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Abstract

We construct new families of supersymmetric AdS; x My solutions of D = 6 gauged
supergravity and AdS3 x My solutions of D = 7 gauged supergravity, where My are
four-dimensional toric orbifolds with four fixed points. These are presented in a unified
fashion that highlights their common underlying geometry. The D = 6 solutions uplift
to massive type IIA and describe the near-horizon limit of D4-branes wrapped on My,
while the D = 7 solutions uplift to D = 11 supergravity and describe the near-horizon
limit of M5-branes wrapped on M. We reproduce the entropy and gravitational central
charge of the two families by extremizing a function constructed gluing the orbifold
gravitational blocks proposed in Faedo et al. (Lett Math Phys 113:51, 2023. https://
doi.org/10.1007/s11005-023-01671-1. arXiv:2210.16128).
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1 Introduction

In the history of the AdS/CFT correspondence very often the construction of explicit
supergravity solutions with an anti-de Sitter (AdS) factor has prompted the discovery
of new classes of superconformal field theories (SCFTs) and has led to tremendous
progress in understanding general aspects of the holographic dictionary. An important
entry in this dictionary is the relationship between extremization problems in SCFTs
and their geometric realization. An early example of such relationships is that between
a-maximization in four-dimensional SCFTs [40] and volume extremization of Sasaki—
Einstein manifolds [47, 48], followed by many other instances involving SCFTs in
different dimensions on one side and geometries of different kinds on the other side.

The study of this feature of holography has been the subject of a conspicuous body
of work over the last twenty years, and it received a boost recently, following the
uncovering of supergravity solutions comprising geometries with orbifold singulari-
ties. While in the initial examples of these constructions [24, 26-28] the main actor
was the spindle, a number of supergravity solutions based on geometries comprising
four-dimensional orbifolds M4 have appeared subsequently. These include solutions
describing either D4-branes or M5-branes wrapped on My [15, 20, 23, 34, 53].

In this paper we will extend these constructions by presenting more general classes
of supersymmetric AdS, x My solutions of D = 6 gauged supergravity and AdS3 x
My solutions of D = 7 gauged supergravity, where My are four-dimensional toric
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orbifolds with four fixed points for a torus action that we refer to as quadrilaterals,
because they are characterized by certain labelled two-dimensional polytopes' with
four edges [4, 41]. We will present the two families of solutions in a unified fashion,
exploiting the fact that the four-dimensional factor of the geometry involves in both
cases the same data, namely a Hermitian orbifold metric on My, together with two
gauge fields corresponding to local connections on line orbibundles, as well as two
real scalar fields, governed by very similar equations of motion and supersymmetry
conditions. In particular, we will give a unified description of the underlying toric
orbifolds in terms of their associated labelled polytopes [42].

An important role in the stream of ideas surrounding the geometrization of the
extremization principles characterizing SCFTs has been played by the gravitational
blocks [37]. These are elementary building blocks in terms of which one can assem-
ble various functions of the gravitational data that are interpreted as dual to SCFT
observables and whose extremization corresponds to necessary (and, sometimes, also
sufficient) conditions for the existence of the supergravity solutions. This generally
yields a valuable abstract understanding of the geometry and allows one to extract
relevant properties of supergravity solutions without their explicit knowledge. Orb-
ifold gravitational blocks for various branes wrapped on the spindle were conjectured
in [24] and, in some cases, subsequently proved using GK geometry [8] (for M2 and
D3-branes) or equivariant localization [S] (for M5-branes).

In our previous paper [23] we conjectured the form of the orbifold gravitational
blocks for D4-branes as well as M5-branes wrapped on toric orbifolds My and suc-
cessfully tested it against a number of explicit supergravity solutions. Subsequently,
the validity of this proposal has been confirmed using the idea of equivariant localiza-
tion. In particular, in [49] it was shown that equivariant integration of the M5-branes
anomaly polynomial on four-dimensional toric orbifolds yields an off-shell trial cen-
tral charge of the corresponding two-dimensional SCFT that matches precisely the
gravitational block decomposition conjectured in [23]. Moreover, in [5, 49] it has
been proposed that equivariant localization plays a key role for characterizing the ge-
ometry of supersymmetric solutions. As an application, it has later been shown that the
gravitational blocks associated with M5 and D4-branes wrapped on four-dimensional
orbifolds can be extracted either from the equivariant volume of an associated geom-
etry [18] or by fixed-point evaluation® of equivariant integrals of certain equivariantly
closed forms constructed with Killing spinor bilinears [7].

The results of the present paper allow us to test the validity of the orbifold gravi-
tational blocks and the corresponding extremization principles in the context of some
sophisticated explicit supergravity solutions. In particular, one should bare in mind
that, at present, the only extremization principle applied to supergravity that has been
rigorously proved to guarantee the existence of solutions is that of volume extremiza-
tion of Sasaki—Einstein manifolds [48].3 Thus, the construction of explicit solutions
in all other cases is a non-trivial result and serves as further evidence of the validity

' We will be more precise later about how this labelled polytope is constructed.

2A computation of the gravitational block expression for D4-branes wrapped on orbifolds using the ap-
proach of [5, 7] is not yet available.

3 Analogous extremization principles have been formulated in geometry, but so far they have not been
shown to be directly relevant to supergravity or holography. See, e.g., [11, 30, 31, 43, 54].

@ Springer



26  Page4of 66 F.Faedo et al.

of the respective extremization principles. In general, it would be wonderful to obtain
a proof that the solution of one of these extremal problems is necessary and sufficient
for the existence of supergravity solutions.

The rest of the paper is organized as follows. In Sect. 2 we discuss some prelim-
inaries about the geometry of toric orbifolds. In Sect. 3 we present the local form
of our new solutions as a single D-dependent solution (with D = 6, 7). In order to
gain complete analytic control over the complicated algebraic expressions, we will
restrict to the subfamilies with equal charges. In Sect. 4 various global aspects are
discussed, allowing us to uncover the underlying toric orbifolds. We will show how
an artful combination of analytic and topological gadgets will allow us to extract from
the solutions the data necessary for implementing the extremization procedure. This is
done in Sect. 5, where the off-shell free energies are computed and their extremization
is shown to reproduce the entropy and the gravitational central charge of the respec-
tive explicit solutions. Section6 discusses our findings and gives some suggestions
for future work. Five technical appendices complement the paper. In Appendix A we
show how previous solutions can be recovered in particular limits of the present ones.
Appendix B discusses the uplift of the solutions to D = 10 and D = 11 supergrav-
ities. In Appendix C we demonstrate the supersymmetry of the D = 6 solutions by
constructing explicit Killing spinors solving the BPS conditions. In Appendix D we
show that the set of solutions to some Diophantine equations that need to be satisfied
to construct the supergravity solutions is non-empty. Finally, in Appendix E we report
a proof of the adjunction formula used in the paper, valid for toric orbifolds in arbitrary
dimension that we have not found in the literature.

2 Four-dimensional toric orbifolds
2.1 Toric geometry ingredients

Before presenting the compact four-dimensional orbifolds Ml that will be the main
focus of this paper, we will recall some results of toric geometry that will be used
in the analysis, highlighting some aspects pertaining to orbifolds. We start by noting
that in the solutions that we will discuss the metric on My solving the supersymme-
try conditions will be compatible with an integrable complex structure (thus will be
Hermitian), however we will not find a compatible Kéhler structure. As emphasized
in [18, 49] this fact does not prevent one to employ the formalism of symplectic toric
geometry as a tool for computing topological quantities, on which the corresponding
extremal problems, and ultimately the dual field theories, are based. It should also
be possible to reformulate our analysis entirely in terms of complex geometry for
orbifolds and in particular to use the language of toric stacks [9, 25, 33, 36, 52] to
describe the underlying toric geometry in rigorous terms. However, as we shall see,
this will not be necessary for the purposes of constructing the solutions.

We now give a brief review of the geometry of symplectic toric orbifolds, refer-
ring to [49] and references therein for a more detailed discussion. Let us consider
a 2m-dimensional symplectic toric orbifold (My,,, ®), equipped with an effective
Hamiltonian action of the real torus T = R" /27 7Z"™. A convenient set of coordi-
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nates to parameterize M, are the symplectic coordinates (y;, ¢7), withl = 1,...,m,
where y; are the moment maps associated with T and ¢; are angular coordinates
on the torus, with canonical 2 periodicity. According to the construction of [42],
compact symplectic toric orbifolds are completely characterized by the associated
labelled polytope P, and the total space My, arises as a torus fibration over P. A
labelled polytope is a rational simple convex polytope in R™, obtained as the image of
M, under the moment maps y;, equipped with a label attached to each of its facets.
This object can be described concisely as the subset

P=( Wy eR" : l(y) = yivj — ha = 0}, 2.1)

a=1

with v, € Z™ and A, real constants. The linear equations [, (y) = 0 define the facets F,
of the polytope, and we denote with 7 their total number. In our conventions, v, are the
inward-pointing normal vectors to the facets F,. The labels m, are positive integers
such that the structure group of every point in the preimage of the interior of F, under
the moment maps is Zj,, . In particular, the labels m, enter in the above construction as
a common factor in the entries of the vectors U4, which can be written as v, = masa,
where v, are primitive vectors and therefore define an ordinary fan.* In the context of
algebraic geometry the fan {0, } defines a toric variety, which by construction can have
orbifold singularities only in complex codimension higher than one. In order for P to
be simple, exactly m facets meet at each vertex p and the m vectors associated with
these facets form a basis for R™. These vertices correspond to fixed points of the T™
action. Assuming that a given fixed point is obtained as the intersection of the facets
Fa;,with I =1, ..., m, the order of the orbifold singularity at this point is given by
dy = |det(z7al vy Uay) | The toric orbifold My,,, viewed as a torus fibration over the
polytope P is non-degenerate in the interior of P. At each facet F, a particular circle in
T™ collapses, thus determining a symplectic subspace of My, of (real) codimension
two, which is the preimage of F, under the moment maps. Note that in algebraic
geometry, the fan defined by v, (equivalently, by (9, m,)) does not give rise toa toric
variety, but to a generalization known as a toric stack [9, 33, 36]. The data (0., m,)
are then referred to as a “stacky fan” or an associated “stacky polytope” [52].

As we shall see, the data that we will not be able to extract directly from the metric
can be obtained exploiting the fact that there exists a compatible complex structure;
thus, the underlying spaces are actually (compact) complex orbifolds. In particular,
given a k-dimensional complex orbifold X (that can be either M4 or one of its divisors)
from the holomorphic (k, 0)-form Q2 x one can compute the connection Py on the anti-
canonical line bundle through the relation

dQXzipx/\Qx. (22)

The Ricci form follows as pxy = d Py and, from this point onward, we shall refer to
Py as the (real) “Ricci potential” corresponding to its curvature py. The first Chern

4 Notice that we are using the conventions of [49], which are opposite to the ones in [23]!
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class of the tangent bundle of X is then obtained taking the explicit representative
c1(TX) = [px]/27 . From the complex point of view, the preimage of the F, described
above 1is toric divisors. More precisely, these are the divisors associated with the
vectors v, and have to be 1dent1ﬁed with the ramification divisors, which we will denote
as D,. In contrast, the divisors Da, associated with the vectors 0, are to be identified
w1th the branch divisors (see e.g.[10]). Formally, the two sets of divisors are related as
D, = myDg, which slightly more accurately may be written as D, = Dy x pt/Zo,,
indicating that at each point in D, the structure group Zj,, is acting on the complex
direction C normal to D,. Equivalently, this relation may be also understood from the
expression of the Poincaré dual two forms, given by the first Chern classes of a set of
line bundles L. Their explicit form is [2, 35]

c1(Ly) = —%[Bélogla], (2.3)

where [«] denotes the cohomology class of a given differential form « and 9, 3
are the (anti-)holomorphic differentials. Using an explicit expression in symplectic
coordinates one can show that indeed €1 (La) = myc1(Ly), where L are the line
bundles associated with the divisors D,.5 One can also see that the following m
relations among the Chern classes hold [49]

Z 3ac1(Ly) = 0, (24

thus only n —m of the line bundles are independent. These are equivalent to the familiar
m linear relations among the divisors

> 6Dy =0, 25)
a

which imply that there are only n — m independent (2m — 2)-cycles in homology.

It will also be useful to note that given a toric ramification divisor D, of the total
space Mpy,,, the first Chern class of the tangent bundle My, can be decomposed by
means of the adjunction formula as

c1(TMaw)| = c1(T D) + c1(La) |, - (2.6)

In this formula the first Chern class of the line bundles L, is given by (2.3), while
c1(TMpy,,,) follows from

c1(TMay) =Y c1(La). 2.7)

In the case of four-dimensional toric orbifolds, which is relevant for this paper, a proof
can be found in [13]. In general dimension we are not aware of a standard reference

5 We note in passing that in the framework of toric stacks, the divisors D, should be understood in terms
of a “root construction”, namely as the m,-th root of the D, [25]. However, we shall refrain from making
use of this language in our subsequent discussions.
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for an adjunction formula valid for orbifolds. However, in the toric setting, endowing
each divisor with its natural complex structure, from the corresponding Ricci form pp,
we can compute ¢ (T D,) = [pp,]/27, and then the adjunction formula (2.6) can be
verified explicitly. For completeness, the details of the computation are reported in
Appendix E.

