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domain wall and other novel backgrounds to four-dimensional minimal gauged supergravity.
Using our consistent truncation we uplift known AdSs x Y1 solutions giving rise to four-
dimensional orbifold solutions, AdSs x ¥1 x ¥5. We further uplift our solutions to massive
type IIA supergravity by constructing the full uplift formulae for six-dimensional U(1)2-
gauged supergravity including all fields and arbitrary Romans mass and gauge coupling.
The solutions we construct are naturally interpreted as the near-horizon geometries of
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1 Introduction

Compactifying a field theory using a topological twist, [1], has long been a useful tool
for studying supersymmetric field theories and their holographic duals, [2]. Recently, a
novel class of anti-de Sitter solutions were discovered which realise supersymmetry using a
different type of twisting. The solutions are obtained from wrapping branes on the orbifold,
Y = WC[P[lnﬂm], known as a spindle. The spindle has conical deficit angles at both poles
with weights, n4, with ni relatively prime integers. The first spindle solutions in the
supergravity literature describe D3-branes wrapped on a spindle, [3]. Since then, spindle

solutions have been extended to many other brane configurations and multi-charged solutions:



D3-branes, [4, 5], M2-branes, [6-10], M5-branes, [11], D4-branes, [12, 13|, mass-deformed
D3-branes, [14], D2-branes, [15], and more general massive type ITA brane configurations
in [16, 17]. All of these solutions exhibit a universal feature. Supersymmetry is preserved
by one of two new types of twist, dubbed twist or anti-twist. In [18] it was shown that these
are the only two possible twists on a spindle that preserve supersymmetry.!

In a somewhat parallel development, orbifold solutions known as discs were constructed
in [20, 21] describing M5-branes wrapped on a punctured sphere. These AdSs solutions
are conjectured to be dual to a class of 4d N' = 2 Argyres-Douglas theories, [22], with
further checks of the dualities and generalisations of the punctures performed in [23, 24].
Like the spindles this has been extended to other brane configurations: D3-branes, [25, 26],
M2-branes, [9, 27], D4-branes, [28], and M5-branes, [29]. In [9, 25] it was shown that the
disc solutions are different global completions of the same local solution. This fact will
appear later in this work where we extend it to additional types of spaces including the
defect solutions of [30].

A natural generalisation of this program is to find AdS solutions obtained from branes
wrapped on higher-dimensional orbifolds. A simple higher-dimensional oribfold is given by
the product of a spindle and a constant curvature manifold. In this spirit, AdSs x ¥ x ¥
solutions in six-dimensional gauged supergravity were constructed in [12, 13, 31], while
in seven-dimensional gauged supergravity, AdSz x ¥ x ¥; solutions with »; a Riemann
surface of genus, g, were constructed in [5, 31] and AdSy x ¥ x H? solutions in [15]. These
solutions can be viewed as orbifold generalisations of the solutions obtained from branes
wrapped on a product of constant curvature manifolds: AdSs x Xj, x X4, solutions in
six-dimensional gauged supergravity, [32-34], and AdS3 x 34, x X;, and AdSs x Sy x H?
solutions in seven-dimensional gauged supergravity, [35].

More recently, this has been further extended in [36] to AdSgx ¥ x Y9 and AdS3xXgx ¥
solutions in seven-dimensional gauged supergravity where the two factors are fibred over each
other. These solutions were found by performing a consistent truncation on the AdSs x ¥
solutions in seven-dimensional U(1)?-gauged supergravity of [11] to five-dimensional minimal
gauged supergravity. Utilising the truncation ansatz the authors uplifted solutions of five-
dimensional minimal gauged supergravity to seven dimensions leading to the aforementioned
fibered solutions.

In this paper we will perform the analogous construction of [36] for six-dimensional U(1)2-
gauged supergravity. We construct a consistent truncation of six-dimensional U(1)2-gauged
supergravity down to four-dimensional minimal gauged supergravity by compactifying
on a local solution which contains the spindle as a choice of global completion. We
study two classes of the multitude of possible solutions, focussing on AdSy X ¥1 X Y5 and
AdSy x ¥y x X5 solutions. We further uplift the solutions to massive type IIA supergravity
on the Brandhuber-Oz solution, [37]. For the vanishing two-form field, B = 0, the uplift
formula of six-dimensional U(1)2-gauged supergravity to massive type IIA supergravity was

n [19] infinite families of examples of M2-brane solutions admitting both twist and anti-twist solutions
were constructed, complementing the analysis in [18]. It is interesting to note that of the known solutions only
the M2-brane and D3-brane solutions allow for both twists, this is not to say that the other configurations
cannot allow both though.



first presented in [38] and improved in [12], but the full truncation was lacking. We have
remedied this, constructing the most general uplift of the U(1)? theory.

The layout of this paper is as follows. In section 2 we perform a consistent KK
reduction of six-dimensional U(1)2-gauged supergravity to four-dimensional minimal gauged
supergravity. The choice of two-dimensional surface on which we compactify is large,
including, but not restricted to, spindles and discs. In section 3 we use our consistent
truncation to construct AdSs x 1 x ¥o x 5% solutions of massive type IIA supergravity, with
S4 a four-dimensional hemisphere. We analyse the global properties of the solutions before
computing their Bekenstein-Hawking entropy, giving a prediction to match with a yet to be
found dual field theory. In section 4, using our truncation we construct AdSs x ¥ X ¥
solutions. We conclude in section 5. Some technical details are relegated to five appendices.
In appendix A we present the conventions of six-dimensional U(1)2-gauged supergravity
that we use in the main text. In appendix B we present the fully general uplift of six-
dimensional U(1)2-gauged supergravity to massive type ITA on the Brandhuber-Oz solution.
Appendix C studies the zoo of all solutions on which we may perform our truncation.
Some of the solutions presented there have not appeared in the literature previously and
are deserving of further study independent of these results. Appendix D proves that our
consistent truncation preserves supersymmetry provided superysmmetry is preserved in
four dimensions. Finally, in appendix E we study the R-symmetry of the four-dimensional
orbifolds that we construct.

Note added. While we were in a process of submitting we became aware of the work
of [39] which has a large overlap with some of the results presented here. For this reason,
we coordinated the submission to arXiv of our respective papers.

2 Consistent truncation on a two-dimensional surface

In this section, we perform a consistent truncation of matter coupled F'(4) gauged supergrav-
ity in six dimensions on a two-dimensional surface down to four-dimensional minimal gauged
N = 2 supergravity. The seed solutions on which we truncate down to four dimensions are
the local AdSy x My solutions studied in [12], of which a particular global completion is
the spindle, Ms = ¥52. We begin this section by fixing our conventions of matter coupled
F(4) gauged supergravity, then study the local solutions on which we will truncate to
four-dimensional minimal gauged supergravity. There are a plethora of different global
completions, including but not restricted to, spindles, discs, domain walls and constant
curvature Riemann surfaces. Much of the global analysis of the zoo of solutions is relegated
to appendix C, leaving just the analysis of the spindle in this section, since it is the space
we will use when constructing explicit examples in the later sections. Having discussed the
local and global form of the two-dimensional surface, we construct a consistent truncation
of the six-dimensional theory down to four-dimensional minimal gauged A’ = 2 supergravity.
Proof of supersymmetry preservation of the truncation is also relegated to an appendix, in
this case, appendix D.



2.1 U(1)2%-gauged supergravity in six dimensions

We will consider the truncation of F(4) gauged supergravity, [40], coupled to matter
multiplets, [41], down to four-dimensional minimal gauged supergravity. More concretely,
we consider pure six-dimensional SU(2) x U(1)-gauged supergravity coupled to a vector
multiplet and then truncate to U(1)2-gauged supergravity by gauging the Cartan of the
SU(2) gauge group and a U(1) from the vector multiplet, [42]. This truncation was employed
to construct black hole solutions with a horizon of the form AdSs x X, x g, in [33, 34].2
We follow the conventions of [12] for the supergravity theory.

The bosonic field content of the truncated theory consists of the metric, two U(1)
gauge fields, A;, a two-form field, B, and two scalar fields, ;, with ¢ = 1,2. It is useful to
parametrise the scalar fields by

X;=e3%¢ g = (21/2,2—1/2) . = (f21/2,2—1/2) : (2.1)
and to define 3
Xo = 2m (X1X2) %2 . (2.2)
g

The field strengths of the gauge fields and two-form field are, respectively,

F;,=dA;, H=dB. (2.3)
The action is
S = 716 - /d%\/ [R V- f\dwﬁ - ZX 2R - < (X1X2) |H|?
2 quUT)\ 2
m —1 2 1 13
- — (X1 X B o For B,, B, , 2.4
= ) Bl - <1,wu+12,w J- e
where the scalar potential is
9 4 ., 8
g7V = gXo — 4X1 Xz — o Xo (X1 + X2) . (2.5)

For the norm of the form fields appearing in the action we use the canonical convention to

include the numerical weighted factor, i.e.,

1
w|? = mem%w“l'““p. (2.6)

The equations of motion following from the action are presented in appendix A.

As we have in mind the uplift of supersymmetric AdS vacua to ten dimensions, we
only consider the case of m, g > 0 in this paper. There are two critical points of the scalar
potential V: X; = Xy = (3m/2g)"/* which is supersymmetric and X; = Xo = (m/2g)"/*
which is non-supersymmetric, [40], and unstable, [43]. One typically sets the scalar fields to
have value 1 at the supersymmetric fixed point which fixes 3m = 2¢g. The uplift formula
to massive type ITA that we present in appendix B does not fix a relation between m and

2Note that this includes AdSs x My solutions, with M4 Ké&hler-Einstein, as a subclass.



g and therefore can be used to uplift both the supersymmetric and non-supersymmetric
solutions to ten dimensions. One must be slightly careful when either g or m vanishes
or become negative, however, by using a scaling symmetry of the solution that we give
explicitly, one can also uplift for these choices.

2.2 AdS,; X M solutions

We now discuss the seed AdS4 x Ms solution on which we may construct the consistent
truncation. Though our focus will be on obtaining a consistent truncation on a spindle,
since the results are independent of the global data of Ms, only depending on the local
form of the metric, gauge fields and scalar fields, it will be equally valid for any other
global completion of the local solution. In the following we will present the local solution
before studying the various ways of globally completing the solution. We relegate technical
analysis of the various global solutions to appendix C. As we will show, there is a whole
zoo of globally well-defined solutions of differing topologies that arise from the same local
solution, some of which have not been studied previously.

