:o. (6.19)
Y

A solution to this equation is

€ = exp { <—¢>1 + ¢2 + \/;Ry) Fu] €0 , (6.20)
where € is a constant spinor satisfying the projection conditions (4.1) and (4.2).

Once again we could have anticipated this result from the six-dimensional formulation,
where the Killing spinor is independent of all coordinates. We have transformed that result
first by the gauge transformation described in section 3.2 to re-write the scalar fields,
X, of [1] in the form (3.9). In section 5.3 we described how this led to the explicit v-
dependence in (5.14). This is also the origin the explicit v-dependence in (6.20). We have
also transformed the reduction of the six-dimensional solution by %, defined in (3.24).
As we have noted, the Killing spinor only transforms under the U(1) piece of this gauge
transformation, and from (3.33) we see that this U(1) piece is:

(A%) % " = 5 (K1 + Ka) 3. (6.21)

It is precisely this term that leads the non-trivial y-dependent rotation in (6.16) and thus
generates the non-trivial y-dependent behavior in the supersymmetry of (6.20).

We have now shown that the three-dimensional data for the (1, m,n) superstrata [1]
does indeed lead to a BPS solution, with four supersymmetries, in the gauged three-
dimensional supergravity described in section 2.

7 Final comments

In this paper we have taken the superstratum data from [1] and shown precisely how it
leads to a supersymmetric/BPS solution in three dimensions. The result is a smoothly-
capped BTZ background with scalar and gauge field excitations that, together, preserve
four supersymmetries.

Given the superstratum solutions in six dimensions, the existence of such a three-
dimensional superstratum is not altogether surprising. What is surprising is the central
result of [1] in which it was shown that there are families of superstrata that live in con-
sistent, three-dimensional truncations. Here we have completed this analysis by showing
how the BPS structure also survives the consistent truncation. Our computations are
sensitive to multitudinous conventions, normalizations and signs, and the fact that the
three-dimensional BPS equations are consistent with the six-dimensional BPS solutions is
a testament to the accuracy of [1], the accuracy of the earlier work on three-dimensional
gauged supergravities, and to our translation between these somewhat different formula-
tions of the core underlying supergravity.

Our three-dimensional analysis raises some interesting questions for the holographic
theory and for the six-dimensional supergravity. In solving the three-dimensional BPS
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equations, holomorphy and the Chern-Simons interaction played a crucial role. It would be
interesting to understand how this plays out in the dual CFT. At a more technical level, we
made heavy use of the local SU(2) x U(1) gauge transformation diagonalization to convert
the (1,m,n) superstratum data into something closer to the (1,0,n) superstratum data.
The CFT has an SU(2)1, x SU(2)g current algebra and it would be very interesting to un-
derstand how these local gauge transformations are realized within these current algebras.

Then there is the question of the dimensional reduction of the fermions: how do
the three-dimensional fermions encode the six-dimensional fermions? How are the R-
symmetries and global symmetries in three and six dimensional supergravity related to
one another, and to the R-symmetries and global symmetries of the CFT? While the
supersymmetry projectors (4.1) are very simple, and seem very canonical, one should be
able to derive them from the full consistent truncation and knowledge of the CFT states.

It would also be very interesting to see if there are more general BPS solutions in three-
dimensions. In section 5.3 we already noted that there are easy generalizations because the
spatial metric, ds2, in (3.2) could be replaced by a constant (negative) curvature metric on a
Riemann surface of genus greater than one. This would add some very interesting topology
to the core of the solution, but at the cost of having some strange boundary conditions at
infinity. More broadly, our presentation has been very much driven by the knowledge of the
data that comes from the superstrata. It is possible that a more detailed analysis could lead
to extensions, or generalizations, of these superstrata solutions. Indeed, perturbative anal-
ysis in six-dimensions reveals that there are a lot more metric and flux modes that preserve
supersymmetry and that are not part of the known superstratum solutions. It remains to
be seen whether any of these six-dimensional modes survive in the consistent truncation
to three dimensions, but if they do, one will then be able to construct new BPS solutions
in three dimensions and then uplift them to create new superstrata in six dimensions.

The remarkable thing about [1], and this follow-up, is that a really non-trivial sector of
the D1-D5-P system, with a known holographic dual, can be reduced to three-dimensional
supergravity. As we remarked in the introduction, we hope to use this observation to obtain
non-extremal superstrata. While we are very optimistic about finding new non-extremal
solutions in this manner, we should also add some words of caution. Consistent truncations
are very much a “Faustian Bargain”: to obtain a much simpler, closed set of equations one
must truncate away many of the higher-dimensional degrees of freedom. This means that
the lower dimensional, gauged supergravity may lack the fidelity needed to describe the
correct physics. There are many examples of this in holographic RG flows, such as trying
to describe a confining RG flow in /=4 Yang-Mills theory using gauged, five-dimensional
supergravity [14—19]. The failure of the gauged supergravity to capture the physics typically
results in a singular, unphysical solution. The correct physics can only be described if one
activates all the essential degrees of freedom needed to describe that physics, and this may
require the higher-dimensional supergravity, or even the full string theory.

Indeed this issue lies at the heart of the microstate geometry and fuzzball programs:
General Relativity in four dimensions captures the large-scale gravitational aspects of black-
hole physics but it requires string theory, or, at least, supergravity, to describe the informa-
tion that is apparently “lost” by four-dimensional General Relativity. Thus singularities,
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and horizons, are to be thought of as a pathology brought on by restricting the degrees of
freedom to a theory that does not have the proper fidelity to resolve the physics. These
dangers are inherent in consistent truncations, and so it is possible that three-dimensional
supergravity might not have the degrees of freedom necessary to describe non-extremal mi-
crostate structure. It is, of course, becoming increasingly evident that matter falling into
microstate geometries ultimately scrambles into stringy excitations around those geome-
tries (see, for example, [20, 21]), and so not even supergravity is capable of describing this
microstate structure. On the other hand, it is very plausible that supergravity will capture
some coherent families of non-extremal microstate geometries and, if one is optimistic, it is
also possible that some of them will be captured by three-dimensional gauged supergravity.
We are indeed optimistic that this will occur, but we note that if the non-extremal solu-
tions of three-dimensional supergravity all turn out to be singular, this will almost certainly
represent a lack of fidelity in the three-dimensional theory rather than a problem with the
microstate geometry and fuzzball programmes. Resolving this issue is for the future.

Returning to the results presented in this paper, and putting the considerations of
superstrata, consistent truncation and black-hole microstructure to one side, it is important
to note that, from the three-dimensional perspective, the BPS solutions we describe here
are completely new, smooth, three-dimensional backgrounds, and are thus intrinsically
interesting in their own right.
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A Basis changes

A.1 SO(4,5) basis changes
We use both the canonical and GL(4,R) bases for SO(4,5). In these bases the invariant

metrics are, respectively:

Liss Otns Ogxa Lyxa O
n= x x , = | Lyxa Ouxa 0 | . (A1)
Osx4 —15x5 0 0 —1

The change of basis matrix, %, is thus required to satisfy:
n=%n%8" (A.2)

This determines % up to some signs. We use:

% Tyxa % T4x4 0

P = —ﬁ Tyxa %]14><4 o, (A.3)

0 0 1

which is an orthogonal matrix with determinant equal to one.
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