2.2 Quadrilaterals

We now continue requiring that My has four real dimensions, namely setting m = 2.
With this assumption, the polytope becomes planar and, therefore, enjoys the special
feature of having the same number of facets (edges) and fixed points (vertices) that
we denote by n. When working with four-dimensional toric orbifolds, the intersection
matrix of two toric divisors is [49]

1
ifb=a—-1,
dafl,a
1 .
ifb=a+1,
Dup=D,-Dp = / c1(Ly) Aci(Lp) = { daat1
M do-
- _celatl o fp =g,
dafl,a da,u+l
0 otherwise,
(2.8)
where we defined d, , = det(V,, Up). One can verify explicitly that
Z Dgp vp =0, (2.9)
b

which is a consequence of the cohomological relation (2.4).

It is straightforward to show that d, j is invariant under SL(2, Z) transformations
applied to all the vectors U, of the fan. This property will be particularly useful for
us, because it implies that also the intersection matrix D, is not affected by such
transformations. The fan corresponding to a given toric orbifold is thus determined
only up to SL(2, Z) transformations, and, in a similar way, also the related polytope.
In fact, this group of invariance can be formally extended to SL(2, R). In this case,
the new fan is not well-defined, since the vectors are not integer-valued, but the d, j
are unchanged and, in particular, we still have d, j € Z. Tl}is property will turn out to
be crucial, as it will allow us to work with “fake” vectors V,, that are not Z2-valued,®
in intermediate stages of the computations.

Using the adjunction formula (2.6), we can relate the toric data, encoded in the
intersection matrix D,p, and the complex formalism, embodied by c1(TMy) and
c1(T D,), by means of the following two relations’

6 This implies that they are expressed in a “wrong” basis for the T2 action, in which the orbits in general
do not close.

7 The second equation can be obtained from the first using (2.7) together with ), D,p = jDa c1(TMy).
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Fig.1 Outward-pointing fan and
polytope of a generic (%)
quadrilateral. The vectors v, are

not primitive

\4

Dus= [ it = [ [errm —an,)], 2.10)

Daa-1 + Daat1 =Zf c1(Lp) =f ci(TDa) = X, (2.11)
b;éa Da D{l

where, by definition, x(,) is the orbifold Euler characteristic of the divisor D,.

We now specialize to the case of four fixed points that we refer to as quadrilater-
als. Indeed, these configurations are completely characterized by a generic polytope
depicted in Fig. 1, which is a convex polygon with four vertices and four edges.

Their basis-independent information is encoded in the following 4 x 4 intersection
matrix (2.8)

.4 1 0 1
da1dip di 2 da
1 _dis 1 0
_ di 2 di2da3 dy 3
Dab - 0 1 _ h 4 1 s (212)
dr 3 drsdza  dzg
1 0 1 _dia
da,1 d3 4 d3.4dy

where a vector identity implies that the d, , € Z are actually not independent, but
satisfy the relation
dipdza—drzds =di13do4. (2.13)

It is convenient to parameterize the integers d; , as

da,b = mgmyp da,ba (2.14)

where c?a,b = det(0,, Up) € Z and satisfy
dipdia—drzds) =di3da4. (2.15)
Thus, a generic quadrilateral is characterized by five independent integer parameters
dg.p (subject to (2.15)) and four integer labels m,, which we refer to as the toric data of
the orbifold. Later we will show that the local solutions that we are about to introduce
can be extended to well-defined global solutions on a quadrilateral whose toric data are
subject to some additional “Diophantine constraints” that we shall discuss. Moreover,

we will show that the magnetic fluxes of the supergravity solutions will be written in
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terms of these toric data and some twisting parameters, precisely as conjectured in
[23].

3 Supergravity solutions

In this section we discuss solutions of specific D = 6,7 matter-coupled gauged
supergravity theories with gauge group U(1)2. Both of them comprise two gauge
fields A1, A, a (D — 4)-form B and two real scalar fields ¢ = (@1, 7).

The six-dimensional model can also be obtained as a sub-sector of an extension
of Romans F'(4) gauged supergravity [51], coupled to three vector multiplets [3, 22].
The bosonic part of the action reads®

2
1 1 1
Sop = ———— | dx V=g| R~ Vo — -1d¢1* — 5 Y X2 F|* — (X1 X2)?|HP?
6D 16”(}(6)/ x g[ 6 2|<p| 2 2 |Fil 8( 1X2)7|H|
m2 1 5 18MV,DUT7» m2
- 4 (XIXZ) | B _Bi\/jg B;w(FlpaFZIA"’ lzBpaBtA> B

3.1
where F; = dA;, H = dB and the scalar fields ¢ are parameterized as
X;=e % with a =222, @=(-2"1227%). (32
The scalar potential is
Vo = m* X} — 4g2X1 X2 — dmg. Xo(X1 + X2), (3.3)

with g, the gauge coupling and m the mass parameter, and where, for later convenience,
we defined X = (X1X2)_3/2. In what follows we shall set m = 2gc/3’.9

The seven-dimensional theory can be constructed as a consistent truncation [44] of
the D = 7, maximal SO (5) gauged supergravity [50]. The bosonic part of the action
is [16]

$7D

2
= [ dxJ=g|R=V7s— = 1dg|> — = S X7 2F 2 — (X1 X2)2 | H|?
16nG(7)/ xﬁ[ 751 22 i VI = S (X1 X)7|H|

1 S,uupntkn

24 g

g.
Buvp (FlarFZAn - éHarkn>:|~

(34)

8 Here and in what follows we define, for any p-form o, |w|? = % a)m‘_,ﬂpw“l“"‘ﬁ.

9 As pointed out in [23, 24], this can always be done without loss of generality when g., m > 0.
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Again, the field strengths are given by F; = dA; and H = dB, while now the scalar
fields ¢ take the parameterization

Xi=e % with & =(27"%107'2), &= (-27"210""%). 3.5

The scalar potential is
g2
V= Ef[xg — 8X1X> — 4Xo(X1 + X2)]. (3.6)

with g. the gauge coupling and, in this context, Xo = (X|X>) 2. Additionally, the
following self-duality condition must hold

1 1
(X1X2)? «H = —8eB+ S AIAF+ S A ARy +da, (3.7)
for some two-form A.

3.1 Solutions in D dimensions

We now present a family of solutions to both the D = 6 and the D = 7 theories
in which the spacetime has the structure of a warped product AdSp_s4 x My. Their
local form can be obtained as an analytic continuation of the asymptotically AdSp,
non-extremal, charged and rotatinglo black holes constructed in [17], with the addition
of a NUT parameter. These backgrounds can be written in a unified fashion, with the
line element reading

2.2
ds? = (H H)V/ P2 (2242 442 (3.8)
= (H1H2 22 WSadspy Ty ) :

where ds;idSDi4 denotes the unit radius metric on AdSp_4 and we defined the four-
dimensional metric

(H Hy)™!

2 _
dSM4 - B2(x2 — y2)

[(vij — VIA) Ay + (VA — V2Ay)dg?

dcieaciCr [ NyAy  NiA,y y2 — x2 2 x2 - y2 2
_ 3 <yD_5 ~ D= dyrde | + dy” + dx~=.
y X
3.9)
The scalar fields are
Xi = (H Hy)P~I2P-2 g1, (3.10)

10 1t is crucial that they have a single nonzero angular momentum, so that the solutions contain a round
(D — 4)-sphere, which results in an AdS p_4 factor after analytic continuation.
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the gauge potentials are given by

2N,ys;CiCi C]Cz C]Cz
A — ARIATAY V(l)d V(l)d
T pEyrs\E YT ’ (3.11)
2N, s;ciC; c102 ( 0102 '
_ vild vild
BE(x2 — y2)H;xP-5\ &2 V- l )
and the (D — 4)-form is
4s153(Nyx> — Nyoy?
B—_ SlSZ( yX xY ) VO](Adsz) (D — 6),
a’(x? —y?)
2s5152(Nyx* — Nyy* 2N,
p= 22N = VD) | adsy) - 2082 4 g a e
a(x= —y°) macy
2N, gs152y
_demwdy (D=T7).
(3.12)

The functions are

2N, 2N,s? 2Nys2

2,222
2 2 2 2Nya“g-sisy

—agy ———ps
yD=5
N 2N,s? 2Nys
Ay = —x2 4 a2 — x 2(,2 1 2 2
x xD-5 xD-5 xD—5
e — ZNxa2g2s]252
8 b5
V2oyvy® 205 y2oyOy@ §2 Oy
2Nys ~ 1 2N,s
i) _ 2 2 yoi i _1_ 2 Vi
£ I-¢ <y yD=5 ) y =1 az( D=5 ) (3.13)
2N, s? ~ 1 2N,s
V(l)_l 2 )C2 XOq , V(l)zl__ x2_ 1 ,
8 D5 p D5

257 Ny Ny
Hi=1+ 22 yD=5 ~ xD=5 )’

=1-a’¢®, 5 =sinhd;, ¢ =coshd;, & =,/1+a%g2s?’.

The constant g is related to the gauge coupling as ¢ = 2g./3 in D = 6 and as
g = g:/2in D = 7. In our discussion we shall assume g. > O in both theories,
therefore g > 0. The background is completely determined by a real parameter a,
two charges 81 > and two parameters Ny and N, (corresponding to the NUT and the
mass of the Lorentzian solution). When x = 0 or y = 0 a curvature singularity is
encountered; therefore, the range of definition of these two coordinates will have to

@ Springer



26 Page 12 of 66 F.Faedo et al.

avoid the origin of the real axis. Moreover, in the rest of the paper we shall consider
these two ranges to be disjoint, in order to prevent the occurrence of a singularity when
x = y. We refer to Sect. 6 for a very brief discussion about the latter case.

The equations of motion that descend from the actions (3.1) and (3.4), as well
as the self-duality condition (3.7), have been checked explicitly, with the spacetime
orientation induced by the coordinate ordering (AdS, y, ¢, x, ¥).

The AdSp_4 x M background is invariant under the exchange of the coordinates
x and y, accompanied by N, <> Ny. Additionally, the system is also invariant under
the discrete inversion symmetry

=yy, X yx, Yeyed, Gy,
y vy Y 14 14 1 (3.14)

at+— yza, Ny — yD_lNy, Ny — yD_lNX, Si = Y Si,

with y = £1/(ag), which connects solutions with positive and negative values of E.

To show how our backgrounds are related to the solutions in [17], we must perform
an analytic continuation of AdSp_4 into the sphere SP—4 and define the time and
radial coordinates ¢ and r as well as the mass parameter M as

t=vy, r=ix, M=iP7N,. (3.15)

The result is the family of black holes of [17] for D = 6, 7, with the addition of a NUT
parameter, here denoted as Ny. In the same way it is possible to retrieve the seven-
dimensional solutions presented in [55], equivalent to the ones of [17], but written in
generalized Boyer-Lindquist coordinates.

Moreover, the solutions presented in this paper and the Kerr—-NUT-AdS black
holes constructed in [14] match in an overlapping region of parameters. Indeed, the
uncharged subfamily of the former coincides with the r — 0 limit of the latter,
when the mass parameter is set to zero and only one angular momentum is retained.
Lastly, in both six and seven dimensions, the AdS vacuum solution is recovered setting
Ny = Ny =0, and its radius is Lags = 1/g.

In [17], the supersymmetry conditions for the non-extremal black holes constructed
therein were derived by studying the vanishing of the eigenvalues of the Bogomolny
matrix. The BPS condition obtained is ags;s, = =£1, with §; and §, of the same sign,
either positive or negative.'! Our solution is the analytic continuation of the black
holes of [17], with the addition of NUT. Since the mass parameter of the latter does
not appear explicitly in the supersymmetry condition, we expect that the introduction of
aNUT parameter does not affect this constraint. Furthermore, since the BPS condition
is not altered by (3.15), we conjecture that the solution we presented is supersymmetric
when agsisp = %1, with §; and §, of the same sign. This assumption is confirmed
by the explicit computation we performed in D = 6 when the two charges are equal
(61 = 62 = 8), which shows that a non-trivial Killing spinor can be constructed if
and only if ags? = 1, with s = sinh 8 (see Appendix C for details). Additionally,

1" These combinations can be obtained considering the whole set of eigenvalues of the Bogomolny matrix,
i.e. all the possible combinations E + gJ £ (Q1 + Q2), not only the one studied in [17] (see [21], setting
to zero all the angular momenta, but one).
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as shown in Appendix A, the supersymmetric AdS x ¥ x ¥, solutions of [15, 20,
23] can be retrieved if and only if the condition agsisy = %1 is imposed, thus giving
evidence for the validity of our hypothesis.

3.2 Solutions with equal charges

The study of the general system presented in the previous subsection is computationally
involved due to the complicated form of the (¥, ¢) part of the metric (3.9). For this
reason, from now on we shall focus on the more tractable subfamily of solutions with
equal charges §; = 8, = 8. Despite being simpler, this system still captures all the
important features of the four-dimensional toric orbifold My, allowing for a detailed
analysis of its structure and a reliable test of the gravitational blocks conjecture of
[23]. We are confident that with some extra effort (and a good motivation) it should
be possible to analyse the more general solutions with unequal charges.