The local solution we consider is obtained by a double analytic continuation of a black
hole solution in [44]. In [12] it was shown that one choice of global completion of the
solution is a spindle. We will follow their conventions in the following. The metric, the
gauge fields and the scalar fields are, respectively,

a2 = (Pha)ha()) " [dskgs, + s3]

3
(Y (2 3 1
Ai = (ozz hi(y)> dz,  Xi=(Pm@ha(v)) " hly) ™, (2.7)
where the metric on the two-dimensional surface is given by
2
Y 2 F(y) 2
ds?, = dy” + dz”. 2.8
v = P R ) 2

The constants, «;, are pure gauge and have been introduced for later exposition. The two-
form field, B, is trivial for the solution. This is a supersymmetric solution of six-dimensional
U(1)2-gauged supergravity reviewed in the previous section provided that the functions are

F(y) = m*hi(y)ha(y) — y*
29 3

hily) = —2 2.9
(y) 3y T4 (2.9)

where ¢;, ¢ = 1,2, are real parameters. In the following we will set 3m = 2g periodically.
This is the value which allows for the supersymmetric AdSg vacuum and is thus the necessary
one to uplift if we want to preserve supersymmetry in ten dimensions.

General global analysis. The global properties of the metric depend on the number of
roots of the function, F'(y). To analyse this, let us define

2 2
3 % _ s—/s*—4p st /st—4p
s =m"(q1 + q2), p=m-qi1q2, <~ m—T, Q2_T

(2.16)



Figure 1. A plot of the various domains of validity for solutions in (s,p) space. The three coloured
regions denoted R; 2 3 allow for a global completion to a compact space, while region 4 allows for
non-compact domain-wall solutions. The regions are separated by various lines, the non-trivial lines
p = p1(s) and p = pa(s) are given explicitly in (2.12) and (2.14). We have added a + superscript
on po to denote whether it is above or below the axis, the form of ps is independent of this. There

are three distinguished points arising from the intersection of the boundary lines: A = (2%, %),
— (-2 _ (8V2 4
B = (3\/570) and C' = ( 27 ’_ﬁ)'

Clearly, for the ¢;’s to be real we must impose that s? — 4p > 0, with equality iff ¢; = go.
Then, with these variables (and setting g, m to their supersymmetric value, 2g = 3m) we
have

Fly)=m'Flym™) =p+4*(y* —y +), (2.11)

and it remains to study the roots of the above function while varying the two parameters
p,s. Note that while the metric and gauge fields are invariant under the simultaneous
transformation, y — —y, ¢; — —gq;, the scalar fields are not and pick up a minus sign. We
must restrict to the p, s parameter space where F(y) > 0 and h;(y) > 0 in the domain of y
in order for the scalar fields and metric to be well-defined. From the form of the function
one finds that there can be at most four real non-zero roots. If none of the roots are zero
then there is necessarily a complex pair of roots. Furthermore, it is not hard to see that
there is a root at zero if and only if one of the ¢; = 0, therefore, away from p = 0, there is
always a complex pair of roots. The form of the function, F(y), also implies that there are
always two real roots, with a further two real roots appearing in a restricted domain. In
figure 1 we have plotted the various regions in (p, s) parameter space giving rise to globally
well-defined solutions.

The regions are defined by four lines, which are further broken up by studying their
intersections. The inadmissible region has 4p > s? leading to complex ¢;. Region 1 is has
p < 0 and, therefore, ¢;’s are of opposite sign. In region 1 there are four real roots, three of
which are positive. In regions 2 and 3 we have p > 0, and so the ¢; are of the same sign. In
region 2 there are only two real roots both of which are negative. In region 3 there are again



Special point M at special point ‘

Single root R?/Z,,
Double root H2/Zy
Root at 0 R x St/z
0 but not a root R x S'/z,
00 Asymptotically AdSg

Table 1. The various choices of end-points for the global completion of the metric on Ms. The
roots at 0 or an end-point at 0 without being a root both lead to singularities in the six-dimensional
metric, these can be interpreted as smeared branes. For the final choice the metric on AdSs x M,
becomes asymptotically locally AdSg space.

four real roots, this time two positive and two negative. Finally in region 4 we find two
real roots only, one positive and one negative. The two remaining lines are not as simple
to write down but can be given explicitly by studying the vanishing of the discriminant of
F (y). We find that the line bounding region 1 from below is given by

p=npi(s) = 3714(32 + 8157 — 213 (w(a — i)/3 — W (a + 15)1/3)> , (2.12)

where
w= (=13 a=27%5(320s + 7295%) — 2048, B =27s(128 — 729s2)3/2.  (2.13)

In the range, 0 < s < 82—‘?, this is real as it should be. The final line which forms the

boundary between region 2 and 3 and caps off region 1 is

p=pa(s) = 3714(32 +815% 4+ 213 (w2 (a — iB) /3 — w(a + 15)1/3)) , (2.14)

again this is real for 0 < s < 82\—?. Along these lines F(y) develops a double root and a
triple root at the intersection point at s = 82—\?, (point C in figure 1).

Altogether we have five different end-points to consider:® a non-zero single root, a
non-zero double root, a root at 0, 0 where F' (0) > 0 and oo. We have summarised the
various options in table 1 and the local geometry of My around that point. Our goal is
now to glue two choices of boundary condition together provided that such a choice of the
gluing is possible. This can be read off from figure, i.e., there is a non-trivial domain in
figure 1 where the two choice of end-points are possible. The different choices of gluing are
summarised in table 2.

We spare the reader the details of studying all the solutions appearing in table 2 here
and refer them to appendix C for this analysis. Here we will present only the analysis of
spindle since this will be the main focus of our consistent truncation, though we emphasise
that it works for any of the solutions given in table 2.

3We will ignore the triple root here since we have not found a suitable way to incorporate this into a
well-defined global completion, unless we take a scaling limit to the torus.



Mo H Root structure Domain of validity ‘

Spindle ¥ [12] Two positive single roots Region 1
Disc D [28] + Single root and 0 Region 2 and 3
Disc D (E.S.) (here) Single root and root at 0 p=0,s¢€ (0,2 )
Black Bottle BB (here) || positive single root and double root | p=p;, s € (%f 2\—[)
Black Goblet BG (here) 0 and double root p="p3,5s€ (5, %)
S2 [42] Scaling limit at double root p=p1, s € (0, \—f)
T? (here) Scaling limit at triple root Point C
H? [42] Scaling limit at double root pP=ps, 8§ E (287, Sz‘—f)
H? (E.S.) [42] Scaling limit at double root Point B
Domain wall: conical positive single root and oo Region 1,3,4
Domain wall: disc 0 and oo Region 2
Domain wall: disc (E.S.) root at 0 and oo =0,s¢€ (—3 00)
Domain wall: bottle positive double root and oo p=p2, SE (2%, %)
AdSg [37, 40] — p=s=0

Table 2. The different choices of global completion and the values of p, s giving rise to such solutions.
We have indicated where these solutions were first considered, in some cases it is in this paper.
Certain solutions lead to an enhanced symmetry group in the uplifted solution and have been
distinguished by writing E.S. (enhanced symmetry). The solutions of the first block have finite free
energies when viewed as an AdS, solution. The second block of solutions have infinite free energies
due to the AdSg asymptotics.

Spindle. Here we consider the spindle completion of the local metric above, as originally
discussed in [12]. In order for the metric to give rise to a spindle the parameters must be
chosen to lie in region 1 of figure 1 so that there are positive non-zero single roots at both
end-points. The full domain is given by

s € (O, %) and  pi(s) <p <min(0,p; (s)), (2.15)

where the bounds on p are s-dependent. Within this region, and away from the boundaries,
we have three real positive roots and one negative root. Let y_ be the smallest positive
root and y4 the next positive root. The local metric can be completed to a well-defined
global metric on a spindle, [12], by taking the domain of y to be y € [y_,y+]. The two
end-points correspond to the two poles of the spindle which have conical singularities,
R?/Z, .. The orbifold weights, n, n_, are taken to be relatively prime. The period of the
circle direction is

Az 2y3 _ 2y®

2 |F'(yy)|lmny  |[F/(y-)|mn_"

(2.16)



Using the metric we can compute the Euler characteristic of the spindle, finding

1 n4 +n_
Y9) = — R ly, = ——. 217
X (22) In Jy, Tevols = = (2.17)

The magnetic flux threading through the spindle is quantised according to

3 3 .
i/ FZ:QAZ< = _ % ); bi (2.18)
2m Jx, 2 \hi(y-)  hi(y+)/  nen-

and the integer flux numbers, p1, po, satisfy the twist condition,

pLt+p2=n_+ng, (2.19)
upon application of 3m = 2¢. Note that the graviphoton field strength, F'%, is given by
FR=g(F + F), (2.20)

and, therefore, the solution realises the “twist” mechanism for preserving supersymmetry.
One may express the quantities, y+, g1, g2 and Az, in terms of the orbifold weights,
n4, n—, and the flux numbers, p;, p2. Following [12] we reparametrise y+ in terms of w

and 7 as
y-=w(l—-171), yr=w(l+4+7). (2.21)
We also introduce p and z by
ny —n—
= — 2.22
h e T (2.22)
and n .
n n_ n n_
p="" 00, =" (2.23)
By solving the following quartic equation,
P(r) =" 4 (822 = 3= 9u2) 72 + 12 — 9 = 0, (2.24)

T can be expressed in terms of the orbifold weights, ny, n_, and the flux numbers, p1, p2.
It follows that we can express y+, q1, g2, w and Az in terms of 7, u and z,

o 1x7 9u (12 4+1) — 37 (72 +5)
RRFIGE: BM 2= 229
3(1-12)
. e Bu(147?) —2r %7 (r2+3) 2], (2.26)
B 1 9 (12 4+ 1) — 37 (12 +5)
G 3)\/ 20-1) 220
7 (72 -7
Az = x(52) 2 Z;’T)Q(“ ). (2.28)

The holographic dual of the solution should be a 3d N' = 2 SCFT obtained by
compactifying 5d N/ =1 SCFT with gauge group USp(2N), [45], on the spindle, ¥5. The
explicit details of this 3d SCFT are currently lacking, however. Using the uplift formulae



provided in [12], and extended in appendix B, one may uplift this solution to massive type
ITA supergravity.* The holographic free energy of the solution is

167318 3m2At /5

VBN [3u (s 4 1) — 7 (72 4 5)]
5,/8 — Ny (12 +3) (M—T)1/2

where N and Ny are the number of D4- and D8-branes, respectively.