When the two charges are set equal, the metric on the toric orbifold (3.9) acquires
the following diagonal structure

1 Ay ~ 5 A - 5
2 y x
dspg, = W[m(vx dy — Vi de)™ + e (Vydy — Vy dg) }
2 .2 2 .2
R N BN A 1 (3.16)
y X

\iv'here we defined the functions H = H) = H,, Vo = V.m = V.(z) and V. = V.(l) =
V.(z). This class of solutions is characterized by having equal scalar fields and equal
gauge fields, where the latter now read

A=A =

2scc Ny ~ Ny ~
E(x?—)y)H [yD}‘5 (Vedy = Vidg) = = (Vdv =V, dqﬂ’

(3.17)

with s = sinh 8, ¢ = cosh 8 and ¢ = /1 + a? g2 s2. For later convenience, we define
the orthonormal frame

2 2
N Ve —X 2 1 Ay ~
el = A, dy, &= e (Ve dy — Vi dg),
. . (3.18)
~3 Xs = y PV 1 A)C ~
e = A, dx, e’ = SH\ =2 (Vy dy -V, dd)).

When the system is supersymmetric, additional properties arise. Assuming ags? =
—k, with k = %1, we can decompose A, and A, as

Ay =ATAT,  Ay=ATAT, (3.19)

y
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where

2N,s?
Af:g<x2_x[)—xs5> —kax(l—«kag)x,

(3.20)

2Nys?
A;E =g<y2— yD}—S ) —kax(l—«kag)y.

Considering, e.g., Ay, every root of this function is necessarily a root of either A;" or
A7 ; therefore, given a generic root x, of A, we have

2 2N, s> ka 1 —«kag
— r—

= — X (3.21)
* xf_s 4 8 *

X

with 7 = =+ according to the fact that x, is a root of Af, respectively. Thanks to
this relation and the corresponding one for y,, we can obtain simplified expressions
for many functions, when evaluated at one of the roots x4+ or y1. In particular, the
function H reads

Kda

1 —«xag
(02 = yHH (x4, y5) = Y (tx, — Wy, (3.22)

while the derivatives of Ay and Ay become, collectively,
AL(z) = —2t(1—k ag)[(D —3)gz2 + (D —4)(1 —k ag)zs —k (D —5)a], (3.23)

where z can be either x or y.

For the sake of simplicity, from now on we shall restrict the supersymmetry condi-
tion to ags? = +1, discarding the case —1 and with no assumption on the sign of §.
The discussion could be carried out in the other case with minor modifications.

3.3 Conditions of existence

We will now begin investigating global aspects of the solutions, starting from some
basic necessary conditions of existence. In particular, in order for the solutions to well-
defined we require that all the quantities are real-valued, the signature of the metric is
Lorentzian and the scalar fields are positive. These requirements are met if and only if

—2 >0, H>0 (3.24)

in two closed intervals [x_, x4 ] and [y—, y+] not intersecting and not containing the
curvature singularities in x = 0 and y = 0. Without loss of generality we restrict to
positive values of x and y. This can always be done in D = 7, whilein D = 6 a
change in the sign of Ny or Ny may be needed.'? Taking advantage of the exchange

12 In the latter case, the two-form B changes its sign, but the original form can always be restored changing
the sign of the AdS, time coordinate.
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symmetry between x and y we furthermore assume x > y, and the first two conditions
in (3.24) boil down to Ay > 0 and A, < 0. Having restricted to x,y > 0, we
can analyse the loci of the roots and the positivity of A, and A, also studying the
polynomials P, = x>~ A, and Py, = yz(D_S)Ay. The positivity of H can be
examined considering the function Py = (x> — y?)H because x > y.

For the rest of this subsection, we shall assume the background is supersymmetric,
i.e. ags® = 1. This relation implies that @ > 0, being g positive. By means of the
decompositions (3.19), we can write

Po=Pr(x) P (x), Py=Pf(y P (), (3.25)
where we defined the polynomials

3 2 2N,
gz (1 +ag)z +(JZ—7 (D =6),

0
Pr@)= 2N,

(3.26)

gt £ (1+ag)z’ +az’ - (D=17),
in which z can be either x or y and N, is N or N, accordingly. Notice that, e.g.,
PE(x) = xPSAT,

As it can be shown, P, > O0inx = 0 and P, — 400 when x goes to infinity. Since
we need Py to be positive in a closed interval in the positive x-axis, this polynomial
must have at least four positive roots. By Descartes’ rule of signs, a necessary condition
for this to happen is that Ny > 0. In general, when N, > 0, P.F(z) has one positive
root, while P (z) can have one or three of them. In the desired configuration P~ (x)
must have three positive roots, so to bring the total amount to four.

Applying Descartes’ rule, we see that,in D = 6, P (x) has no negative root; hence,
all the existing ones are positive. In six dimensions P (x) is a cubic polynomial, which
admits three distinct real roots if and only if its discriminant is positive. Restricting to
N, > 0, this condition is met when

3 =20° +3¢> +3¢ —2+42(¢* —q + 1)’
54¢2

0< Ny <a , (3.27)

where we defined ¢ = ag.

In seven dimensions P, (x) has one negative root; therefore, the existence of four
roots would ensure that three of them are positive. In this case P (x) is a quartic
polynomial and its discriminant is positive if and only if

a® =27¢* + 364° — 2¢% + 36 — 27g + (1 + ¢)(9g% — 14q + 9¢)3/%
0< Ny < —
g 102442

3

(3.28)
where, again, we restricted to N, > 0 and introduced the constant ¢ = ag. In the case
of a quartic polynomial this alone does not guarantee the existence of four distinct real
roots. We need the additional conditions

—3¢2+29 -3¢ <0, —=3¢*+4¢> —2(1 +64N)g> +4q —3 <0. (3.29)
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Pf
P
T /\ /
T2 3 Ty g

2N,

Fig.2 Example of graphs of Pf (x) in the configuration in which Py admits four positive roots

The first one is always satisfied for every real g, while the second one gives

(=9’ +29 +3¢°)

N
x = 12842

(3.30)

Since the right-hand side of the above inequality is never positive, the condition (3.30)
is automatically implied by the constraint N, > 0.

Considering a and N, such that P, has four distinct real roots, the structure of
Pxi(x) is depicted in Fig. 2. Specifically, x_ = x», the smallest root of P (x), and
X4 = x3, the middle root of P (x), since in this interval Pxi (x) are both positive and
so is their product Py. The location of the two functions follows from the fact that
P;‘ (z) > P (z) where z > 0 and that they are equal in z = 0. Because x are both
roots of P, (x), we have t(*+) = —1.

We now move to the analysis of Py, which has to be negative in a closed positive
interval [y_, y4+] such that y; < x_. First of all, we notice from their definition
in (3.26) that Pj (x) and P}‘,|r (y) have the same shape, but are shifted vertically and
similarly happens for P,” (x) and P, (y). The strategy is to start from the configuration
Ny = Ny, in which PjE (y) and P;t (x) are coincident, and to deform it, studying how
the system modifies. In the initial case, Py is negative in the intervals [y;, y2] and
[v3, y4], with y; = x;. Because [y;, y2] lies to the left of [x_, x4], it will be our
candidate. As Ny increases, P, (y) moves below P (x) and the root y; is shifted
to the right of x», yielding y; = y» > x_. When, moreover, N, exceeds a specific
value, y> and y3 disappear, giving the identification y; = y4 > x. Both cases are not
allowed. On the contrary, when Ny, decreases, both P;E (y) move up and the roots y;
and y» are shifted to the left of x| and x;, respectively, resulting in the desired closed
interval with y_ = y; and y; = y,. However, when N, becomes negative, the roots
y1 and y, disappear, while y3 and y4, if still existing, are brought closer to one another.
In this case, the only possible interval has y_ = y3 > x, and is, thus, not acceptable.
Ultimately, the roots of Py, meet all the requirements for the metric to have a correct
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signature if and only if!3
0 <Ny <Ny, (3.31)

with N, satisfying (3.27), in D = 6, or (3.28), in D = 7. In this case y_ = yj, the
unique root of P;r (), and y4 = y», the smallest root of P;"(y). These results yield
t0-) = land 10+ = —1.

The last condition we examine is the positivity of H or, equivalently, of Pg. It can
be shown that, in the range of definition of the coordinates, d;y Py > 0 and 0y, Py < 0;
therefore, the minimum value is reachedin x = x_ and y = y;. When supersymmetry
is imposed, we can make use of equation (3.22), withk = —1 and 7*~) = —1, because
x_ is aroot of P (x), hence of A_. Since x > y, it follows that Py (x_, y1) > O;
hence, Pp is positive in the region of interest.

4 Global structure of the solutions

We will now analyse global aspects of the solutions, uncovering the geometry of the
underlying four-dimensional toric orbifolds My. This will be done combining the in-
formation obtained from the Killing vectors of the metric, the compatible complex
structure, as well as the flux quantization conditions, ensuring that the gauge fields are
well-defined connections on orbifold line bundles. Although this is a standard practice,
we will find that the analysis for our new solutions is unusually sophisticated, due to
the lack of a fibre bundle structure (present in the solutions of [15, 20, 23]). Below
we will concentrate on the global regularity of the solutions in D = 6, 7 dimensions.
Although in principle one should perform this analysis in ten or eleven dimensions,
the regularity of the metrics in string/M-theory will follow from the regularity of the
lower-dimensional metrics together with the regularity of the scalars and the correct
quantization conditions for the gauge fields. The explicit uplifted solutions are dis-
cussed in Appendix B, where we also address the quantization conditions of all the
fluxes and compute the relevant gravitational observables.

4.1 Warm-up: revisiting the solutions of [23]

In order to illustrate our strategy for analysing the solutions presented here, we will
first apply the same logic to the solutions in [23]. The geometry of the toric orbifolds
associated with those solutions has some additional structure that makes the analysis
considerably simpler. In order to be consistent with the conventions of [23], all the
vectors will be outward-pointing in this section.

The four-dimensional orbifold My of [23], which describes the fibration of a spindle
over another spindle Y 1 (x, ¥) X X2(y, z), is locally described by the metric

2 2
X q by 5 F 1 a 2
ds?, = —dx*+-24d —d —(d ——(1——)d ) 4.1
"My q g +4x2 v +F Y +/’l]h2 . 2m X v @D

13 In the special configuration Ny = Ny we have y, = x7, hence y4 = x_.
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The coordinates x and y range in [x_, x4 Jand [y_, y4], respectively, where g (x+) = 0
and F(y+) = 0. The singularities of these spindles are encoded by the following
quantization conditions

q'(x2) 2 q'(xy) 2w
Ay =, R Ay =
4x2 m_ 4xy m4 @2)
LN PO 2 '
3y3 n_’ 3y+ ny’
where the minus signs are due to sign(g’(x4)) = sign(F’(yy)) = —1. The fibration
is required to be well-defined in the orbifold sense, that is
1 t 2 1
— | dan= : nz—”(dz——(1—3)d¢), teZ,  (43)
2 Jy, mym_ Az 2m x

and we assume, for the moment, that ¢ is coprime to m 4. In this way 7 is a connection
on O(t), and at a fixed value of y the metric (4.1) describes a lens space14 L(—t,1) =
§3/7._, with base ¥ 1. This metric possesses four Killing vectors &, which degenerate
on the loci

Li={y=y-}, Lo=fx=x} Li={y=y}, La={x=xy4}

“4.4)
To focus on these £, we define adapted coordinates
= . a—xy Ay a—x_ Ay
V=mipy —m_¢p_, Z=—my e Az ¢+ + Az ¢,
(2m)?
= Ap AP, (4.5)

where i = i—’&/w and 7 = i—’;z are 27 -periodic and the total metric, restricted to £,,
reads

2 2 x? 2 q 2
ds(l) = ds(3) = — dx + 4—2dw ,

y2 dv2 + t2 F Az ¢ 46
7 T s T (4.6)

2

y - F [(Az

d dy?
=Tty hlhz( ) 4.

Looking, e.g., at ds(22), we see that it describes ¥;/Z,,_ if we require (A¢+)(2) =

2
dsiz) =

—27/t, where (A¢4)? is the periodicity of ¢ when referred to £>. From (4.5), we
have then (A¢_ YD =27, Similarly, the line element ds descnbes Y5 /2y, when

14 Notice that here 7 is negative.
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(a) ged(t,my) = 1. (b) t =mym_t.

Fig.3 Polytope of the ¥ x ¥, orbifold corresponding to the vectors (4.7) and (4.14), respectively

(Ap_)® = —27/t and (Ag)™® = 2. The reason for which the periodicities seem
not to be globally defined and “jump” to different values on the loci £, and L4 is that
the quotients must be done locally in patches and then suitably glued. Thus, we should
have defined local coordinates ¢f ) and ¢f ) on a patch that contains £, or L4, for
which (A¢, )@ is more precisely A(d)ﬂf)). Eventually, we will write Aqﬁf) when it
is clear what we mean. This will happen again in the following, when we will use our
procedure to extract the labels associated with the new solutions.

From the degenerating Killing vectors on £, we extract the Z2-valued outward-
pointing vectors [23]

wy = (n_-,0), wr=(ay,m-), w3=(—ny,0), wWy=(ra_,—my),
4.7
and an associated labelled polytope (or labelled fan), depicted in Fig. 3a.