‘FS3><»:2 =

= x(%2) ; (2.30)

2.3 Consistent truncation

Using the AdS, x Mj solution given in (2.7) as our seed geometry, we construct a consistent
truncation of matter coupled F'(4) gauged supergravity on a spindle, ¥4, to four-dimensional
minimal gauged supergravity. After a little trial and error, we find that the ansatz for the
metric is

_F®) (LY
h1(y)ha(y) (d 2mA) ] ’ (2:31)

where ds? and A are the metric and the gauge field of four-dimensional minimal gauged

1/4 y2
ds?z = (y?hi1(y)ha(y ds? + ——dy? +
8= (P mha(y) * (dst 4+ s dy

supergravity. Accordingly, the gauge fields and the two-form field are given by
3
Y 1
Ai=——"—|dz— — )
hi(y) ( : ZmA)
1
Be- Yy r (2.32)
m

where F = dA. The scalar fields are the same as the ones of the AdS4 x Y5 solutions,

3/8 B
Xi = (Pm@ha(y) " hily) ™. (2.33)
Note that we have set the constant gauge parameter introduced in the gauge fields in (2.7)
to zero. That is, by introducing the graviphoton via minimal coupling, dz — dz — ﬁfl, one

must choose the gauge, a;; = 0. Given that, in the uplifted theory, the U(1) isometry of the
spindle mixes with the R-symmetry and this is not too unexpected. In the uplifted metric
different gauges for the two gauge fields correspond to different choices of the R-symmetry
direction. It is precisely the gauge, o; = 0, that in the uplifted solution the R-symmetry
direction is d,, and any other gauge leads to an R-symmetry direction which mixes the z
coordinate with those of the isometry directions of the four-dimensional hemi-sphere in the
uplift. Since the graviphoton is the gauge field of the R-symmetry, it should appear by
gauging the exact R-symmetry direction. Thus, if this is by a minimal coupling term, the

4One could also consider uplifting this to type IIB supergravity, see for example [46] which considers the
embedding of F(4) gauged supergravity coupled to vector multiplets into type IIB supergravity and the
embedding of pure F(4) gauged supergravity in type IIB supergravity in [47-49]. The analysis above shows
that for the spindle it is necessary to consider the theory coupled to a vector multiplet, not just the pure
theory, so there is currently no known consistent truncation which we may work with.

~10 -



gauge choice is important and, more importantly, fixed to the one we consider. A similar
argument also explains why [36] found the need for a particular gauge when considering
the truncation of seven-dimensional gauged supergravity on a spindle to five-dimensional
minimal gauged supergravity.

If we substitute the ansatz to the equations of motion of F(4) gauged supergravity,
they reduce to the equations of motion of four-dimensional minimal gauged supergravity,

1 1
Raﬁ = —39046 + 5 (.Fafy]:ﬁfy — 4gaﬁ]:’76p6> ,

dxg F=0. (2.34)
The equations of motion can be derived from the action,
1 1

S = ﬁ/d:ﬁl\/—ig (R +6— .7:@5.730‘5) , (2.35)
167Gy 4

where the cosmological constant was normalised so that Lg4g, = 1.

The truncation we have presented above is a local construction and indeed no data
about the global completion of the solution was used in deriving the truncation. Thus, it
can equally be applied to construct truncations on the other backgrounds that we study in
appendix C.°

3 AdS; X ¥; x ¥, solutions

Employing the consistent truncation of the previous section, in particular, (2.31), (2.32),
and (2.33), we will uplift the known spindle solution, AdSs x ¥ 1, in four-dimensional minimal
gauged supergravity to F'(4) gauged supergravity. We obtain a class of AdSy x ¥1 X Yo
solutions where the compact space is a four-dimensional orbifold. Unlike the AdS4 X Y9
solutions which are in the twist class, the minimal AdSs x ¥; solutions preserve super-
symmetry via the anti-twist. It would be interesting to extend our consistent truncation
beyond the minimal case studied here. Solutions in four-dimensional U(1)* gauged super-
gravity have been constructed in [8, 9], including disc solutions, and uplifting solutions in
these large four-dimensional theories would allow for us to uplift solutions which preserve
supersymmetry by the twist instead, [18, 19].

3.1 Uplifting D =4to D =6

In four-dimensional minimal gauged supergravity, supersymmetric AdSy X Y1 solutions were
constructed in [6].° The metric and the gauge field are

2
ds? = ‘%ds‘f;dSZ tdsy, A= (1 _ ;) &, (3.1)

®One subtlety arises for the constant curvature Riemann surfaces. These are obtained by taking a certain
scaling limit of the solutions and in this limit the gauging of the isometry direction in the metric on Ms
vanishes. The presence of the gauge field of four-dimensional minimal gauged supergravity is still present in
the flux terms, however, so this does still give a sensible consistent truncation in these cases. This truncation
is more in the spirit of [50, 51].

®In [6] these solutions were allowed to rotate. In the following we will restrict to the static case for
simplicity of exposition, though much of the analysis for the rotating case is the same as that presented
here. This would constitute the first example of a rotating four-dimensional orbifold albeit in only one plane
rather than the two possible planes.
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where the metric on the spindle, ¥4, is

2
2 x 2, 4(@) o
_ 2
dsil q(x) dx + 4x2 d'l,b 5 (3 )
and the function, ¢(z), is
q(z) = z* — 42® + dazx — a® = ' — (22 — a)?2. (3.3)

This local metric can be extended to a metric on a spindle, with relatively prime
orbifold weights, m and m_, and a suitably quantised magnetic flux provided the period,
A, and the parameter, a, are fixed to be

m% —m?
aT W2 +mZ’
+ —_
m% +m%
Ap =m0 (3.4)
m4m—

The line interval with coordinate z is fixed to lie in x € [x_, x| where x_, x4 are the two
middle roots of ¢(z) and take the form,

r_=—-1++V1+a,
x+:1—\/1—a. (35)

The Euler characteristic of the spindle is given by

my +m_

1
x (Z1) An /»:1 ¥, VOly, m_m.

and the magnetic flux through the spindle is

1 —m_
—f/‘fezmi—fln (3.7)
2m Jy, m_my

From (3.7) we see that the solutions are in the anti-twist class after noting that the gauge
field for the R-symmetry is A" = A. Finally the Bekenstein-Hawking entropy is given by

Ay r V2ymE4+m2 — (m_+my)

Spy = = , (3.8)
elcllpTele) Moy

where Ay, = 1 (24 — 2_) At is the area of the horizon.

By employing the consistent truncation ansatz worked out earlier in (2.31), (2.32)
and (2.33), we can uplift the AdSs x ¥; solution to F'(4) gauged supergravity and obtain a

- 12 —



class of AdSy x ¥1 X Y9 solutions given by,

ds3 = (y2h ()ha(y)) " [x ds%as, + ﬁd 1)

y(y W+ iy (4 g (1) @) ]

3
y a
P R A PO
hi(y) )
a
B=- %yVOIAdSQ )

X, = (e ). (39

"11

From the form of the metric we see that the spindle, Y5, is non-trivially fibered
over the spindle Y1. In order for this fibration to be well-defined, the one-form, n =

(dz — 5 (1-2) d1/1) should be globally defined. This is equivalent to requiring that
the curvature of the bundle over ¥, is in Z/m_m_, that is we require

1 t
— n= ) teZ. (3.10)
27 Jx, m_my
Since dn = —3Z ;L F, using (2.28) and (3.7), we find a condition relating the spindle
numbers, m4, n4, and the flux numbers, p1, po,
nin_ 472

t=(my—m-) €Z. (3.11)

ny+n_ (72+43)(up—1)
This condition ensures that away from the poles on the ¥, fibre, the space ¥1 x ¥4 is
well-defined. In fact the circle parametrised by z fibered over the spindle, ¥, gives the
Lens space L(t,1). While the conical singularities of ¥ are removed, those of ¥, remain.
This is an orbifold version of a Hirzebruch surface where the CP’s have been replaced with
spindles, [36]. As a final comment it is possible to find solutions of the parameters such that
this quantisation condition is satisfied, thus the set of well-defined solutions is non-empty.

3.2 Uplifting to massive type IIA supergravity

We now want to consider uplifting the solution to massive type ITA supergravity on the
Brandhuber-Oz solution, i.e., with internal manifold a four-dimensional hemisphere. The
uplift of six-dimensional U(1)2-gauged supergravity, where the two-form potential, B, is
set to vanish, was given in [12] with the gauge coupling and Romans mass fixed to satisfy
3m = 2g. In appendix B we have constructed the general uplift allowing for a non-trivial two-
form field, B, and also allowing for the Romans mass and gauge coupling to be independent.
Despite the generality of our uplift, in the following, we will impose the supersymmetry
constraint, 3m = 2¢, since we are interested in supersymmetric solutions of massive type
ITA supergravity.

In appendix B we have introduced two free parameters, A and [, to the uplift formula.
The parameter, [, is an overall length scale and can be thought of as the length scale of

~13 -



the background AdSg solution. The other parameter, ), is less intuitive but is required for
flux quantisation. Both are symmetries of the action, but only [ is a symmetry for flux
quantisation since it may be absorbed by redefining the string length. The metric in string
frame reads

dsg.f. = )\ng%—l/?) {y_lA,ll/Qd/:S%—i—g_zA;l/Q

2
P 3ot (@i +i20s) |} a2

i=1
where we have defined

= _ |7 ? s q@) sy, Fly) 1/ a 2
d‘%_lél syt et g i (45 (123 #0) |

(3.13)

and the one-forms, D¢; = d¢; — gA;. The angular coordinates, ¢;, have the canonical period
27. The functions appearing in the metric are

Ap = hi(Y)ha(y) g + vPha(y)ud + yv*ha(y) 3

Up =2 [(zf’ — hl(y)) (y3 - hg(y)) 1o — yﬂ — %Ah- (3.14)

The solution is supported by the full complement of fields: there are non-trivial NSNS
two-form potential, B(y), RR one- and three-form potentials, C(;) and C(3), dilaton field, ®,
and the Romans mass, Fg). The field strengths of the potentials are given by

1
Hg) =dB), Fo)=dCu)+ FoBw), Fa=dCp + B A Fe) — 50BN B -
(3.15)
In particular, the two-form flux and the NSNS two-form potential are given, respectively, by

N Flg = =T B,
1
A By = B, (3.16)

where B is the two-form field of F'(4) gauged supergravity. Also the dilaton field and the
Romans mass are given by

e® = N2y /0y (3.17)
m
Flo) = 137 (3.18)

Due to the unwieldy expression of the four-form flux, F4) we present only the terms that
are pertinent for flux quantisation: these are the terms on either the hemi-sphere or on the
four-dimensional orbifold ¥; x X,

1,-3 M(l)/gh1h2 Un p11p12 g u3/3
A F(4)= P, Kh m dﬂl/\dﬂ2/\D¢1/\D¢2_§M*GB+---- (3.19)

The remaining terms can be read off from appendix B after a little work by the reader.
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Let us define the two-cycles, S, = {y = y4}, a = %, to be the two sections defined at
the two poles of the fibre, Yo, [36], respectively. The fluxes through the two-cycles are

9 [ p_ 9 YL mo—my
or Js, " 2myd +q momy
g g ¥ m_—my

Z e 3.20
or Jo. 7' 2myd 4 mom, ( )

Recall that the R-symmetry field strength is F = g(Fy + F3). Then, on the two-cycles, S,,
we find

1 / R_ M4 — M- t
2 Js, m_m. nym_my
1 —m_ t
—/ pR=T M= . (3.21)
2m Js_ m_my n_m_m4
Note that we have the homology relation, S; — S_ = m_tm+ Y9, (see [36] for the analogous
relation in the M5-brane case), and indeed this holds for the R-symmetry field strength,
1 1 t 1
7/ FR——/ Fi= — | FR. (3.22)
2m Js, 21 Js_ m_my 27 Jy,
The R-symmetry flux through the spindle, Yo, is
1 1 1 1
— | FR=— 4 — = — Ys) , 3.23
27 /zg n_ + ny 21 Jy, e (22) ( )

where ¢1(Z2) is the first Chern class of the spindle.

For the solution to be well-defined in string theory we must quantise the fluxes appro-
priately. There are two quantization conditions on the fluxes which are inherited from the
AdSg vacuum solution, giving the integers, N and Ny, of the parent theory,

1

27ls) Floy =ng € Z, —_—
( ) (0) 0 (27‘(’[5)3

[ Fy=Nez, (3.24)
S4
where the second one is the four-form flux through the four-hemisphere. We denote by /¢
the string length and the number of D8-branes, Ny, is fixed in terms of the flux quantum,
ng, according to ng = 8 — Ny. For the solution, these imply the quantisation conditions

8 1 18xS g  8m?

9 =773

— = ——. 3.25
(274,)® N3ng’ 9Nn} (3.25)

There is one further four-cycle upon which we may quantise the fluxes, namely the orbifold
M, which appears in the title of this paper. This is constructed by going to the pole of the
hemi-sphere at pg = 1, giving a copy of the four-dimensional orbifold. The four-form flux
through the orbifold four-cycle, ¥1 x %o, is
1 1 my —m_
) /&m By = 60, 6 (v2 — 2] [922]N
my —m_ny +n_3u(r?+1) —7(r2 +5)

= N 3.26
m_my  n_ny 87 (12 + 3) ’ (3:26)
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where we have used (2.25), (2.28), and (3.25). Note that the quantities, [¢? (y2 — y%)] and
[gAz], are independent of the gauge coupling, g. It is an open question what quantization
condition we should impose on this quantity and indeed this was also a problem in the
Mb5-brane case, [36]. Nevertheless, we may arrange for this to be integer by tuning N.
However, this seems too restrictive and a weaker condition should probably be imposed.

This AdSs X ¥1 X Yo x 94 geometry should correspond to the near-horizon of a black
hole, as such we may evaluate the leading order correction to the Bekenstein-Hawking
entropy. For a string frame metric of the form,

dsgvf' = eQ‘L‘alsids2 + ds?ws , (3.27)
we have 1 1
Spy = _ / 2P yol(Ms) , (3.28)
1GY 4G\ s

where the dilaton factor is because we are in string frame. For our solutions arising from
the uplift of a four-dimensional black hole, the metric takes the factorised form,

2
ds? — 2B <e2C (stidsg + ds?v(l) + dS?V(m) + ds?\ﬂ) ; (3.29)
2 2

where the warp factors are ¢?8 = )\212u61/3(X1X2)_1/4A1/2 and €2¢ = (y2h1hy)'/* and it
is understood that N2(2) is fibered over NQ(D. Then the Bekenstein-Hawking entropy is

1 1
= 0@ 10 / e 22e8B ACvol (NS Jvol (NS )vol(My) (3.30)
N N

SBH

To simplify this, recall that the holographic free energy of the AdS, solution, (2.29), is

s s

f

— — —20 8B _AC (2)
et = 5 = g | AN, (a3

It follows that we may rewrite the Bekenstein-Hawking entropy in terms of the holographic
free energy of the parent theory, (2.29), as
Ap

S = —F,

o S3><N2(2) , (3.32)

where Ay, is the area of the horizon of the four-dimensional black hole. By plugging the
solution at hand in we find that the Bekenstein-Hawking entropy is

m2 m2_m m_
V3yfmi & m? — (my +m-) (3.33)

Fssxy, -
2m+m_ S3x¥o

SBH =

This factorised form of the entropy is a consequence, as is the dependence of the parameter,
t in (3.11) on the spindle weights, of using our truncation to construct the four-dimensional
orbifold horizons: one naturally has the splitting of the integral in (3.32) which is a
generic feature of the uplift here. More general four-dimensional orbifolds, outside of this
construction, will not have this exact factorised form and are currently being investigated.
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It is interesting to note that these four-dimensional orbifolds are complex but not
Kaéhler. The holomorphic two-form, €2, is

_ T dx ix/ézij Ly igggggfigyzggi .
8- ( q(w)d MR dl”) 4 (mdﬁ hl(y)hg(y)D ) , (3.34)
and one can check that

0 = i( - %ax (q(x)> ay — YWha) 5 (h1 F(y)(y)) Dz> AQ=1iP,AQ. (3.35)

x? 2y (y)ha

The putative compatible Kéhler form, allowing for an arbitrary conformal factor s(zx,y),
would then be

ha(y)ha(y)

It is not hard to convince one-self that this can never be closed for any choice of the

1
J = s(z,y) (ydy AN Dz + de A dl/)) . (3.36)

conformal factor. One may wonder whether it is possible to make this Kéahler for other
uplifts. A necessary condition is that the gauge field strength, F, is proportional to the
volume form on the horizon of the four-dimensional solution by a constant. If this is the
case, one can then solve for the conformal factor in order to obtain a Ké&hler space. This is,
of course, not a generic condition to impose and is probably restrictive to the point that it is
only possible for constant curvature Riemann surface horizons and, for the four-dimensional
minimal theory, this means a hyperbolic horizon. For the constant curvature solutions
that are known, [32-34], the analogous four-dimensional spaces are Kéhler. It would be
interesting to classify the supersymmetric AdSs x My spaces of six-dimensional U(1)2-gauged
supergravity in order to understand the underlying geometry of M, better.

From the exterior derivative of the holomorphic two-form, €2, above we may extract
the Ricci-form potential P,, and by taking an exterior derivative the Ricci-form p = dP,,.
Recall that for a complex manifold the Ricci-form p is proportional to the first Chern class
c1(My): p =2mc1(My). We may then compute the first Chern class threading through the
various two-cycles using the Ricci-form. For the two-cycles S+ we find

1 t
— =)+ — 3.37
or Js, x(X1) e (3.37)

while for the spindle ¥5 we have
1
o | P =x(22). (3.38)
T J5,

We may also compute the Euler characteristic of the four-dimensional orbifold. The
Chern-Gauss-Bonnet theorem gives

X(My) / vol(My) {\Riemann\Q - 4|Rictr]2} , (3.39)
My

= 3272

where the first term is the contraction of the Riemann tensor into itself with no 4! weight,
and the second term is the contraction of the traceless Ricci tensor into itself where

. 1
Ric, = Ry, — 159 - (3.40)

ic,,
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For the four-dimensional orbifold, after a tedious but otherwise simple computation, we find

X(My) = x(X1)x(22) - (3.41)
Similarly we may compute the signature of the space,
1
T(My) = */ p1(My), (3.42)
3 Jmy
with p;(My) the first Pontryagin class of the four-manifold. Explicit computation gives
2 2
— t
(M) = M=) (3.43)

3m_min?n?’
Note that the signature vanishes if we take the n4 — 1 limit, in which case ¥o becomes a
round two-sphere. For the Hirzebruch surface we have

x = x(CP{)x(CPy) =4,  7=0, (3.44)

and, therefore, in the (formal) limit where both spindles become CP! we indeed obtain the
correct invariants for the Hirzebruch surface.

As a final comment let us understand the eight-dimensional compact spaces appearing
in the uplifted solutions. This is a four-dimensional hemisphere bundle over My. We can
understand the hemisphere as being embedded in R @ C & C where the two gauge fields,
A;, each fibre one of the copies of C. It is interesting to note that the total space of the
C? bundle over My is not Calabi-Yau. To see this, note that the Calabi-Yau condition
requires that the integrated twisting conditions of the R-symmetry vector, F¥, should
cancel with the first Chern class of My integrated through the same two-cycle. For the two
cycle, ¥ o, these are equal, however, through the other two-cycles this is not the case. At
the section, S4, the tangent bundle splits into a direct sum where the complex tangent

bundle to the sections is O(my + m_) with Chern number % The normal bundle
is O(—t) and has Chern number, ———%——. The normal direction has a Z,,, singularity

nemim_
which gives rise to the additional ny in the Chern number. Instead we find that the integral

of the R-symmetry gauge field has m + m_ replaced with m; —m_, see (3.21). This is a
consequence of taking a spindle in the four-dimensional theory with the anti-twist, which
turns out to be the only option in the minimal theory. A truncation to a more general
theory, i.e., the four-dimensional U(1)? theory, would allow us to uplift both twist and
anti-twist solutions, [18, 19], and thus obtain Calabi-Yau solutions in this framework, too.

4 AdS; X ¥ x X, solutions

In four-dimensional minimal gauged supergravity, one can also obtain supersymmetric
AdS;, x X4 solutions which are the near-horizon limit of the black hole solutions constructed

in [52, 53] where ¥ is a Riemann surface of genus g > 1. The metric and the gauge field

are7

1 1
dsi = ZdS?AdSQ + 5(15228 5 F(z) = VOIZE . (41)

"This solution can actually be obtained by taking a scaling limit of the spindle solution discussed

earlier. See appendix C where we take this limit in the six-dimensional case. The four-dimensional case
works similarly.
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By employing the consistent truncation ansatz in (2.31), (2.32) and (2.33), we can
uplift the AdS, x X4 solution to F'(4) gauged supergravity and obtain AdSy x Xy x ¥

solutions,

1

1/4 1
dsg = (Pmha(y)) " | Jdskas, + 5453,

3
y 1
A =— dz — — ,
hi(y) ( & me)

1
B=—-—— 1
meVO AdSs »

Xi = (Pmw)ha(y)) hily) ™, (4.2)

where w is the Levi-Civita one-form satisfying dw = —volyg_ and the volume of the Riemann

3/8

surface is [ voly, = 4w (g —1).
We see that the spindle, 3, is non-trivially fibered over the Riemann surface, ;. In or-
der for this fibration to be well-defined, the one-form from the fibration, n = % (dz — iw),

2m
should be globally defined,
1
— dn=teZ. 4.3
o Js, n=te (4.3)
1
2m

n4, the flux numbers, p1, p2, and the genus, g,

However, since dn = % voly,, using (2.28), we find a condition on the spindle numbers,

niyn_ 16gx?
ny +n_3m (2% +3) (u— x)

t=(g—1) €z. (4.4)

This condition ensures that away from the poles on the Y5 fibre, the space, X3 x 3o, is
well-defined, [36]. However, the orbifold singularities remain at the poles of ¥,.