Here a; € 7Z are chosen such that a; m4 + a_m_ = 1, which always exist
by Bézout’s lemma for coprime m+. The set of labels derived by (4.7) is m,; =
(n—, 1,n4, 1). To understand better why this is the case and the reason for which m 4
are not labels, we look directly at the metric (4.1). The four loci (4.4), with metrics (4.6),
correspond to the divisors D, and topologically are

N R Y N N Y
Dy =12, D2=Z—2, Dy=%,, Dy=—"

9
m_ Zm+

(4.8)

where DA1,3 are copies of the base ¥ at the north and south poles of the fibre ¥,
respectively. On the other hand, at the poles of 2, the four-dimensional orbifold is
locally modelled by (C x X») /Zmr and as a consequence D> 4 are global quotients

of the fibre Y . Notice that, even if 132,4 =235/ Zmr there are no orbifold singularities

at generic points (i.e. different from the north and south poles) on 152,4 and thus the
labels are my 4 = 1. These are then divisors associated with an ordinary fan, with

primitive vectors w4 = 1712,4. The situation is different on £ and £3. Zooming in
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for example near y = y_, the metric at leading order in R> = F (y ) (y — y_) reads’

02 =~y dy? +dR2+ (d 1(1 a) ! dl//)z (4.9)
Mey” g 4 4x2 7 om x/ Az ' '

When we set y = y_, the metric reduces to ds21 in (4.6), which is D 1 = Y. However,
ateach pointx_ < x < x4, from (4.9) we see that there is a normal conical singularity
giving, locally,acopy of ¥ 1 x (C/Z,_). Asaconsequence, n_ is a label with associated
divisor D; = D x pt/Z,,_. The metric (4.9) can be compared with its counterpart
when approaching the locus £;. In this case, we zoom in near x = x_ defining the

new coordinate R such that x = x_ + %Rz. In the adapted coordinates (4.5), the

metric on My at leading order in R? reads

o ap2 L 2 (s @ i B AZ )2
dsiy, > dR®+ R (dg + c(y) doy )’ + d T (¢ )%

(4.10)
with c¢(y) aregular function on [y_, y4] which at the endpoints of the interval takes the
values ¢(y+) = —m /m_. Assuming (A¢_)? = 27 as before, the first contribution
to the total metric is the smooth complex plane in polar coordinates; therefore, no
singularity along the divisor D, is present. Setting R = 0, which accounts in moving
exactly on the divisor, the line element reduces to the second line of (4.6), which, as
already discussed, corresponds to the metric on ¥, /Z,,_, once the correct periodicity
for ¢f) is considered. An analogous reasoning can be applied to £3 and L4, showing
that D3 = D3 x pt/Zy., , but no singularity along Dy.

We now consider the case when ¢ and m+ have common factors, plugging a small
gap in the discussion [23]. On general grounds, it is known that in this case the fibration
does not smooth the orbifold points on the base [26]. Then, the four-dimensional
orbifold will be characterized by four different labels with m, = gcd(¢, m_) and
my4 = ged(t, my ), as we shall understand in a moment. To see explicitly the difference
with the previous case, we can zoom in near y = y4 in (4.10), obtaining

dsl%/JL; ~ dR2 + Rz(dqﬁ(}) — & d¢(2)) +dP2 + (_) P (d¢(2)) i
X—,y— m_ m_n_
t 2
dsy, ~ dR®+ Rz(dqb(_z) o d¢(2)) +dP? + (—) P2(dp )2,
X—, Y+ m_ m_ny
4.11)
For coprime m, we can now take r = kify = k_f_ and my = kim+ (with

gcd(ky, k_) = 1), which implies ¢ = kik_7, such that ged(z, m+) = ki. The
requirement A¢(2) 27 /(—k4T) translates into

71 (271)2 21
Ap® = AP Agp? = =~ = Ap® = =. 4.12)
oy — -

15 See section 4.4 of [2] for an analogous computation.
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Then the space is (X2 /Zz_) X (C/Zk_) and k_ acts as a label on the transverse space

to the divisor. Subsequently, there exists an associated divisor D, with 132 =22/l _.
This can also be seen from the vectors (4.7), which become

01 =n_(1,0), Wy =k_(asksf,m_),
W3 = ny(—1,0), s = ky (a_k_T, —iny), 4.13)

and the labels are m, = (n—, k_, n4, k1), as stated before. The case m+ = 1 (that is
t = mym_t) is particularly familiar, in that the connection is on O(mm_f) and at
a fixed value of y the metric (4.1) describes a branched lens space L, (—z, 1) [38].
Using an SL(2, Z) transformation, the vectors (4.13) can then be rotated to

n=n_(1,0), np=m_@G,1), n3 =n4(—1,0), iy = m4(0, —1),
(4.14)
which are in Z2, and the labels are simply m, = (n_, m_,n4, my). The associated
labelled polytope is sketched in Fig. 3b and is clearly a labelled (or, stacky) version
of the polytope associated with the Hirzebruch surfaces F_;.

To summarize, in these simple examples we can see that the presence of a fibration
can result in different types of polytopes, associated with different My, according to
the values of gcd(#, m4). When ¢ is relatively coprime with m, the integers m 4
characterizing the base spindle are not labels, but result in Z,,, quotients on the fixed
points; vice versa, if t has common factors with one or both m, orbifold points are
present also on the base, with more than two labels associated with it. In our more
general solutions (3.16), all the hatted divisors will be global quotients of some spindle,
but also with labels attached.

4.2 Degenerating Killing vectors

The four-dimensional orbifold M possesses a U (1)? isometry associated with the
two Killing vectors dy, and 0y of the metric (3.16); therefore, it is natural to study
this system within the framework of toric geometry. For the solutions in [23] we
showed that the toric data characterizing a given orbifold, as well as the fluxes, could
be derived from the analysis of degenerate Killing vectors of the metric. For our new
solutions we will need to complement the study of the degenerating Killing vectors
with some additional information, in order to extract all the data required to implement
the extremization procedure.
The metric (3.16) has in total four degenerating Killing vectors

2a?

: 5 _ @ (@)
= V. dy + V. 3| = I 0y + 12204, 4.15
J+ A;(xi)[ e (x) Oy + Ve(xs) 0g | = I3 0y + 1270 4.15)
_ 2 g ) @) Al
= — [Vy(r) dy + Vy (1) 3p ] = K30y + K50y, (4.16)
Al (y+)

whose norm vanishes at x = x4 and y = y, respectively. All of them are normalized
so to have unitary surface gravity. In order to present the results in a uniform way we
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introduce the four loci

Di={x=x}, Dy={y=y-}, Di=f{x=x3}, Di={y=y4l.
4.17)
and define the four vectors

&r=3-, &=k, &=734, E&1=kq, (4.18)

so that &, is the Killing vector that degenerates at D,.

For later convenience, we define the two alternative sets of coordinates ¥+ and
X+ such that 4 = s 9y, or ky = 2k 9,,, with 5¢; = &+ and ¢ = =+. These
coordinates are adapted to the direction generated by the corresponding Killing vector
&,, and for this reason, they will play a fundamental role when zooming in on the
different loci D,,. They are defined by

V=1 Y I $=s Y I, (4.19)
o=% o=+

or, alternatively, by

Y=k ) K%, ¢=sxk) KP%. (4.20)
o==%

o=%

Here v/, should be intended as well-defined coordinates on a patch which contains D
or D3, and subsequently we will denote them as 1//(1) or ¢(3) with periodicities Aw(l)
and Aw , as explained in the previous section. The same applies also to x,, which
will be written as x(z) and yo “ on D5 and Dy. The reason for the introduction of 5 J

and »g and the prescription for their choice will be explained shortly. The Jacobian
matrices of these two transformations have determinant
det() = I 7P — gV 1P dew®) = KV kP — kPP @21

and the periodicities of the old and new coordinates are connected by

Ay Ap = |det)| Ay Ay = |det@d)| Ay Ap?,

(4.22)
Ay Ap = |detK)| Ax'P AxP = [det®)| Ax( ax®.
The signs s; and »k are given by
sl (2 2 : 2 2
»y =sign| 8 (x° — det(J) | = sign(x” — ,
s = sign[ 8 (x* — y») det(J)] = sign(x* — y*) 4.23)

sk = —sign[E (x* — y?) det(K)| = —sign(x? — y?),

where, in the last steps, we restricted to x, y > 0 and imposed the signature conditions
Ny, Ny > 0; in this case, both det(J) and det(K) have the same sign of E. By
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means of (4. 23) all the coefﬁments of the orthonormal frame (3.18) are positive when
restricted to D1 and Dg or to D2 and D4 Indeed, on these loci we have

_ ~ A’ (x=) det(J A’ (xz) det(J)
](dew—deqb) :i}q%dwiz%dwi,
X=Xz 28a 2|Ela
~ A’ (y5) det(K) |A (y5) det(K)|
B (Vydy — Vydg)| = T dye = dye,
y=y+ Ea? 2|E|a?

(4.24)

where we placed the absolute values because the conditions for a well-defined metric
imply sign(x? — y?) = £ sign[A] (x)] = F sign[ A (y5)].

4.3 Complex structure and divisors
A valuable insight into the orbifold structure of My can be gained studying the four
loci D, in (4.17), viewing them as divisors from the point of view of the complex
geometry associated with My. Let us first show that indeed there exists an integrable
complex structure compatible with our metrics (3.16). This can be done defining the
holomorphic (2, 0)-form

Q=@'"+ieHA @ +ieh =1 A QB3P (4.25)

which, by construction, is compatible with the metrics (3.16). The fact that the asso-
ciated complex structure is integrable follows from the relation

dQ =iP, A Q, (4.26)
where P, is the real Ricci form potential, which reads

_ Ha(H?A,)
P 2EGR2—yY)

Ha (H2A,)

m(w dy — V, dg), (4.27)

(Ve dy — Vy dg) —

thus establishing that M are complex orbifolds. Although in principle we could intro-
duce complex coordinates, this is technically involved, and ultimately not necessary.
We will then continue with the natural coordinates in which the metric (3.16) was
originally presented, where the (x, y) coordinates play the role of “moment maps”,
despite the lack of a compatible symplectic structure. The Ricci form p = d P, defines
the first Chern class of the tangent bundle of My as p = 27 ¢1(TMy) and will be used
in the analysis later.

It is then clear that the four (real) codimension two loci ba are divisors in My and
we will now describe these in more detail. We first zoom in on D1 , determined by the
condition x = x_. To this end, we define the coordinate ¢ such that x = x_ 4+ A¢ and
take the A — O limit. Reaching the point x = x_ the whole space My degenerates to a
two-dimensional orbifold, whose metric, expressed in terms of the coordinates 1//i1 ),
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is
y2—x2 e Al(x2)2det(D)? Ay
Ay Y 48%a*H (x_, y)? y2 —

ds, = = @y (4.28)

D 1 is a complex orbifold of (complex) dimension one; therefore, it is natural to define
the holomorphic (1, 0)-form

2 2 /
yo—x_ . |A (x_)det(J)| Ay 6))
Q= d 2 d . 4.29
() ,/ A, y+12lE|a2H(x_’y) 2 Vi (4.29)

Notice that, defined QU2 = &' +i¢2, with ¢! and é? given in (3.18), Q(y) is simply
QU2 restricted to D . It can be checked that dQ21) = 1P1) A1), where, by definition,
P is the Ricci form potential, whose expression is given by

|A” (x_) det(J)] [ A, Ay dy((x2 = yHH(x_, y)?) }dl/f“’

n= = - .
. 48a L2 —y)H(—y) G2 —y)PHG-, ) y

A (4.30)

This potential allows us to determine the Ricci form of Dy, namely p(1y = dP(1), and,

in turn, the first Chern class of its tangent bundle ¢ (T 131) = p@)/2n. Denoting, in
general, with (4 the orbifold Euler characteristic of D, this can be determined by
the integral

1 R
Vi) = — = TD,). 4.31
Xa) = 52 /[)a 0@) /[)a c1(T Dy) 4.31)

In the case at hand we have

. A AL () det(D)] [ AL (4) —AL(y-) ]
T T T AR L6 D HG ) G2 HG |
(4.32)
Endowed with metric (4.28), D isa compact surface parameterized by the periodic
azimuthal coordinate 1//11) and the compact “polar” coordinate y, with y € [y_, y4+].
As y approaches one of the endpoints of this interval, the line element becomes

s AL)2A (y2)? detd)?

(D42
d , 4.33
1622a%(x2 — y1)?H (x_, y+)? @) (439

ds?, ~ do?
Sy 55 9@ +e

where we defined 0> = |y — y+|. In order to have a smooth orbifold metric on Dy
we must impose the following conditions at the north (y_) and south (yy) poles,
respectively,

| A (x_) det(D)| Ay (r-) Ay = 2% 0D e N
418la2 (2 —yH)H@x_,y) n’ - 434
34)

|A” (x_) det(J)| AL(y+) 40 27 OB

48la> (2 —yHHGao,yp a0’ T

@ Springer



Branes wrapped on quadrilaterals Page250f66 26

where the minus in the first relation is due to the fact that A’y (y-)/(x2 —y2) <
0. These constraints ensure that the divisor in question has the orbifold structure

of a spindle, specifically D; = WCP! ) '® and in terms of the m its Euler
m’,m

characteristic (4.32) can be written as

R 1 1
Xy =—7+—F. (4.35)
0D

A similar analysis can be carried out for the remaining divisors. Introducing the
one-form QG% = 83 +i 64, we define the holomorphic (1, 0)-forms (o) = QB9 Dy>
Q@ = QP and Quy = 9(3%) | ,- Then, we compute the corresponding Ricci
forms p(,) and the Euler characteristic of each divisor

. AP |A;<y_>det<K>|[ —AL(xy) AL(x) ]
T T aEe L6 ) Gy 62—y HG- )]
(4.36)

v = Ay |A;(x+)det(J)||: A (ye) N —A (o) ]

2m 4|8la? (1 —yDHxy,yy) (3 —y2)H(xp, yo)

4.37)

s Ax® |A;(y+>det(K>|[ AL (xy) AL(x) }
@7 T aE 62 =y D) HG ) G2 =y HG, v ]
(4.38)

Restricting to each single divisor and zooming in on the associated “poles”, it is
possible to impose suitable quantization conditions in order to give to the divisor the
structure of a spindle. Specifically, we will have

. 1 1
X@) = @y + @ (4.39)
m m}
where m(f ) are eight integer parameters. We will see shortly that these parameters will

be entirely determined in terms of the toric data.