Let us define two-cycles, S, = {y = ya}, @ = £, to be the section defined at the two
poles of the fibre, ¥, [36]. The fluxes threading through the two-cycles have charges,

1 1 vy
Lol gy,
27T S+ my++Q7,

[ F=- (g-1). (4.5)

Recall that the R-symmetry gauge field flux is F® = g(F| + F,). Then, we have

1 t
f/ Fil=—2(g-1)+—,
2m Js,

ny
1 t
— [ FR=—2(g-1) - —. 4.6
o Js (@=1)—— (4.6)

We may again use the homology relation, Sy — S_ =t ¥9, [36], which implies

<2177/SF1+217r/5F2>_<2177/9+F1+217r/9+F2>:t<2177/{2FR>‘ (4.7)
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We find that the R-symmetry flux through the spindle, ¥, is
1 1 1 1
/XFR:—+———/01(X2), (4.8)
2

2 n_  ny 2w

where ¢ is the first Chern class as before.
The four-form flux threading through the orbifold four-cycle, ¥4 x o, is

(27:;5)3 /ng Flay = 93;7: 6 (43 — 2] l922] N

—(g—1) ny +n-3u(r? +1) — (7% +5)
—\ n_ni 47(72 4+ 3)

N, (4.9)

where we employed (2.25), (2.28), and (3.25). Note that the quantities, [¢? (y2 — y%)] and
[gAz], are independent of the gauge coupling, g. As before, the exact quantisation condition
that we should impose on this flux number is still to be determined. One can certainly tune
the parameters to make it integer, however, this may be too restrictive.

Finally we can calculate the Bekenstein-Hawking entropy in the same way as in the
previous section,

Spn = (9 — 1) Fesxy, = %fsf’)ng : (4.10)
with Fgsyy, is given in (2.29) and Aj, = 27(g — 1) the area of the horizon of the four-
dimensional black hole.

In this case we may again study whether the internal eight-dimensional manifold is
Calabi-Yau. As one may expect given our earlier discussion it is Calabi-Yau in this case.
This is, of course, a consequence of the twisting on the Riemann surface being performed
by the regular topological twist rather than the anti-twist in the spindle example of the
previous section.

5 Conclusion

In this work we have constructed a consistent truncation of U(1)2-gauged supergravity in
six dimensions to four-dimensional minimal gauged supergravity. Given that the truncation
depends only on the local data of the two-dimensional surface on which we compactify, our
truncation can be used to reduce on any of the global completions: spindles, discs, domain
walls, black bottles, Riemann surfaces and more. By employing our consistent truncation
we have constructed the AdSs x Y1 x Yo solutions of U(1)?-gauged supergravity in six
dimensions, where the compact space is a four-dimensional orbifold.® In order to uplift our
new solution to massive type IIA we have constructed the uplift of six-dimensional U(1)?
gauged supergravity to massive type IIA on a four-dimensional hemisphere keeping all fields
and allowing for independent Romans mass and gauge coupling.

With the uplift to massive type IIA in hand we obtain AdSs x ¥1 X ¥o KX S4 solutions.
These are natural candidates for the near-horizon geometries of six-dimensional black
holes with a four-dimensional orbifold horizon. Alternatively one can view these as the

80ne can also replace Y5 by any of the solutions in appendix C.
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holographic duals of 5d USp(2N) theory compactified on the four-dimensional orbifold.
It is an interesting problem to identify more precisely these field theory duals, as has
been performed for the M5-branes on a disc solutions in [20, 21, 23, 24]. As a first step
we have computed the Bekenstein-Hawking entropy of the solutions with which we may
compare to a field theory computation. As a further application of our uplift formula we
have constructed AdSy x X4 X Yo solutions and once again calculated their Bekenstein-
Hawking entropy. Similar comments about identifying the dual field theories of these
solutions are once again applicable here. In particular, it would be very interesting to
calculate the Bekenstein-Hawking entropy for both classes of solutions using the AdS/CFT
correspondence, [54], via a localization calculation in the dual field theory. For the black
hole solutions with a near-horizon of the form, AdSy x ¥y, x X,, found in [32-34], the
Bekenstein-Hawking entropy was counted microscopically by the topologically twisted index
of 5d USp(2N) theories, [55, 56]. One expects that a modification of that computation
should be possible here.

We have focused on constructing AdSy solutions in this work which are natural candi-
dates for the near-horizon geometries of six-dimensional black holes. It would be interesting
to construct the full black hole solutions, which flow from an AdSg asymptotic regime to
the near-horizon geometries studied here. One can then uplift this full black hole solution
and study its properties directly in ten dimensions, see, for example, [57], for the uplift of
the AdSy x ¥4, x ¥4, solutions of [32].

A natural further extension of this work is to construct four-dimensional orbifolds
where the parameter, ¢, appearing in (3.11) is a free parameter. Using our construction
this is not possible since the uplift formula relates this parameter to the magnetic charge
threading through horizon of the four-dimensional solution and thus cannot be made an
independent parameter, leading to the constraints we saw earlier. One must then construct
these more general four-dimensional orbifolds directly in the six-dimensional theory. Work
in this direction is currently ongoing and will be published soon.

Finally, we note that it would be interesting to construct truncations which allow for a
larger number of fields in the truncation, i.e., beyond the minimal case considered here and
in [36]. This would open up the possibility of constructing four-dimensional orbifolds of the
type studied here where the spindle ¥ allows for both the twist and anti-twist solutions
rather than just the anti-twist case. In four dimensions this would require being able to
uplift the four-dimensional 72 theory which allows both twist and anti-twist solutions.
In [51] they constructed such a consistent truncation on 4 for g > 1. We argued earlier
that our construction also gives the truncation on Xy to four-dimensional minimal gauged
supergravity after taking a particular scaling limit. It would be interesting to see if one can
indeed construct a consistent truncation to the four-dimensional 73 theory.
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A The equations of motion

For completeness we give the equations of motion of six-dimensional U(1)2-gauged super-
gravity derived from the action in (2.4). The Einstein equation is

2 2
1 1 1 _ 1 "
Ruu -3 § 8;%;01'81/301' - ZVg,uu -3 § XZ' 2 (FiupFiu P— gguyFipoE p )
i=1 =1

2 _ 1 o 1 s 1 o
_mT (XlXQ) ! (B,upBVp - gg/u/Bpon ) T (X1X2)2 (HupJHVp - gg;u/Hpcr)\Hp A) = 07
(A.1)
where the scalar fields, ¢;, can be read off from
X;=e 2%%, G = (21/2,2—1/2) . = (—21/2,2—1/2) . (A.2)

This is supplemented by the following equations of motion for the scalar fields and fluxes,

Xy 4gm(X1 — X>) -2 —2
dxgdlog | )| = ————-2x1—X] “F1 Ax¢F1 + X, “Fo AxgF>,
(X2> X13/2X23/2 1 2
2 24 y4 3/2+-3/2
d*Gdlog(XlXQ):—gm +4¢° X1 X35 ;?Znél X, (X1+X2)*61
1 2
2 2 2
~ 1 (XT2 R s P+ X5 Py Ao Fy ) + S22 H AxgH = BAxB,
(A.3)
L 1
d(X7 2% F1) = —SHAF,
1
(X525 F) = —SH AR,
WX we 1) = 2 BroR AR+ B AR A4

The supersymmetry variations of the fermionic fields are’

1

1 _ _
i = Dy + g lg (X1 + Xo) + mXal vy + 55 (X7 P4 X5 ) (3 = 6030

8 32
1 _ 1
+ g (X1Xe) 2 Bua (17 = 68197 ) v + g Xa XoHonn oy, (A5)
1 1 i o ~
ox = Za“ log (X1X2) v#n — 3 [9 (X1 + X2) — 3mXo|n — 32 (Xl P+ X 1F2) M
n%
L (X, X0) V2 By A L v X, A6
—3—2m( 1X2) " 4 G X Xo Hyuwn "y (A.6)
o 1 Xl m 7/ -1 —1 my
0A = 50 log (XQ) v =g (X1 = Xa)n— 7 (X1 By — X, Fa)Wv ik (A7)

9The Killing spinor equations of F(4) gauged supergravity are traditionally written in terms of a pair of
symplectic Majorana spinors 77A. Instead we will define a Dirac spinor from this pair by 7 = n' 4+ 7? since
this is most convenient for our later use.
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where

i
Dun =V = 59 (A1 + A2),m. (A.8)

B The complete uplift formula to massive type 11A

For the vanishing two-form field, B = 0, the uplift formula of U(1)2-gauged supergravity in
six dimensions was first presented in [38] and improved in [12]. In this appendix we present
the complete uplift formula with non-trivial two-form field, B, and no requirement on a
relationship between the Romans mass and the gauge coupling. This will allow for the uplift
of non-supersymmetric solutions on the branch for which 3m # 2g, for example, which were
not possible to uplift previously using the results of [12]. We follow the conventions in [12]
so that the truncation formula we present recover those of [12] upon setting B = 0 and
3m = 2g.

The bosonic field content of massive type IIA supergravity, [58], consists of the metric,
the dilaton field, ®, the NSNS two-form potential, B(), the RR one- and three-form
potentials, C';) and C(3), and the Romans mass, F{g). The field strengths of the potentials
are

1
Hg) =dB), Fo)=dCu)+ FoBe), Fay=dCp) + B A Fa) — 5HoBe) AN B
(B.1)

The action in string frame is

1 - 1 1
S=—m5 {/dmxx/? {6 " <R+4|d‘1>|2|H<3>|2> T2
167TGSV ) 2 ?

1
2

(B8 + 1P+ 1Fo )|

1
(B(Q) A dC(g) /\dC(g) + gF(O)B(Q) A B(Q) A B(Q) /\dC(g)

1
+%F(2O)B(2) /\B(g) /\B(g) /\B(g) /\B(g)) } . (B.2)

At the level of the classical equations of motion, there are two scaling symmetries of the
fields which preserve the equations of motion. Let A and [ denote the two constant scales.
Then the equations of motion are symmetric under

sl = NPPdsy e? =2 B = By,
F(O) = /\73l71F(0) s é(nfl) = /\n73lnflc(n,1) , (B3)

with n = 2,4. The scaling parameter, A, plays an important role for the fluxes to be properly
quantized, however, once the flux quantisation has been imposed, the scaling symmetry is
broken, [12]. On the other hand, the parameter, [, is a length scale one can introduce but
could equally reabsorb it into the string length in the quantisation condition.

The complete uplift formula of U(1)2-gauged supergravity in six dimensions to mas-
sive type IIA supergravity with arbitrary Romans mass and gauge coupling, has string
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frame metric,

ds2y = NPug ° (X0 X0) 7 AY2 {ds
+g”A’ﬂXfm%+Xf(@u+mD@)+X2(m@+wD%ﬂ}, (B.4)
= 220 OV (X X0) T (B.5)

where the function, A, is

2
A= Xap, (B.6)
a=0
and the one-forms are D¢; = dop; — gA;. The angular coordinates, ¢;, have canonical 27
periodicity. The u’s are embedding coordinates satisfying 23:0 ©2 =1 and a convenient
parametrisation to employ is

1o = cos&, 1 =sinésinn, fo = sin & cosn, (B.7)

where n € [0,7/2], £ € [0, 7/2]. The restricted range of the £ coordinate in comparison with
the usual range on an S is a result of considering the four-hemisphere as opposed to a
round four-sphere, this is required due to the overall ug factor of the metric. The four-form
flux is given by

1,— 29 u P U
Y 3F(4):,/ﬁg3% [md/ﬁ/\du%/\Dcﬁl/\Dqﬁg

X X 2X2 X
- 22(?1);;( A N335 ndpd ) - pdudlog Aduo>AD¢1/\D¢2

+g (Fl N (Xopidpi+(Xopg+Xaps)dus) A Dy

+ oA (X pddpd+ (Xopd+ X1 p3)du?) /\D¢1)]

4/3

2g |1 -2/3 3m? o
+\/ 3, LgX%X%MO /3 w6 H Adp2— v XXQ*GB} , (B.8)

where *¢ is the Hodge dual with respect to the six-dimensional metric, ds3, and the function,
U, is defined to be

= 22 [ Xo+2 (X, +X2)} A (B.9)

From the above, one finds the following three-form potential for F|4), as defined in (B.1),

1 1 [2g | —o/3(1 1
A0 = 253V 3m l#o / (2(@% — dui) + K(Xwgdm X1M1du2)) AN D¢1 N Do

4/3
39#0/ 3g°

(Fy A Dy + Fy A Do) — = 1id/3 X2 X2 x4 H] (B.10)
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For completeness, the Hodge dual of the four-form, Fly), is

1 & 1
AT3175 %19 Flyy = gUvolg — 52 > X% % By Ndpi A Do — % X, %6 dXo Adp
i=1

a=0
1 272 272
Rt (Xopddp? — X112dp2) A Dy A Dopo
B ANdpi Ndus N Doy A D . B.11

The two-form flux and the NSNS two-form potential are given, respectively, by

N F) = =g °B.

1 |
APy =~ 327:,13/33. (B.12)

Note that the RR one-form potential, C(y), is pure gauge. Finally the Romans mass is given
by
2gm

For pure F'(4) gauged supergravity there are five inequivalent theories depending on the
values of gauge coupling, g, and mass parameter, m. We have presented the uplift adapted
for the supersymmetric fixed point where 3m = 2g since this is the focus in the main text.
However, for one of the other theories where either g or m vanish, or becoming negative,
one should use the scaling symmetries so that the metric and form fields are smooth in the
vanishing limit.

C A cornucopia of global solutions

In this appendix we will study in more detail the variety of solutions arising from different
global completions of the local solution given in section 2.2. This complements the analysis
of the spindle solution in the main text a similar analysis for the full zoo of possible solutions.
Recall that the different global completions are characterised by the roots of the function
F(y). From figure 1 we see that this is broken up into three regions, with special lines
given by the various boundaries of these regions. In addition to previously studied solutions
we also introduce new solutions which have not appeared previously in the literature. We
find that there are solutions for arbitrary constant curvature Riemann surface, discs, black
bottles, black goblets and domain wall solutions.

Throughout this section we will be setting 3m = 2¢g since it makes the analysis
simpler, though it is not necessary unless one wishes to obtain a supersymmetric solution
in ten dimensions.

C.1 Discs

The first solution we will study in this appendix are the disc solutions. There are two types
to consider depending on how the space is ended. In both cases one end-point is a single root
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and the other point is at 0. The difference between the two cases arises when considering
whether the 0 is a root of F(y) or not. For 0 to be a root of F(y) it requires one of the ¢;
to be set to zero, without loss of generality we take go = 0. As we will see shortly, when
considering this case, the uplifted metric in ten dimensions has an enhancement of symmetry,
U(1) —SU(2). The second case, which does not have this symmetry enhancement, has
y € 1[0,y_] or y € [y—,0] with y_ a positive/negative root of F(y) and £F’(y_) < 0. This
type of disc has already appeared in the literature in [28], albeit with a different choice of
coordinates. We will first study the disc with enhanced symmetry in ten dimensions which
has not appeared previously, before turning our attention to this second type of disc which
has appeared in [28].

Disc with enhanced symmetry. We want F(y) to have a root at 0 which is achieved
without loss of generality by imposing go = 0. In figure 1 this corresponds to the line p = 0.
The function F(y) simplifies to

m'F (:;) =y’ (y5 —y+ Q1> =y’ f(y), (C.1)

where f(y) is now a cubic and we have defined Q; = m3q;. We can now fix y to start
at y = 0. For the metric to be of the correct signature, and for the scalar fields to be
non-negative, we require that the cubic f(y) admits three real roots, two of which are
positive. Then, y € [0,y4] where y, is the smaller of the two positive roots. This requires
us to fix

0<@1 < (C.2)

2
% .
In figure 1 this corresponds to the red line stretching between the origin and the point B.

At y =y, the metric looks locally like R?/Z}, if we fix the period of the z coordinate

to be

Az 2
o = wlP Ik o

The degeneration of the metric at y = 0 is singular, taking the form (we return to using the
¢1 parameter rather than the Q)

4
dsg = Qi/47“5/2 dsias, + miq dr® + m*dz*| (C.4)

where we have introduced the coordinate r via y = r2. It is not hard to convince oneself
that this metric is singular at » = 0 given the overall factor of r. The metric is conformal
to the product metric on AdSy x I x S', with I a line interval. In addition to a singular
metric the scalar fields are also singular at y = 72 = 0, observe that near y = 0 we have

X~ q1_5/8r15/4, Xo = X ~ qf/gr_9/4x. (C.5)

Similarly to the spindle in the main text we may compute the Euler characteristic of
the disc. One must be slightly more careful since the disc has a boundary which can in
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principle contribute to the Euler characteristic, however since the boundary has vanishing
geodesic curvature there is no such contribution here. After the dust settles one finds

x(D) =+ (C.6)

Having set g2 = 0 there is a solitary magnetic charge coming from the gauge field A;. The
magnetic charge is

o 27 hi(ys) Tk 4r (C.7)

We see that once again supersymmetry is not preserved by a topological twist but rather

g /F :_gAz yf_ 1 mAz
D

a different mechanism entirely. This twist is common to all discs found in the literature
where symmetry is enhanced when comparing to the symmetry of the uplifted generic local
solution. It would be interesting to understand if this is the only twist possible or whether
there are more possibilities that have so far been missed. For spindles it was shown that
only the twist and anti-twist are possible in [18], it would be interesting to perform a similar
analysis for discs in this spirit.

Since the solution has no B field we may uplift this solution to massive type IIA using
the uplift formula presented in [12], see appendix B where we extended their work to include
the B field. It is useful to introduce explicit coordinates for the embedding coordinates
ta- Contrary to the choice used elsewhere in this paper, it is more convenient to use the
following parametrisation

o =/1—p2cos®, pg=/1—psinf, =y, (C.8)

with p € [0,1] and 0 € [0,7/2).
The uplifted metric is

-27-27.2 _ —1/3X1/2 2 1 2, JW) o
A7 %ds1g = pg 'TA \/gjlds (AdS4) + o) dy” + h(y) dz
+ % (1= p2)? (6% + sin® 0de3) + hi () (dps® + uQqu?))] ,  (C9)
97y A
where
A=m)—p)+p®,  fly) =mPhay) —y. (C.10)

We now want to investigate the singularity at y = 0. It is useful to define
y =13, (C.11)

and then expand the metric around r = 0, giving
A272d52, = pig PRy (0)2(1— p2) /213 [d52(AdS4)+m2d22

1

h1(0)
* r4/3g2h1(0)

1_M2(du2+ﬂ2d¢?)>]- (C.12)

(dr2 +72(d6* +sin® 0dp3) +
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Figure 2. A schematic plot of the rectangle over which the S? x S1 x Sél fibers are defined. Within
the interior of the rectangle all the fibers remain of finite size. Along the boundary various cycles
shrink. The red dot on the bottom right hand corner is the location of a monopole of charge k.

This is the near-horizon of the metric of a D4-brane inside the worldvolume of a D8-bran?
smeared along two directions, see for example [59]. The dilaton also has the correct r~ 2
scaling in this limit. There is a two-dimensional hemisphere parametrised by the @, ¢
coordinates, in the uplifted metric which is part of the SU(2)rxU(1), symmetry group of
the solution. This SCFT should arise from wrapping the 5d /' = 1 SCFT with gauge group
USp(2N) on a twice punctured sphere, one regular and one irregular. The full details of
such a field theory are lacking.

To complete the regularity analysis of the solution one should change to a different set
of coordinates which exhibits the metric as an S? x S! x S! fibration over a rectangle in a
similar manner to that done in previous papers [9, 20, 21]. It is also convenient to introduce
a constant gauge shift 04, = %dz. We find that the metric can be written in the form

_1/3 % 1—p?
A2 2ds2 = g B AY2, | ds?(AdSy) + y(%’”(cze2 +sin? 0d¢?)
g

2 hl(y) 2 2 2 27,2
+ W7 dy”+ g%ﬂ&du + R;(dz+ Ld¢1)*+ Rid¢y|, (C.13)
where
R S(y, 1) o Iy 22y — 1)
z ) 1— 9 ) -
y2((1 = p?)ha(y) + p2y?) 92S(y, 1) 9S(y, 1)
Sy, ) =y (1 — 1) f(y) + m*1®y®) + 22 (ha(y) — 29°). (C.14)

We see that R, vanishes only at the point y =y, 4 = 0, while Ry vanishes at both p =0
and y = y4 independently of the other. Moreover, the fibration term behaves as

Az
L(y,p=0)=0, Lly=ys,p) = _ﬁk‘ (C.15)
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This behaviour of the fibration signifies the presence of a monopole located at (y = y4, u = 0).
At p = 0 the ¢, circle shrinks smoothly provided ¢; has period 27. At y = 1 the metric
degenerates as one would expect for a D4-brane inside a D8-brane. The various degenerations
of the solution is summarised in figure 2.

It remains to consider the quantisation of the fluxes and to compute the free energy,
however this is beyond the scope of this work.