4.4 Toricdata

As we discussed in Sect. 2, given a toric orbifold My, its toric data are encoded in
a fan with labels, i.e. a set of ordered non-primitive vectors v, with integer-valued
components. These data, however, are basis-dependent and therefore not unique. For

(6]

16 Here, my and m(])

must be natural numbers, but they need not be coprime. In order to be more precise
(6]

we should write D| = W(C[P’[li(l) 7(1)]/Zm(()1), where ) = ged@”, m{") and 7Y = nf /.
m__ ,l'ﬂ+
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quadrilaterals a set of “gauge invariant” toric data is given by the c?a, » and the labels
mg. The vectors v, can be extracted from the degenerate Killing vectors &, associated
with the metric on Ml once a basis of an effective two-torus action {E, E3} is fixed,
namely

& = U4 - (E1, E2). (4.40)

We will postpone determining such a basis { E1, E>} and instead work in a “reference”
basis {e1, e2}, in which we will be able to determine all the parameters of the solution
in terms of the gauge invariant toric data. Specifically, we introduce the 2 -periodic
coordinates v; = ﬁ—’:hw, v = i—’;qﬁ and consider the basis {e}, e2} = {9,,, 0y, }. From
the Killing vectors (4.15) and (4.16) we can derive the vectors

- 2 2 - 2 2
A )
Ay Ad Ay Ad 41
5 (2 2T () 5 (2 2T g
V3 = —J+,—+ , V4 = —K+,—K+ .
Ay Ad Ay Ad

Since we will not be able to determine the periodicities Ay and A¢ separately, but
only in the combination Ay A¢, we actually do not know the explicit form of the
vectors in (4.41); thus, in particular, we do not know whether they belong to Z>. We
earlier referred to these vectors as providing a “fake” fan. Nevertheless, the proper
basis will be related to {e;, e2} through an SL(2, R) rotation S, acting on the vectors
and the basis as v/ = S;;V./ and E; = SJ_Ile 7, respectively. Since det(V,, V},) are
invariant under these transformations we can still use the vectors (4.41) to compute the
matrix D, and trust the results obtained. There is only one caveat: the vectors (4.41)
must be dual to a convex polytope and, in our conventions, must be ordered counter-
clockwise, which imply det(\7a, Va+1) > 0 for any a. If this condition is not met, the
vectors can be ordered in the correct way by means of a reflection about a line in the
72 plane, which can be realized, e.g., swapping the two components of each vector.
This transformation accounts in exchanging d,, and 9,, and the two bases {d,,, ), }
and {E1, E»} will now be related through a matrix with determinant equal to —1.
As a consequence, the intersection matrices computed starting from the two sets of
vectors extracted from the two aforementioned bases will have opposite sign. In order
to keep track of this fact we introduce the sign »cp = =+, telling whether the vectors are
ordered as in (4.41) (+) or with the components swapped (—). »¢p will multiply every
determinant computed from the vectors (4.41), and its value will be fixed shortly.

The orbifold information of M4 is encoded in the determinants of the vectors \7,1,
defined before asd, , = det(Va, Vp).Indeed, d, ,+1 gives the order of the quotient sin-
gularity at the intersection of the adjacent divisors D, and D 1, namely C?/ Zq,
Using the set of vectors (4.41) we compute

a+l1*
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27 2w 4Ba’(x2 — y2)H (x_, y_)
dip=—»xp——— , ; )
AV AP AL)A(-)

dy s sy 2% 27 4B Y H (xy )
’ AY Ag AL ()AL (o)
21 27w 4Ba*(x3 — y)H (x4, y4)
PAYDGT AGOAGY
21 2w 4Ba*(x2 — y3)H (x_, y4)

dy) = sep— =
M AR ALGOA O

(4.42)

d34 = —

where we made use of the identity

_4Ea2(x§] - y(%z)H(xo‘] ) yaz)
N (%o )A/y 7))

Jé;//) Kéf) _ ](é‘z/’)]é‘f’) = , o1,0p = *. (4.43)

Imposing the condition det(7,, U411) > 0 we can fix the value of s¢p, obtaining!”
»p = sign[E(x? —yH)]. (4.44)
Recalling the definition of »; and s in (4.23), we then have
xpry = sign[det(J)], MpHK = — sign[det(K)]. (4.45)
Following the notation of [23], we also define

ty=di3 = det(J) tk =dyg = det(K). (4.46)
— —_ — —de , = — — —— ——de . R
J 1,3 D I,/f K 2,4 D

The four equations (4.42) together with the two equations (4.46) provide the “quanti-
zation conditions” for the parameters of the solution, in terms of the gauge invariant
toric data, and we postpone their analysis to Sect. 4.5. Note that the six d, ; defined
above automatically satisfy the relation (2.13).

The intersection matrix describing a given set of toric divisors was defined in (2.8).
In our construction, with a bit of computation the diagonal terms can be cast in the
form

b AY Ag A;(x_)2[ 1 1 }
= —xupnH— — J—
i Do 2n 482 2 —yDHHG .y (2 —y)HGx .y ]
(4.47)
b AY Ag A’y(y)2[ 1 1 }
= —xupnH— — —_
22 27 2w 4Ea? (x_2|r —y)OHGx,y) (2 —=y2)H@x_,y) |
(4.48)

17 . .
In order to do so we must use the relations between the signs of A; (x4) and A; (y+).
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Ay AP A (x4)? 1 1
D33=%2_2_ 4542 2 _ Oy T2 A ’
JT 2T =a (X+ y+) (x+s y+) (-x+ )L) (x+7 y—)
(4.49)
Ay A N (y1)? 1 1
Duy = p-—-———— 2 _ 2 Y ’
2w 2w 4Ea (xy —yDHGp, y1) (2 =y HG-, 1)
(4.50)

whereas the off-diagonal terms are simply (Dyp = Dpy)

1 1 1
D12 = -, D23 = -, D34 - - D4] = (451)
di2 dr 3 d3 4 da

with d; 441 given in (4.42).
The toric orbifold My is complex; therefore, the intersection matrix can also be
computed from its complex structure. In particular, the diagonal terms are given by

1 A
Daa = — [ [e1(TMs) — ex(T D). (4.52)
mg Jp,

where, following the original formula (2.10), the integration should be performed over
the ramification divisors, related to the branch divisors (4.17) as D, = ﬁa X pt/Lpm,,
from which it follows that f D, A= m%, f b, A for any two-form A. However, from the
loci (4.17) we are able to extract only quantities referred to the branch divisors and,
as a consequence, we have to perform the integration over D,. Here, we also made
use of the property c1(T D,) = ci (Tﬁa), valid for any toric divisor. This relation
follows from the fact that the first Chern class of a tangent bundle may be computed
from the curvature of the underlying base space (a local quantity) and is, therefore,
insensitive to the action of the cyclic group Z,,,. While ¢1(T D,) can be obtained
from the Ricci form p() of 5,1, as explained in Sect. 4.3, ¢1 (T My) is obtained from
c1(TMy) = p/2m, where P, is given in (4.27). Taking, as an example, the divisor 151,
an explicit computation gives

0

Nxo), [63 = yHHG,y)
H, TP =Xy

AL (xp) L2 —y)H(x_,y)
1AL det()] [ y A,
2|Ela2 L2 —y)2H (G, y)

:|dy AdylD
(4.53)

]dy Ay,
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hence, performing the integration,

b L AYY AL >[<x+—y+>H<x+ V+) (xi—y2>H<x+,y>]
U o Mo L62 ) HGC v 62—y H G, yo)
1 AP AL (ro)? detd)

J —
my; 2w 48a?

1 1
_ , 4.54
* [(xz D HG_ v (2 — ) H( y_)] @39

where, in the last line, we used the identity

(L —YDHG+ ) (1 —yDHH@x, y-)

(2 —yDH(g, ys) (2 —y)H(g.y-)

det(J) [ AG)A () AN () }
(2 —yDOH 5, y8) 2 —y)H(xg, yo) ]

(4.55)

We can now compare the expressions for Dy presented in (4.47) and (4.54), thus
obtaining

1

AY A wi)

DEE:”’

det(J). (4.56)

By means of (4.22) this relation becomes (see also (4.45))

Aw(l) Iﬁ(l)
21

(0 (1
A 1
m det(J)y = ;”n* =

V) —

|det(J)| _%,—l

mi
(4.57)
Similarly, the inspection of the components D>, D33 and D44 gives, respectively,

Ax® Aw(” 1 A x(‘” 1
b - - (4.58)
2 my o T ms o my

We note that these formulas correlate the label m, associated with a given divisor ba
with the periodicity of the null coordinate generated precisely by &, on the same divisor.
As we will see below, they will be crucial for determining the fluxes in terms of the
toric data and ultimately for implementing the extremization procedure of Sect. 5.
Before computing the off-diagonal terms of the intersection matrix, we combine
equations (4.34) and (4.56). Comparing the results with (4.42) we find the useful
relations dj 2 = mlm( ) and ds1 = mm +) Equivalently, after using (2.14), we have

m(_l) =my dA]’z, mS}) = my dA4,]. (459)
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Similar formulas can be proven, relating the order of the orbifold singularities of the
remaining divisors to the labels m, and the positive integers d, 41, namely

n? = m dy », mf) =m3dy 3,
n? =m, dr 3, mf) =mydya, (4.60)
m(f) =m 624,1, me) =m3 623,4.

Going back to the intersection matrix, we can rewrite relation (2.11) as

1 A~ 1 .
Dyyg1+Dggr1=— R ci(T'Dy) = — X(a)- 4.61)
Mg JDp, mg

It is now straightforward to compare the expressions obtained from the toric geometry
and from the complex structure. Indeed, if we take as an example a = 1, the left-hand
side can be read from (4.51), while ¥ (1) is given in (4.39), and the equality is satisfied
by means of (4.59). In the same way it is possible to prove the consistency of (4.61)
for the other divisors.

Let us now return to the issue of finding a basis for an effective torus action. With
the information that we have obtained so far, it is possible to show that the following
SL(2, R) matrix

21 (9) (®) 27 ) W)
= (@a+Ky" —a_K”") —r(ay K" —a_K ")
A + A +
s=[2 7@ v 0y IV , (4.62)

2 - 2n -
Ap my Ay my

acting on the ‘:fake” vectors (4.41) transforms them in the Z2-valued set (recall that
dyq = mymy dy 4 from (2.14))

vy = (m1,0), Uy = (atdp 4, dip/my), “4.63)
U3 = (a—da3 + ayds 4, di 3/my), Uy = (a—dy 4, —ds 1 /my), .
where a € 7 are integers such that!8
a_n® + a_,.mi” =—1, (4.64)

which always exist by Bézout’s lemma. The resulting basis reads

LW @)
Ei=—W%, +79%,),
iy =00 2 (4.65)

Ery=(a: K —a k") oy + (arKP —a_KP) 0,

and the fact that the v, are Z2-valued indicates that this is a basis for an effectively act-
ing torus. Notice that, remarkably, although the basis {e1, e2} and the vectors in (4.41)

18 Here, for simplicity we assumed that gcd(mgrl), mg)) =1 and that »cp = 1.
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depend on the periodicities Ay and A¢ separately (that we do not know), the new
basis {E;, E»} and the new vectors v, will be explicitly determined in terms of the
gauge invariant toric data, once we complete the analysis of the quantization condi-
tions, to which we now turn. Lastly, since d,; , = m,myp, c?a, b, it is straightforward to
observe that a factor m, can be collected from each vector v,, confirming that the m,
serve as labels for the divisors ﬁa.

4.5 Quantization conditions

The analysis of the toric data of My performed in the previous subsection shows
clearly that this space is a well-defined orbifold only if the d,; , computed explicitly
in (4.42) and (4.46) are integers. In this subsection we will show how to solve these
“quantization” conditions by writing all the parameters of the solution, namely a, Ny,
Ny and Ayr Ag," in terms of the six integers dq p.

Instead of tackling directly the aforementioned quantization conditions, we follow
an alternative path and begin studying the total magnetic fluxes across the divisors.
They are defined as

g =2 F. (4.66)
21 D,
where g, is the gauge coupling constant and the field strengths F; can be conveniently
written as

Fh:?%ﬁ@ﬂhhA(de—%@@+ﬂﬁh@A(%dw—%d@](4@)

We start considering, as an example, the first divisor D1, whose associated magnetic
fluxes are

il gl = }. (4.68)

Ay geed Ay dee I 1
2r s 2|Ela? H(x_,y;) H(x_,y-)

We now introduce the magnetic fluxes across the ramification divisors D,

~d
#Eizﬁfﬂ, (4.69)
mg 2w D,

where, we recall, m, f DaA = f p. A for any two-form A. By means of (4.57)
and (4.22), the R-symmetry flux q% = q{ + q3 across Dy reads

Ay Ag geec |A)(x-)] 1 1
2 2 s |Bla? |H@_,yy) HGx_,y )|

g = (4.70)

19 1n the supersymmetric case, the one we shall focus on, the charge § is fixed in terms of a by the
supersymmetry condition ags? = —«.
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When supersymmetry is imposed (ags> = —« ), one can take advantage of the relations
presented at the end of Sect. 3.2 and, employing (3.22), the expression of q}e boils
down to*’

Ay Ap ggeAL(xo)
Por 2n Ea?

Exploiting the simplifications implied by supersymmetry, it can be shown that

qk = (O yp =70y ). 4.71)

T 00 g

J— J— ‘E' ,
da 1 dia ds1di 2

q =

4.72)

where, crucially, we employed relation (4.57), obtained using the adjunction formula.
This relation implies that, once the quantization conditions (4.42) and (4.46) are sat-
isfied, the R-symmetry flux Q}e is automatically quantized and its expression is given
in terms of integers.

In a similar way we can compute the total magnetic fluxes across the remaining
divisors

2= LAY AP gece IAVGOIT 1 B 1]
R™ 2w 2mr s |Bla® [HGgyo) HG_,yo) ]
o AUA g NGOl 1 1] @)
B™ amom s |Ela> [HGxy.yp) H@epyo)]
gt = AP AP gecd IAVGOIT 1 B 1 ]
R™ 2w 2m s |Bla® [H(p,yp) H@Go,yy) ]
Imposing supersymmetry, the R-symmetry fluxes take the form
AY A 8 8cAL(y-)
2 _ Y (x4) (x-)
=—-up—— ——(1 -1 -)s
R box 2n Ea? ( *+ x-)
AY Ap ggcAL(xy)
3 _ v secTx (), £ O0) (4.74)
T T -)s
R D or on Ba? ( Y+ y-)
AY A 88N, ()
4 _ DV YOOy ), )
IR =D on a2 (zx =),
and the following quantization formulas can be proven
() ) t
q%e = —‘C — T + -L-(y—) J ,
dr3 di di2d23
+) (=)
R S S Y K (4.75)
dzs  dy3 dr 3d3 4
(x4) (x-)
L 7S S R
dz4  ds; d3 4das,

20 Here, we took § > 0; for negative values the sign is flipped and similarly happens for the other fluxes.
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Remarkably, the above conditions take exactly the form

A% =Y _ Dao’, (4.76)
b

with the o being signs, ie. 0 = =1, as conjectured in [23]. These solve
the topological constraints ), q%V, = 0, with the o specifying the type of
supersymmetry-preserving twist. In addition, we note the following useful relations

ﬁ _ AL ﬁ _ _A;(y*)' @7
ax AL (v+)

Notice that the R-symmetry flux E(}e = mlq}e across Dy, descending from (4.72)
and (4.59), takes the form

_ _f(y+) B 70-) L) tx

(4.78)

>
= -

This expression is consistent with the expected quantization condition for the total
magnetic flux through D; = W(CIP o) . In particular, the first two terms can

be identified with twist or anti-twist [29] through D1, while the factor m; in the
denominator of the last term is due to the Z,,, singularity in the normal direction to D
[15]. Similar computations for the other fluxes 4% show that these can be correctly
expressed as

() )

i ‘ + 70 L
R =~ - —’
mf) (2) m(z)m(z)m
3 -L-(}’+) -L-(V ) 5%
k=& " ® " 5 (4.79)
m+ m m_"ms3
4t = A A o0
n® @ 0 Pn@m,

Coming back to the quantization conditions for the metric parameters, the strategy
for their resolution consists in expressing a, Ny, Ny and the product Ayr A¢ in terms of
the roots x+ and y.+, and, subsequently, in writing the latter in terms of the integers d, j
and of the quantized fluxes q%. To avoid clumsy notation, until the end of this subsection
we shall consider 0 < y < x. As explained in Sect. 3.3, in this case the roots are
organized such that A7 (x4) = 0 = Ar(x-) and A7 (y4) =0 = A;F(y,), which
amounts in taking t*+) = @) = ¢O+) = —1 and t0-) = 41 where needed.
With this choice, all the R-symmetry fluxes are negative, a fact that can be easily seen
trading the s¢p for the absolute values. Combining appropriately the pair of equations
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A7 (x4) =0, from (3.20) we obtain

PP gy =P g

x£75(1 —gxy) —xPa - gx_)’

Ny = (—k a) xP P00 —x ) (1= gry)(1— gx)

222731 - gxy) — 2231 - gx))

(4.80)

whereas applying the same method to Af we are able to isolate a and N, in terms
of yV+

Y2 — gy + P+ gy0)

Y23 = gy) —yP (1 +gy0)
D-5_D-5
Yy Uy T+ y )0 =gy +gy-)

2P0 - gy) — yP (0 + gyo)l

4.81)

Ny = (—ka)

Consider, now, conditions (4.42). Taking the ratios first/fourth and second/third and
imposing supersymmetry, we obtain the two equations

di 2 % _ Xty dy 3 0 I 482)
dai1qy  X——y+  diaqy X4 — Yt
which are solved by
_ d129k v+ +daadl y- _ da3qk ye +d3aqf y- 183
-= 7 _ T M= 7 _ I (4.83)
di12q9% — da19% dr 30 — d34qp

All the other possible ratios of (4.42) and (4.46) are identically satisfied by (4.83)
making use of (4.72), (4.75) and (4.77). Now that we have the roots x4 as functions
of y1, we can express all the physical parameters in terms of the latter. In order to
proceed, we write down the expressions of 7; and tx in the supersymmetric case,
which simplify to

21 2m 42a’(1 —kag)  xy —x_

ly=xp—— ; ; )
Ay Mg g A () A () ws)
2w 2w 48Ba*(1 —kag)  yi+y- '

Itk =xp——— 7 / .
Ay Mg g NG A, ()

Notice that, when 0 < y < x, both ¢; and tx are negative. Having the expressions
of 7 and tg, we can immediately derive the product Ay A¢ in terms of the roots yt
and of the other integers characterizing the system

AY Ap a’(l+xag) (tyagap)’

= —xp .
2 2xw 4g &2(y4 + y-)3 lKCI%qq‘]‘e

(4.85)
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The next step is to determine the roots y+ in terms of the integers d,; . Combining in
an appropriate way the fluxes q% with #;, we obtain

q
A(y-) = ﬁgca — K ag)(yy +y-)%,
RTR (4.86)

T 8(1 —kag)(ys +y-)%,

J
4q%
13
RR

AL (y4) =
ty

which is a pair of equations containing only y., once a is substituted as in (4.81).
In order to solve this system of equations we need to specify the number of spacetime
dimensions. Starting with D = 6, we substitute in (4.86) the expression of A’y given
in (3.23) and parameterize the roots of Ay as y+ = w(l 4 x). When choosing the

integers that describe M4 we shall need to impose w > 0 and 0 < x < 1 in order to
have 0 < y_ < y4. Solving the resulting equations for w and x we obtain

30+ + 2 )x - +/3-6(Q, +9Q)—-3(1-3(Q; +Q)?)x? +x
g3+ x4 —6(Qy + Q)1 +x2)]

(4.87)

4 2
where we defined Q4 = I;—ng and Q_ = ’ ;ng and x is solution of the cubic
JURYR RUR

equation
=30 —Q)x* —3[1 —2(Q+ +Q)x+3(Q —Q) =0. (4.88)

The two signs in (4.87) generate the two sets of physical parameters connected by the
inversion symmetry (3.14) and, in particular, the plus yields the configuration with

E < 0. This last statement can be proven noting that & = (1 — x ag)(1 + «x ag) and
rearranging the second term as

¢2gw¢3 —6(Q+ +9-) - 31 —-3(Q+ +9))x2 + x4

5 (4.89)

l4+kag =

1—-x

The first factor of E is positive due to supersymmetry, while the second one contributes

to the sign and tells whether E is positive or negative. The last thing to do is to equate

the expression for a obtained by means of (4.80) and (4.81). This gives the following
Diophantine equation for the integers d, 5,

tk Gy — 3(ak — ax) =0, (4.90)

whose analysis is postponed to Appendix D. The origin of this constraint can be
traced back in the specific structure of our solution. Indeed, the quantization conditions
involve the four parameters a, N, Ny and Ay A¢, but, as we discussed, the integers
dg b characterizing the system are five. This means that there must be a redundancy
among them and equation (4.90) precisely resolves it. Considering a system with
different charges 6; would increase by one the number of parameters, but would also
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bring an additional “quantum number” into play, thus not changing the balance. It
is possible that the constraint (4.90) would be eliminated if a more general solution
could be constructed, but we will not pursue this here. Similar unnatural Diophantine
constraints have been observed in previous solutions associated with orbifolds [15,
20, 23].

We now focus on D = 7 and solve system (4.86) following the same method
adopted in the six-dimensional case. Parameterizing again the two roots as y+ =
w(1l £ x), we obtain

C4Q +Q)x V2V - 2(Q4 £ Q)11+ (1 —4(Q4+ + Q- ))xz]
2g[1 +x2 —2(Q4 + Q)1 + 3x2)]

4.91)
Q-9

S 13@ 00 @

where Q4 are defined as in the previous case. As before, the two signs in (4.91)
correspond to the two configurations related by (3.14) and the plus sign gives E < 0.
This can be seen considering the analogous expressions of (4.89), butin D =7,

L+ cag = F2v2 gy /[l - 24 + Q01+ (1 — 404 + Q)2 (493)

Imposing the consistency condition that comes equating (4.80) with (4.81) we obtain
the following Diophantine equation

2qpaxts[(aR) di2ds 1 (d1 2 — day) — (q3) da3ds 4(das — d3 4)]
+ apaxts[8((k)2d12day — (a3) dradsa) — ((ap) diHdi | — (ap)*d3 3d5,)]
+4(q%)3d1 2da 1 (kda 1 — qkdi2) — 4(q%)3da3ds a(qkds.a — Ahda )

+3(a% + ap)[(ak)*d},d3 | — (a%)*d3 5d3 4] = 0.
(4.94)

Although this is surprisingly much more complicated than the analogous con-
straint (4.90) in D = 6, similar comments apply. We refer to Appendix D for its
resolution.

We close this subsection with a brief recap of the procedure that, starting from the
set of integers characterizing a given solution, allows to reconstruct all its parameters.
The first step is to choose four positive integers d,; ,+1 and two integers di 3 = t; and
d 4 = ti that satisfy constraint (2.13) and the Diophantine equation (4.90), if D = 6,
or (4.94), for D = 7. In six dimensions we compute the auxiliary quantities x and w
using (4.88) and (4.87), while for the seven-dimensional solution the corresponding

4 2
relations are (4.92) and (4.91). In both cases, Q4 = —k~ O = —E - and
L1qRqp L7dpd%
the charges q% are given by (4.72) and (4.75), where, for the system in question,

104 = 06 = ¢O+) = —1 and t0-) = +1. The endpoints of the range of the
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coordinate y read y+ = w(l &£ x), while x+ can be obtained from (4.83). Lastly, the
parameters a, Ny and Ny follow from (4.80) and (4.81), while the product Ayr A¢ in
given by (4.85), where the sign sp is fixed so to have a positive result.

5 Off-shell free energies and extremization

In this section we present the off-shell free energy proposed in [23], whose construction
is based on the idea of gluing “gravitational blocks”, introduced in [37]. This recipe
extends the results of [24] to four-dimensional toric orbifolds with an arbitrary number
of fixed points. For D = 7, the field theory counterpart of this construction was given
in [49], integrating on My the anomaly polynomial of the six-dimensional SCFTs
associated with M5-branes. In D = 6 a solid proof is still lacking; nevertheless, the
gravitational block conjectured in [23] was retrieved in [ 18] through the integration of
the equivariant volume of the associated geometry, with the addition of higher times.
Below we will be primarily interested in four-dimensional toric orbifolds, with My
represented by the solutions in Sect. 3.2. We speculate that these D = 6, 7 solutions
are holographically dual to d = 1,2 theories, obtained compactifying on My the
five-dimensional A' = 1 SCFTs dual to [12] and the six-dimensional N = (0, 2)
dual to a stack of M5-branes. Supporting evidence is provided by the extremization of
our off-shell free energy, which reproduces exactly the entropy/central charge of the
(putative) black hole/black string with AdSp_4 x My near-horizon.

5.1 Recap of the recipe

We now summarize the key ingredients necessary to construct the off-shell free energy,
whose extremization should reproduce the entropy and the central charge of the dual
gravity theories in D = 6 and D = 7, respectively. For further details, see [23]. Recall
that an opposite convention for the D, and D, divisors, as well as for the other related
quantities, is employed here. In particular, the vectors v, need not be primitive and
the information carried by the labels is now encoded in the vectors themselves.

On the field theory side, the systems under exam result from the twisted compacti-
fication of five- and six-dimensional SCFTs on a four-dimensional toric orbifold My,
completely characterized by the counter-clockwise ordered vectors v, € Z2. The
twisting is realized coupling the SCFTs to two background gauge fields A;, with field
strengths F; = dA;. As a first step, we define the “physical fluxes” as”!

1

= F;, 5.1
27 Iy, (5.1)

qf

where a = 1, ..., n runs over the number of facets. The one-forms —A; can also be
viewed as the connections on two line orbibundles E;. Since the set of ¢;(L,) form a

21 Here and in the following we shall rename the background gauge fields as g A; — A;. The nomenclature
“physical fluxes” should not be confused with the fact that the natural fluxes in supergravity are computed
on the branch divisors, see (4.66).