Disc with reduced symmetry. Let us consider the second type of disc which was
previouly studied in [28]. We require that F'(y) has a single root at y,. and is positive in
the domain y € [0, y.]. As before there is a conical deficit, with deficit angle 27 (1 — k~1),
at the single root, when z has period

A 2y3

A S (C.16)

27 Mk F(y)]
At y = 0 the metric is like in the disc above, singular, albeit in a different manner now.
One can compute the Euler-characteristic of the solution, from [12] or explicit computation
we have

o _ d (F)9y(h(y)ha(y)) — h1(y)ha(y)9yF (y)
vl = < y(hn(y)ha(y))*”

)dy/\dz. (C.17)
Yy
The Euler characteristic is then given by

(D) = ;T/DRVOI([D) - % (C.18)

Since the singular boundary part of the metric has vanishing geodesic curvature there are
no additional contributions to the Euler characteristic from this boundary. The magnetic
flux of the R-symmetry vector threading through the disc is

1 m

g
- Fi+ ) =
27 /[D( 1+ ) k T

This is of a similar flavour to the twist of the disc studied above, in both cases the twist is

Az. (C.19)

neither the usual topological twist nor the twist and anti-twist of the spindle.
To analyse the singularity of the metric it is once again convenient to uplift the solution
to ten dimensions. Expanding around y = 0 the metric takes the form

2
2 _ 13| V@0 (5 2 27,2 Ypo 2 1 (A2 1 22
ds” = py |: y (dS (AdS4) +m~dz >+ m2Jqiqz dy” + PN ;:1: qi (duz + 1 D¢z) )

(C.20)
which we identify as the metric on a smeared D4-D8 brane bound state, with the smearing
over four transverse directions, [59].1° Contrast this with the previous disc where the
smearing was only over two of the four directions. Note that after a suitable change of
coordinates it is not hard to see that the four terms in the summation of the last part of
the metric is actually flat. This degeneration is then substantially different to the more

9T his also allows for an interpretation as an 04-O8 bound state, see [60].
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canonical disc with enhanced symmetry above and studied in the literature. This type of
disc has been studied in [28] in pure F'(4) gauged supergravity and for M5-branes in [29],
similar discs with this kind of degeneration are not possible where other discs have been
found. It would be interesting to try to understand the field theory of these types of
discs. The N = 1 version from wrapping M5-branes may be the most accessible given the
advancements in understanding the field theory there of the N' = 2 discs. From the form
of the metric these require a ‘bare’ y coordinate which is not present in any of the lower
dimensional gauged supergravity solutions known, only in six and seven dimensions. It
is possible that this is an artefact of the theories previously considered rather than the
dimension and it would be interesting to see if one can generate these types of discs in the
lower dimensional gauged supergravities.

One could now attempt to draw a similar rectangular diagram over which the isometries
of the space are fibered. In this case the rectangle becomes three-dimensional cube and can
be parametrised by y, p1, to. We refrain from presenting this analysis further details can
be found in [28].

C.2 Black bottles and black goblets

Black bottles. So far we have considered roots which are either single roots or zero, but
what happens when we have a double root? For the Black bottle case the double root is
the bigger of the two positive roots. Let us call the double root of F(y) y = y, and write
F(y) = (y — y+)*G(y) with G(y+) # 0. Note that neither of the h;(y) vanish at this root.
The metric takes the form

vy Y3

2 _ Y+ 2 + 2 —2p 752

dsh = = |dshas, + G (dp? + e~2dz )} , (C.21)
3

where we used the change of coordinates |y —yy| =e7?, z = Yt__ 2. The metric in the

G(y+)m
brackets is the metric of a cusp, it is non-compact but has finite area. For a smooth cusp

the period of 2 is 2 however we may allow for deficit angles here too. We can now glue
this double root with a single root (y = y_) at the other end-point, thereby obtaining a
conical singularity at that point. The resultant metric is non-compact but has finite area
as we will see shortly. We have drawn a representative of a black bottle in the figure 3.
This type of double zero degeneration has appeared previously in the hep-th literature,
see [61-63], where it was considered at both end-points.!! Black bottles have appeared in
the gr literature, see for example [64, 65].

It would be interesting to compute the Euler characteristic in this case. One expects a
contribution of i from the regular conical singularity. The contribution from the cusp is
more subtle. We will leave understanding this to the future.

Black goblets. We can also generalise the black bottle to find a black goblet. In this
case we pick an end-point at y = 0 and a double root at a positive value of y. One then
obtains a surface which we have depicted in figure 3. This is then a patching of the previous

11 the latter reference they obtained such solutions by taking an ultraspinning limit of the four-dimensional
Kerr-Newman-AdS solution.
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Figure 3. Cartoons of a black bottle (left) and a black goblet (right). For the black bottle, the
right end-point is a R?/Z;, singularity. The left end-point is cusp metric: this pole is infinitely far
from the other pole but the volume is finite. For the black goblet, the right side is a circle and the
left end-point is cusp metric.

black bottle solution with a disc. We leave a study of this geometry to the future since it
deserves more attention than this appendix can do justice to it.

C.3 Riemann surfaces

To obtain a Riemann surface we need to perform some rescalings. To this end we perform
the transformations

0[862

Z, q —ri+ s (0.22)
m

a A
y— — +eby, z—
m

o2

with e playing the role of the parameter we will eventually send to zero, and the other
Greek letters constant parameters. Note that v and § may be set to convenient values since
they are just reparametrisations of the coordinates. Further that the scaling of y implies
that dy? — €262dj* and therefore to obtain a finite result we must have that F(y) scales
with €2. This requires us to fix

3 20 — 303 — av/4 — 9a? 3 200 — 30 4+ av/4 — 9a?

mor; = 3 , mirg = 3 . (C.23)

We may now send ¢ — 0 in the solution and obtain a finite metric and scalar fields. The

scalar fields become

30[5/4 30(5/4
X =—F—, Xog= ———F—oo | (C.24)
2 — V4 —9a? 2+ V4 —9a?
in particular they are constant. The metric on My becomes
90252df2 + min? (4s — 39%6%(2 — 9a2))d22
ds* (M) = aZ0%dy” + 7" (4s — 3570 of))"dz (C.25)

3a2(4s — 39%62%(2 — 9a?))

Clearly for both the metric and scalar fields to be well-defined we require 4s—37262%(2—9a?) >
0,4—9a%>0and 2 —v4 —9a2 > 0. The parameter s may be removed by redefinitions of
the § parameter depending on its sign and the sign of 2 — 9. We now have a number of
parameters to play with and the various tunings will allow us to find any of the constant
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curvature metrics. Note that we must take v > 0. In order to obtain a finite result for the
gauge fields we must perform the constant gauge transformation,
3a2 3a?2

Trovise T (€20

Two-sphere. We can find a two-sphere by taking 2 — 9a® > 0 which requires s > 0.

0A;

Defining
2\/s V3a

b= — Y2 = , i =cosf, C.27
V3v2 — 9a2 7 2m2,/5v/2 — 902 Y (©21)
the metric becomes

ds*(My) = (d6? + sin* 0dz?) . (C.28)

2 — 9a?

This gives a well-defined solution provided 0 < a < ? The gauge fields, after the pure

gauge transformation are
_ 2—-90 + V4 — 9a? 2 — 902 — V4 — 9a?

A = 2, Ag= Z. 2
1 3m(2 = 9a7) cos 0dz 2 3m(3 = 9a7) cos d2 (C.29)

Note that

Ar = g(A1 + Ag) = cos0dz, (C.30)
where we have used 2g = 3m. This is then preserving supersymmetry by the usual
topological twist mechanism. To further exhibit this if one computes the Killing spinors
on My and takes this limit one finds that they become constant, see appendix D for the

Killing spinors on Ms. The constant gauge transformations are important for this. This is
of course a hallmark of a topological twist.

Torus. Next let us consider the two-torus case. We take 2 — 9a? = 0, and fix

V2 1 NG

o=~ = — ., = , C.31
then the metric is
ds*(My) = (dg* + dz?), (C.32)
the scalar fields become
21/ (V2 +1) 218 (V2 -1)
XI:T’ X2:T7 (C~33)
and finally the gauge fields are
2
Ay = —do = V5. (C.34)
3m
As in the S? case we may identify this as the topological twist since
Ap = g(Al + AQ) =0, (035)

and the Killing spinors become constant. To the best of our knowledge this solution has
not appeared before in the literature before.
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Hyperbolic space. The final case to consider is when 2 — 9a? < 0. Positivity of the
scalar fields then fixes ? <a< % We have two cases depending on whether s is positive

or not. Firstly, let s > 0 and then perform the redefinitions,

5 2.\/s V3a

e . S = , ¢ =-sinhf, C.36
NN A 2m2./5v/9a2 — 02 Y (C.36)
which gives the metric on H? in global coordinates,
1
ds*(My) = T (d6? + cosh? 0dg?) . (C.37)

The gauge fields are

2 — 902 + V4 — 902 2 — 902 — V4 — 902
Ay = hods, Ay = hds . C.38
! 3m(9a2 —2) o UeEs A2 Sm(oaz —g)  coshodz. (C38)

For s < 0 we perform the redefinitions,

2v/—s V3o

0= ———, = , x =coshf, C.39
Vo 27 T amt/svoaZ 2 (C:39)
and then the metric takes the form,
ds2(Mp) = — (46 + sinh? 0d2?) (C.40)
2 902 — 2 ’ '

which is the metric on the hyperbolic plane. The resultant gauge fields are

2 — 902 + V4 — 9a2 2 — 902 — /4 — 9a2
A = inhfdz, Ay = inh Ad2 . A1
! 3m(9aZ —2) 0T 2 Bm(oaZ —g)  ombfdz (G4l

In both cases we find
Ap=g(A1+ Ag) = —Ay,  dAy = vol(H), (C.42)

and therefore we find the expected topological twist. This is the six-dimensional analogue
of the Maldacena-Nunez solution for wrapped M5-branes [2], see [66] for the corresponding
solutions in pure F'(4) gauged supergravity.

We have therefore recovered all three types of constant curvature Riemann surface from
the local solution, to the best of our knowledge the T2 solution is new while the others have
appeared in [42]. Before we move on, it is interesting to note when it is possible for these
solutions to have an enhancement of symmetry in the uplift. This is equivalent to one of
the gauge fields becoming pure gauge. We see that this is not possible for the T2 solution
given that the two gauge fields are equal up to a sign. For the S? solution this is only
possible if &« = 0 at which point the metric shrinks and therefore is inadmissible. Finally,

for H? the condition becomes o = 31/2

, and Ay vanishes. This is indeed in the permissible
region for v and therefore this does allow for an enhancement of the symmetry. In fact it is
not hard to see that this point is just taking us to the point 0 = p2(s) in the notation of

section 2.2. A second question one may ask is if the solutions can also be found in the pure
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F(4) theory, i.e., g1 = ¢2. From our parametrisation of the functions, this is equivalent to
r1 =ry in (C.23). It is clear that there are only two solutions, either o« =0 or o = %, the
former is not admissible while the latter only makes sense for the H? solution. We find the
known result that only the hyperbolic horizon can be found in the pure theory [66—68].
Note that in order to find these solutions we have taken a scaling limit. One can see
what happens to the gauged metric in this limit. It is not hard to see that the fibration term
in the metric Dz? becomes ungauged in this limit and the four-dimensional gauge field A
drops out of the metric when we compactify on a Riemann surface in the truncation. One
may worry that this then completely trivialises the truncation and we just end up with the
AdS, vacuum solution. The answer to this is no, there are still terms in the fluxes which do
not become trivial in this limit, and therefore one does end up with a consistent truncation
to minimal gauged supergravity on a Riemann surface in this case too, this is the power of

performing this reduction on this local solution with multiple global completions.'?