@ Springer



26  Page 38 of 66 F.Faedo et al.

basis for H2(M., Q), we can decompose the first Chern class of E; as

dA;
() = -5~ =— ;p?cl@a), (5.2)
where p¢ € Q. As a consequence
a' =Y Dapl, Y 4T =0, (53)
b a

where Dy, is the intersection matrix defined in (2.8). The latter equation, which follows
from (2.5), is a constraint on the physical fluxes and implies that, for fixed i, only n —2
of the q are independent. On the other hand, H 2(My, Q) has dimension n —2; thus, for
fixed i, only n —2 of the p;‘ are linearly independent—see the discussion around (2.4).
Therefore, the former system of equations can be inverted to obtain p{ in terms of q¢
once the redundant equations are eliminated. A similar condition applies also to the
R-symmetry fluxes q¢%, specifically Y, g%, = 0, and a possible choice to solve it is

A% =) Dapo”, (54)
b

where, we conjectured, o are n arbitrary signs, i.e. 0% = =£1. This assumption is
supported by several examples where the spindles are explicitly involved [23, 29] in
both D = 6, 7, and the solutions presented in Sect. 3.2 are no exception, as we will
see later.

We also conjecture that the entropy/central charge corresponding, respectively, to
a general class of d = 5, 6 SCFTs compactified on My and with twists parameterized
by 0%, can be computed by the constrained extremization of the following off-shell
free energy

ng  Fa(®)
Flpi € qf) =kg Y —4———=

(5.5)
- daay1 €f€)

where the sum is over the number of fixed points, that for planar polytopes coincides
with the number of facets. Here, F, are the usual gravitational blocks (cf. Table 2 of
[24])

4421 N3/ 9N
(MM, Fe(A) = ———(A1A2)?, (5.6)

15/8—N; 256

the variables C[Df.’ are defined as

Fs(Aj) =—

DY =g — plef —pitles, (5.7)
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and the auxiliary quantities €{ , are constructed from the fugacities € = (€1, €2)
associated with the U (1)? rotational symmetry of My as

e — _det(aa-Ha €) cd — det (¥, €) (5.8)
! da,a+1 ' 2 da,a+1 ’ .

We recall that d, , = det(V,, Up), whereas k; are numerical constants which assume,

a posteriori, the values

64
ks=—1, ko= —.
5 6 9

Also the values of 1 are one of the ingredients of the prescription. Specifically, for
d = 5 we assume they are related to the type of twist as ng' = o%**! whileford = 6
we take all of them with the same value, which is, ultimately, related to the chirality
of the SCFT in question. In particular, ng = i, with k = =1 so that the extremization
of the off-shell free energy reproduces the central charge of the d = 2 SCFTs with
N = (0,2) or N = (2, 0), respectively, extracted from the anomaly polynomial of
the d = 6 theory. This « is also related to the sign in the equation @ﬁﬁ = 5By
satisfied by the Killing spinor along AdSs.

The variables of the off-shell free energy, namely ¢; and ¢;, are subject to the
constraint

(5.9)

o1 + @2 — det(W, €) =2, (5.10)

where the auxiliary two-dimensional vector W is determined imposing
p? 4+ pd = 0% + det(W, ). (5.11)

The vector W parameterizes a “gauge symmetry” featured by our construction and can
be set to any desired value by means of suitable transformation [23]. The present con-
struction enjoys an additional symmetry. Once the fluxes q? are fixed, if an SL(2, Z)
transformation is applied to U,, € and W, the off-shell free energy and the constraint
can be shown to preserve their form, thus leaving the extremization problem unaltered
[23].

The last step of the procedure is the constrained extremization of F(¢;, €;), which
can be performed defining the function

S(giv €, A3 q%) = Fgi, €3 48) + A(gr + @2 — det(W, &) —2) (5.12)
and extremizing it with respect to ¢;, €; and the Lagrangian multiplier A. As a con-
sequence of Euler’s theorem, F (¢}, €/) = —%A*, withh = 1ford =5, h = 2 for
d =6[23].

5.2 Application to the new AdSp_4 x M solutions

We now apply the gravitational blocks prescription to the AdS p_4 x My backgrounds
with equal charges presented in Sect. 3.2. The first ingredient needed is the toric

@ Springer



26  Page 40 of 66 F.Faedo et al.

data describing the toric orbifold My. As we mentioned, the recipe to construct the
off-shell free energy is formally invariant under SL (2, R) transformations of the vec-
tors U, comprising the toric data, although this group is broken to SL(2,Z) when
integer-valued vectors are considered. Thanks to this property, we use vectors (4.41)
as toric data, assuming that a set of proper (integer-valued) toric data exists and is
related to (4.41) by an SL(2, R) transformation—see the discussion below (4.41).
The physical fluxes defined in (5.1) coincide with the magnetic fluxes (4.69), whose
explicit forms are given in (4.70) and (4.73). The vector of twists can be deduced
comparing (5.4) with the quantized expressions for the fluxes (4.72) and (4.75). When
d is positive we obtain

ol = -7, o2 =—70-), o3 = —7), ot = —70%), (5.13)

which becomes o¢ = [sign(x2 — yz), — sign(x2 —yz), +, +]if werestricttox, y > 0.
The results of Sect. 3.3 imply that three out of the four components of 0% have always
the same sign, while the fourth one is the opposite. This property agrees with the vector
of twists found for the AdS x ¥ x X solutions studied in [23]. Taking advantage of the
gauge symmetry enjoyed by our prescription, one can always pick a gauge in which
the auxiliary vector W vanishes. When the charges are equal, as in the case of interest,
this choice is particularly useful as (5.11) implies the simple relation

pl=—. (5.14)

An important feature characterizing all the systems with equal charges is that the ex-
tremizing values ¢} are equal, namely ¢} = ¢3. Indeed, the off-shell free energy (5.5)
is symmetric under the exchange ¢; < > and, in particular, ®{ — ®§ = ¢ — @2,
which does not depend on the index a. Then, the necessary condition (3, — 94,)S = 0
forces the values at the extremum to be equal. Additionally, in the gauge we are con-
sidering, the constraint (5.10) with W = 0 fixes them to ¢] = ¢35 = 1. Extremizing
the off-shell free energy with respect to the remaining variables €| » we obtain the
following critical values for the fugacities?

. 227 N 2w
d=5 [ =—— € = —K2a—, (5.15)
§ AY Ad
12 2
d=6: e]k:——n, eé‘:—/ca—ﬂ. (5.16)
§ AY Ad

These expressions have the same form of the results of [23] once we perform the proper
SL(2, R) transformations connecting our basis of the torus action {d,,, d,,} with the
ones adopted in [23]. Plugging these critical values in (5.5), we get the off-shell free

22 These results hold when cp > 0. In the opposite case, we need to exchange the two components of the
vectors in (4.41) and, therefore, to exchange eik and 63‘ accordingly.
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energy at its extremum?>

9V2r N2 g3 (1 — kag) AY A

F;—s = = .
- 5,/8 =Ny |E|a? 2w 2w
3+ a2y Ay — Ax(ph -9y, (5.17)
4
1-— Ay A
Fio = rcan3 81X ag) 2V 20
|E|a3 2w 27
|63+ )02 —y2) — 2 =D)L -y (5.18)

To compare these formulas with their gravitational counterparts, we must recall that
the roots x+ and y4 are related through the constraint obtained equating a in (4.80) and
in (4.81). For what concerns F_, its structure can be shown to agree with the gravi-
tational entropy (B.19), whereas Fj_ matches the gravitational central charge (B.20),
but with a different sign. We believe that the origin of the opposite sign can be traced
back to the chirality of the dual two-dimensional SCFTs, but since we have not solved
the Killing spinor equations of D = 7 supergravity, we have no control over this

information.

6 Discussion

In this paper we constructed new families of supersymmetric solutions in D = 10
and D = 11 supergravities, corresponding to D4 and M5-branes wrapping four-
dimensional orbifolds My, respectively. These generalize to arbitrary toric orbifolds
with four fixed points the examples presented in [15, 20, 23], where the corresponding
orbifolds were the total space of a spindle fibred over another spindle. After extracting
the necessary data, we fed these into the off-shell free energies conjectured in our pre-
vious paper [23] (and then proved in [6, 18]), obtaining a perfect match between the
gravitational observables calculated directly from the solutions and those derived from
the corresponding extremization problems. This is further evidence that the extremal
problems proposed in [23] encapsulate the necessary and sufficient conditions for the
existence of the supergravity solutions. Furthermore, by construction, the gravitational
central charge associated with the AdS3 solutions agrees with the central charge of the
dual two-dimensional SCFTs, obtained by integrating the M5-brane anomaly poly-
nomial on the orbifolds [49]. It would be nice to derive in field theory the entropy
associated with the AdS; solutions, by computing the supersymmetric partition func-
tion of the dual five-dimensional theories compactified on My x S' and then taking
its large N limit.

Obvious extensions of the present paper include looking for solutions involving
four-dimensional orbifolds My with one or more of the following features. Firstly,
one can strive to tame the solution with unequal charges. It is also natural to wonder
whether there exist solutions where the Diophantine constraints need not be imposed,

23 In order to take into account a possible exchange in the components of ¥,, which would affect dg a1
in the denominator of (5.5), we multiplied the off-shell free energy by sp.
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as these appear to be just an artefact of the ansatz employed. Although explicit solu-
tions corresponding to toric orbifolds with more than four fixed points are likely to
be inaccessible, we expect that it should be relatively simple to construct solutions
describing branes wrapped on orbifolds with three fixed points, namely weighted pro-
jective spaces W(C]P’%n \.na.nz]- 1t s possible that such solutions may be obtained in
the special case of equal NUT parameters (Ny = Ny) that we have not analysed in
this paper.?* Finally, for completeness, it would be desirable to check explicitly the
supersymmetry conditions for the D = 7 solutions. We leave these unglamorous tasks
as possible projects for eager students.

The results of this paper add evidence that the discovery of supergravity solutions
displaying orbifold singularities has led to a vaster arena for exploring quantum gravity
via holography. We are convinced that it is worth pursuing these explorations in dif-
ferent directions. On the one hand, it should be rewarding to construct further explicit
examples of orbifold solutions, with AdS factors or otherwise. For example, using
the results in [18] one can anticipate the existence of numerous solutions in type II
or M-theory and it would be nice to construct some of these explicitly. On the other
hand, it is of uttermost importance to address the issue of proving existence of the
solutions, for the choices of topological/equivariant data determined by the associated
extremal problems. Among the several extremal problems discussed in [18, 49], the
GK geometry setup [19, 32] is perhaps the simplest one. We are confident that the
ideas of equivariant localization put forward in [5, 7, 18, 49] will play a key role in
tackling these problems and more generally in unveiling novel aspects of supergravity.

Finally, holography implies that the solutions discussed in this paper, as well as
all the previous ones in the recent surge of orbifold supergravity solutions, must have
a field theory counterpart in terms of localized partition functions on related rigidly
supersymmetric backgrounds. Based on the findings of [38, 39], we expect that this
will be a fruitful direction of work in the near future.
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A The AdS x Y1 x ¥ limits

The D-dimensional system presented in Sect. 3.1 includes, as particular limits, the
AdSp_4 x X1 X ¥, solutions studied in [20, 23], for D = 6, and in [15], when
D = 7. As we shall see, these backgrounds can be retrieved only if the (putative)
supersymmetry condition agsisy = %1 is imposed, with the two charges §; having
the same sign.

A.1 The AdS; x 21 X ¥ limit

We shall now focus on D = 6 and see how the AdS; x 21 x ¥, backgrounds are
recovered. The first step is to perform the following substitutions

V= ezy, ¢ — 62¢, at— eza, Ny — €6Ny, Ny — EZNX, S; > S—l,
?A.l)

followed by the € — O limit. The underlying idea is to take y — 0, but keeping the
ratio y/a finite, preserving the supersymmetry condition and preventing many of the
functions to become trivial.

A thorough analysis shows that the desired configurations can be obtained only
when the two charges §; have the same sign. For the sake of simplicity, we shall
restrict to 81, 8o > 0 and, in this case, introduce the new coordinates

- .2 - K - K

y=x, x:_y’ Z=1ﬁ+—¢, W=—¢, (A.2)
a 2ag a

with k = +£1. Imposing the supersymmetry condition agsisy = —«, the metric and

the scalar fields reduce to the ones in (2.40) of [23], when m = 2g./3 and with ¢g; and
a defined as
__ 8N,

qi = —2N.s?, a= — (A.3)

In order to reconstruct the gauge potentials of [23], we first need to perform the gauge
transformation A; +— A; — dy and, then, the correct expression follows. Computing
the limit of the two-form B we obtain

ay
B =k - vol(AdSy). (A4)
g

When « = —1, the origin of the opposite sign with respect to [23] can be traced in a
different orientation of the spacetime induced by the change of coordinates (A.2).
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Notice that the global analysis of the AdS, x ¥ | X ¥ solutions implies that g1 g2 < 0
[24], whereas with our identifications g and g must have the same sign, unless an
analytic continuation of these parameters is made.