C.4 Domain walls/defects

These solutions are the analogs of the M5-brane solutions studied in [30] generalised to
allow for more general end-points. The solutions are non-compact, but unlike the solutions
with a cusp they have infinite volume, as such we cannot compute the free-energy in the
same manner and obtain a sensible result. A full analysis of these solutions is beyond the
scope of this paper and appendix and we leave the full analysis to the future but one should
be able to mimic the analysis of [30] with some small extensions to the allowed choice of
other end-point.

D Supersymmetry of consistent truncation

We now want to show that the truncation ansatz provided in the main text preserves
supersymmetry. To show this, we will reduce the six-dimensional Killing spinors on the
spindle down to four-dimensions and show that the resultant Killing spinor equation is
the Killing spinor equation of four-dimensional minimal gauged supergravity. To begin let
us lay out the conventions that we will employ in the following. The intertwiners for the
SO(1,5) gamma matrices satisfy

AevuAgt = —7), Ce'vuCs =71, Dg'vuDs =}, (D.1)
We will use the following gamma matrices,'?
YV =p"®0", y'=lpa®c, 7’ =10, (D.2)
where
P =ict®cd, pl=0c’0c®, pP=1loa®@cl, pPP=1lyu®oc?. (D.3)

The intertwiners for this choice of gamma matrices are

Ag=7", Cs=—-0c'®c*@0!, D6:C’6AF@F=12X2®01®02, (D.4)

128ee [51] for a gauged version.
13Latin indices range over {0, 1, 2,3} while Greek indices range over {0, 1,2,3,4,5}.
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and the chirality matrix is
AT = 01285 _ (3 0 58 @ 6B (D.5)

Supersymmetry of the AdSy seed solution. Let us first set the fermionic supersym-
metry transformations to vanish for the AdS,4 solution on which the truncation is built. The
solution was shown to be supersymmetric in [12], however, we will repeat the analysis since
we work with a Dirac spinor whereas they worked with the symplectic Majorana spinors.
The spinor decomposes as

n=x®¢, (D.6)

where x is a four-component spinor on AdS4 and £ is a two component spinor on Ms. We
take the Killing spinor on AdSy to satisfy

1

VX = —ipmx, (D.7)

then we find that the gravitino equation along AdS, requires the projection condition,

(m\/hl(y)hz(y)lgxg +Fy)v' + iy?v“’)n =0, (D.8)

to be imposed. This may be reduced to a projection condition for the two-dimensional
spinor on My as

(m\/hl(y)hz(y)a?’ +1iy/F(y)o? — y212><2> £E=0. (D.9)

We may solve the remaining conditions by fixing the spinor, &, to be!

fimz(173(014+a2)> s
= c* Y Fi(y)
- (h(y)ha(y)) > <— F_(y)> ’ (D.10)

where
Fi(y) = my/l(y)ha(y) £y°,  Fry)F-(y) = F(y), (D.11)

and c is an arbitrary complex constant. This gives a total of eight real spinors satisfying
the Killing spinor equation. Four are identified with the Poincaré supercharges and the
remaining four are identified with the superconformal supercharges. Note that one can
specialise the spinor to any of the global completions. For the Riemann surfaces, one finds
constant spinors after taking the limit. This is to be expected since supersymmetry is
preserved via a topological twist in these cases.

1We have added in the constant gauge transformations, a;, of the two gauge fields in the final result.
These appear in the phase of the spinor. Recall that, for the truncation, we set «; = 0. However, when
taking the Riemann surface limit, it is useful to keep this phase.
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Supersymmetry of the consistent truncation. In order to show that supersymmetry
is preserved in the truncation we will show that the supersymmetry transformations reduce
to the Killing spinor equation of four-dimensional minimal gauged supergravity,

1 i

5¢§d = {Vid — %Aa + iﬂa + Z}- “Ya| X (D.12)

and conditions on the spinor, &, which are immediately satisfied for the seed solution. First,

[l

let us define some notation. Let a superscript “g” stand for gauging, i.e.,

Al = A (D.13)

7 )
dz—Dz

with Dz = dz — ﬁA. Recall that the scalar fields are left unchanged in the truncation and
the modification to the fluxes is only through gauging of the isometry for the gauge field
and the inclusion of a two-form potential. Let E be the field strength of the AdS, vacuum
solution. Then we have

rg GilY)
F;,=F9 — F D.14
v om ( )

where 5
Y

ai(y) = —m-

Let us first consider the vanishing of §A and 6. The simplest is A where we have'®

(D.15)

=N+ o (X ) - Xy ) F. (D.16)

4m

We have written the variation by splitting it into two pieces. The first piece, d)| Ao 18
equivalent to the supersymmetry variation of the AdSy seed solution if we set A = 0. It
only contains the gauge field, A, through the minimal gauging term, Dz, and no field
strength terms. The vanishing of this term is independent of whether dz is gauged or not
and, therefore, vanishes in the truncation because it vanishes for the seed AdS, solution.
The second term, on the other hand, proportional to the field strength, F, is new and, in
order to preserve supersymmetry, must vanish identically. Since

a1(y) X2 —az(y) X1 =0, (D.17)

this is satisfied. Next consider the vanishing of §y. We have

1 .
ox=0x|, -+ 5" (m\/ hi(y)ha(y)1sxs+/ F(y)'74+1y2v45) 1.

16myt/4(hy(y)ha(y))

(D.18)

Using the same notation as in §A, the first term vanishes identically while the second term
contains the same matrix multiplying n as in (D.8) and, therefore, this vanishes identically,
too. Thus, the gaugini Killing spinor equations are satisfied identically.

15Tn the results below, all contractions will be with respect to the unwarped four-dimensional metric of four-
dimensional minimal gauged supergravity. In practice this means that there are factors of (y*h1(y)he (y))l/ 4
different in F.
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Finally let us consider the gravitino variation. This requires a bit more work but is
still tractable to do by hand if one wishes. First we need to compute the spin connection.
We will use the following frame,

F
e® =e%e?, et =0 Y dy, ed = eciDz, (D.19)
F(y) hi(y)ha(y)
where we used the shorthand,
1/8
¥ = (y2h(y)ha(y) ", (D.20)

for the overall warp factor of the metric. Then we have

a _ ~a F() a p W = \/F(y)éa

o=t o ) D =00 e

o F(y) : A VW) V) \p,
“ 7 Ama/hy (y)ha( )'F“‘" ’ o y 89( m(y)@(y))D ’

(D.21)

Let us now insert this into (A.5). First consider the z components and it reduces to

+ 16m\h/1: ha(y )’F v (m\/hl(Tlsxs—i-\/iﬁy +1y2 45)

(D.22)

&pz = 5¢z

Once again, the bracketed part vanishes since it is the same combination that appears
n (D.8). Next consider the y components. Similarly we find

W = Ty T TR (/s hasns Pl 41574 )

(D.23)
and thusly the y component is also immediately satisfied.
Finally, reducing on the remaining directions, we find
0o = 010" ® &, (D.24)
where ) . _
i i
5¢§d = Vid — §Aa + §pa + Z}- “PalX - (D.25)

This is the Killing spinor equation for four-dimensional minimal gauged supergravity and we,
therefore, find that, given a supersymmetric solution of four-dimensional minimal gauged
supergravity, we may uplift it to a supersymmetric solution of matter coupled F(4) gauged
supergravity on Ma.

E R-symmetry of four-dimensional orbifolds

In this section, we will study the R-symmetry of the orbifolds studied in section 3. A similar
analysis for M5-branes on a four-dimensional orbifolds was studied in [36].1% To do this

16 A similar analysis for M2-branes on a spindle was performed in [6].
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we will study the vector bilinears one can construct from the Killing spinors. As a first
step we will review the vector bilinears one can construct using the Killing spinors on AdSs
before studying the Killing vectors one can make with the full six-dimensional spinor, 7.
Recall that the Killing spinor, 7, is given by the tensor product of the spinor y on the
four-dimensional spacetime and the Killing spinor on Mj, £, see (D.6). In turn, as we will
show momentarily, x may also be decomposed into the tensor product of a spinor on AdSs
and one on the spindle, Y1, or Riemann surface. Here we will focus only on the spindle
solution since this has novel features.
The four-dimensional Killing spinor satisfying (D.12) is

x =022 g, (E.1)
where

1 q-(x)
- () "
We have defined
ge(@) =2+ 2z —a),  q(@) = qs(2)g(2), (E.3)
with ¢(x) defined in (3.3) and 6295 satisfies

1
yAdSzgAdSs _ 5FoﬁAdSz _ (E.4)

First we must give the Killing spinors of AdSs. We take the gamma matrices for AdS,

to be
M=ict, T'=02, (E.5)
which is compatible with the gamma matrices we chose in the previous section, (D.3). We

take the metric on AdSs to be
2

d
ds® = r2dt* + 7"% . (E.6)

Then the Killing spinors on AdSs satisfying (E.4) are

V(1 1 a1
o =3 <1> 92_7\/5\/;(12@ trod) (_1). (E.7)

We may construct three Killing vectors from these Killing spinors which generate the
SO(1,1) isometry of the spacetime. We have

ki = 6,T%0,0% = -0, ,

_ 1+ r2t?
ko = 057050, — —%at + 2470, (E.8)
]{212 = éﬂ““@g@a = t8t - r(‘)r .

These satisfy the expected commutation relations,

(K11, ko) = 2k12,  [ki1,ki2) = ki1, [koo, ki2] = —Fkoo . (E.9)
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We can now construct the analogous six-dimensional vector bilinears. Let us define
m=01Qex, Mm=0ex¢, (E.10)
and we have

K11 = my"mo, = mkiy,
Koz = 2" 120, = mkaz (E.11)

_ . 1
Ko = mA"ne0, = mkia +1i <m3¢ — 282) .

This generates the superconformal algebra of 1d N' = 2 superconformal quantum mechanical
theory which is dual to 5d USp(2/N) theory living on a stack of D4-D8-branes wrapped on
the four-dimensional orbifold. Note that the R-symmetry, appearing as the complex part of
the K9 bilinear, is a linear combination of the two U(1)’s,

R=md, — %az . (E.12)
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