A.2 The AdS3 X X1 X >Zz limit

We now move to the seven-dimensional system and show how our solutions reduce
to the AdS3 x X1 X %; backgrounds of [15], setting here g = 1/2, i.e. g = 1, and
imposing the supersymmetry condition. We begin computing the limit y — 0, which,
in this case, is parameterized as

2 2 2 8 2 ) Si
Yy €y, ¢r>ep, ar>e"a, Nyr> e Ny, Nyt> €Ny, s> —,
€
(AS)
with e — 0%. Once again, we restrict to positive charges §; and impose ags;s; = —«.
Introducing the new coordinates
- o 9y? ~ Ko - 2K¢
F=x* =, $=v+_—. Y=", (A.6)
4a 3ag a

the metric, gauge potentials®® and scalar fields assume the expressions given in (3.7)
and (3.8) of [15], where ¢g; and a are defined as20

2 27N,
qi = —2Nys;, a= o (A.7)
After the limit and the change of coordinates, the three-form B becomes
4ay a - ~ -
B =k —— vol(AdS3) + —= d¢ A dy A dy. (A.8)
27¢g 12x

In order to compare this result with equation (3.8) of [15], we need to dualize B to the
new three-form

ayQ

— = diAdy Adp, (A9
6g£2h1h2x v Adp,  (A9)

2 8ay
S3) = (X1 Xo)™*H = — 57 vol(AdS3) + «

where the function Q(¥) is defined in equation (2.5) of [15]. This expression agrees
with the one in [15] for g = 1/2. Also here, when k = —1 the different sign is due to
the opposite orientation of the spacetime induced by the change of coordinates (A.6).

25 Also in this case we had to perform the gauge transformation A; — A; — diy.

26 Here, we relabelled the constant a in [15] as a in order to avoid confusion.
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B Uplift of the solutions

In this appendix we uplift the six- and seven-dimensional NUT-AdS backgrounds
presented in Sect. 3.1 to solutions of massive type ITA and 11d supergravity, respec-
tively. All the details of the truncation ansitz are discussed in [15, 20, 23]; here, we
report only the relevant ingredients required for the computation of the entropy and
the central charge of the two systems.

The higher-dimensional theories we consider are described by the equations of

motion that descend from the massive type IIA action, written in the string frame,?’
1
SmllA = ———— /dlox«/_—g[efm(R +4/do
167 G (10)

1 1
— SIHER) = 3 (Fy + 1Fol + |Fo )

1
- 3 / (B@) AdC@3) AdC) + 2F0) By AdCa) + 6F(20)B(52))}, (B.1)

and the 11d supergravity action

1

1 1
St = ——1 [ d"xy= [R——F 2] —/F AFuy ACH) Y. (B2
11d 16nG(11){f XA/ —g 2| @] +6 (Fay ANFayAC3) t- (B2)

In these conventions, the ten-dimensional field strengths are

Ha) =dBp), Fo) =dCu) + Fo)B),

1
Fay=dCe) — He) A Cay + SF0 B A Ba), (B.3)

while the eleven-dimensional four-form flux is simply F) = dC3).

Many of the expressions we present in the rest of this appendix are similar in both
massive type IIA and 11d supergravity; therefore, we shall write them in a unified
fashion in order to avoid repetitive formulas. The uplifted metrics, written in the string
frame for massive type IIA, read

D-7)/3 \ 1/(D—4 — _
sy = 220" PP Ay PV (H Hy) T/ P2,

B.4
b ag [ ko) + i o]
where ds% is the line element of Mp, the quadrilateral solutions of Sect. 3.1, the
one-forms o; = d¢; — g.A; are built up from the D-dimensional gauge fields (3.11)
and A is a strictly positive constant which realizes the scaling symmetry of the super-
gravity theories (see section 3 of [23] and 3.2 of [15]). While in 11d supergravity its
introduction is not necessary, in massive type IIA the additional parameter X plays a

27 Here we use the shortcut B("2) to denote the wedge product of B() with itself n times, divided by n!.
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crucial role for the correct quantization of the ten-dimensional solutions. The coordi-
nates [tq, with a = 0, 1, 2, satisfy the constraint uz = 1 and can be conveniently
parameterized as

Mo = siné&, (1 = cosésinn, U2 = cos & cos . (B.5)

The angular coordinates ¢, ¢» have canonical 27 periodicities and n € [0, 7/2].
The presence of the overall o factor in the ten-dimensional metric implies & €
(0, /2], and the line element (B.4) describes, at each point of Mg, a four-dimensional
hemisphere, that we denote as 5%, On the contrary, in eleven dimensions (o is not
present, therefore £ € [—m/2, /2] and the dimensional reduction is performed on a
(squashed) four-sphere that we continue to denote as S*. For convenience, we defined
the function

Ay = HiHy ud + Hy i3 + Hy 13, (B.6)

The four-form flux, common to both higher-dimensional supergravities, can be written
as

ACPID B Uy s
3 2 D—4)/3
&z AH /'Lé )/

Fyy=— dui Adpr Aoy Aoy (B.7)

—2(D - S)A(zD—u)MélOfD)B

gs152 Nny_3 — nyD_3
Ea? (xy)D—4

dyAndp Adx Ady + ...,

where we defined the function

10— D

Uy =2[(1 — H)(1 — Ho)pf — 1] - Ag. (B.8)

The dots in (B.7) represent terms of F(4y omitted because they do not contribute to the
flux quantization through $* or My. Finally, the ten-dimensional dilaton and Romans
mass Fg) read

~5/6 , 1/4 m 2g
e® =227 A0, Foy = = 3A§' (B.9)

In order to compute the entropy and the central charge of the uplifted solutions, we
first need to write the higher-dimensional metric in the form

dsp yq = € (ds3as,, , + dsizg). (B.10)

where dsjzw8 is the line element of the internal fibred space 5* < Mg — M. The
entropy and the central charge can then be read from the (D —4)-dimensional effective
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Newton constant G (p_4) as>®

§— 1 _ 82 /eSA—Zq’vol(Mg)
4G(2) (ZJTKS)g ’

3 4872
. - —”/ A vol(My). (B.11)
2G(3) (27TKS)9

Plugging the relevant quantities, we obtain

G 1 4874 Ay A¢
T (2mt,)8 5|Elalgt 2 27

(] =)y —yo) — (e —x0)O7 — )
(B.12)

’

1L 64 Ay Ag 4 45 > 2\, 4 4
C—WW?gKM_—X_)()@—y_)—(x+—x_)(y+—y_)|-

(B.13)

To compare these results with the quantities found on the field theory side, we proceed
to quantize the fluxes. In particular, the four-form flux yields

! 1
(27-[53)3 A4 F(4) =NeN, —(27[5?)3 /M4 F(4) =K eN, (B.14)

where N can be interpreted as the number of D4 and M5-branes wrapped over My, in
ten and eleven dimensions, respectively. In massive type IIA supergravity one has to
impose the additional condition

(27 ts)Fo) = ng € N, (B.15)

closely related to the presence of D8-branes. Indeed, our background has a boundary
at &€ = 0, where o = 0, and the warp factor is singular, which corresponds to the
location of an O8-plane and Ny = 8 — ng coincident D8-branes. Computing the
integral

H HUpg iy

_ 2
Al M(()D_4)/3dul/\duz/\dqﬁl/\dd)z——(D—3)(D—5)n, (B.16)

condition (B.14), together with (B.15) in the case of massive type IIA, can be solved
to give g, and A in terms of N (and ng)

D—6: § 1 1870 28 872 (B.17)
0 T Qne ¥ Ny Y T oNnd '

28 We are using conventions in which Gy = (2m¢s)G(j0) that is the same to say that the eleven-
dimensional Planck length is equal to £5.
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3 1 8x?
Se _ T (B.18)

D=7: —
M Qre)d N

These expressions are the same as for other known six- and seven-dimensional solu-
tions (cf:[15, 23, 24, 27], respectively, and references therein). In terms of the number
of branes, the entropy (B.12) and the central charge (B.13) take the form

IV2rN3? gt Ay AP, 5 33
=———— = |} — D)y —yo) — (p —x)( —yD)

5/8 =Ny |Ela® 2 2n
(B.19)

)

N8 AV AP

c= T .
Ea’| 2n 2w

(ot =)0t —yH) — 2 -2t —yhH]. (B20)

As last step in the quantization of the fluxes, we consider the second constraint
coming from (B.14). The integration is performed along a representative of My, which
we take to be at £ = /2, namely the pole of the hemisphere 8% in D = 6, or at one
of the poles of the sphere 5%, in D = 7. In terms of the physical parameters, the total
flux across My reads

dgigsiss Ay Ad

(D —3)(D — 5)Ea? 21 27
[Ny P =y ) d —x2) = Ne e P =7 P)pE = D)) B2D)

Although the expression seems rather involved, making use of the results of Sect. 4.5
it is possible to write the total flux K in the following remarkable form

K = sp N di2d23(q%)* — d3.4ds 1 (q})* N dr3d3.4(q%)* — d4,1d1,2(CI}q)2.
4(D —5)d13 4(D —5)dy 4

(B.22)

When the physical parameters are properly quantized, all the elements appearing in

(B.22) are rational; thus, N can be tuned appropriately in order to make K integer.

It is noteworthy that the Diophantine constraints play a crucial role in writing K in

terms of rational quantities only, and, in particular, in making the square roots in x4

and y+—see (4.87) and (4.91)—disappear from the final expression.

C Supersymmetry of the D = 6 solutions with equal charges

In this appendix we check explicitly that the equal charges solution of Sect. 3.2 is
supersymmetric, i.e. we construct a Killing spinor that satisfies the following Killing
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spinor equations [23]

1
DMGA + g[gc(xl + X2) + mXO]Fu.GA

1 _ o _
+ 3—2[m(X1X2) V2B, T8y +i(XT FiL + X5 'R, (0H)](D* — 68}, T*)e?

1
- %(XIXZ)HUA,OF7(F;M) - 38,‘1 F)L’O)GA =0,

(C.1)
1, _ 1
Z(x1 18, X1 + X518, X2) et — g[gc(x1 + X2) — 3mXo]e?
1
+ 25 [ X) T 2B D8 —i(XT R+ X5 ) (o) T (C2)
1
+ %(XIXZ)HWMW%A =0,
r,__ _
z(X1 18, X1 — X538, X2) " (03) 5€® — ge(X1 — X2) (o) 5e? .
i -1 —1 nv _A .
- Z(X] Fi—X; Fy), et =0,
where
1 i
Dyt = 0,4 + i T ape — 5 ge(Ar + A2) (o) A5€B. (C.4)

These follow from setting to zero the supersymmetry variations of the fermionic fields
of the theory with three vector multiplets [22] that do not vanish automatically in the
sub-truncation that we are considering. Here (03)AB is the usual third Pauli matrix,
{Tu, T3} = 2nap and T'7 = TOC'T20304T°. The SU(2) indices A, B are raised
and lowered as €2 = ¢4Beg and €4 = €Bepy, where 645 = —ep4 and its inverse
matrix ¢45 is defined such that 48¢,c = (Sg. The supersymmetry parameter €4 is
an eight-component symplectic-Majorana spinor; hence, it satisfies the condition

8A36§ = Bsea, (C.5)

where Bg is related to the six-dimensional charge conjugation matrix Cg by Bg =
—iCq ro.

When the charges are equal, equation (C.3) automatically vanishes. To specialize the
other equations to the solution of Sect. 3.2 we employ the following six-dimensional
orthonormal frame

~ Xy . ~ o
e“=H1/4—ye“, el = gl/4gt, (C.6)
a
where 64,4 = 0, 1, is the zweibein on AdS,, ',7 = 1, ..., 4, is the vierbein on My

introduced in (3.18) and the coordinates are denoted as x and x%, respectively. Then,
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equation (C.2) reduces to the constraint

[ Ay /
5 Y 5 F3E FS A (0_3)A B _gH(y F23 +XF45) O,
yo =X

(C.7
where, we recall, g = m = 2g./3. Writing this algebraic equation schematically as
M e = 0, we need to impose det(M) = 0 in order to have non-trivial solutions, i.e.
€ # 0. This necessary condition is satisfied for any value of x and y if and only if
(ags?)? = 1, which agrees with [17].>° From now on, we shall impose ags®> = —«,
with k = £1. Multiplying (C.7) by its complex conjugate we obtain

1
Z / r‘z Ay / 1"4eA + gHeA
y

[ (yoH +xd,H) — }FB“S 4=0, (C.8)
Xy

and, thanks to this equation, the AdS, components of (C.1) can be written in a simple

fashion as 1
K .»
203 Tape + 58 ) (C9)

where ® [flb is the spin connection on AdS;. The components along the coordinates y
and x read

AL 3 a, Ly =x 2345
dye + SH oy H et 0[S T g Oy (yH) — gx 0y HT
Y (C.10)
n Ay 1 (v 4 |et =0
2y 22V e =Y
3 1 [x2—y2
axeA+§H_18xHeA+§ oY F4|:g8X(xH)—gy8xHF2345
(C.11)

Ay
Ay 1 2 345 A
_Vyz_x2x2—y2(yr +xT )6 =0,

whilst the remaining components along the angular directions ¢ and  are, respec-
tively,

3ig 2sc5(nyVv — Nyxvx)] 3 A B
o+ - o €” +
2 [ Exy(x2 —y2)H ©)p 2EH

5By 3 257 7 [ Bx 5 234
+gVx yz_xz[By(yH)F +x0yHT P +¢Vy xz_yz[ax(xH)F + y oy H ™)

29 Notice that a factor c%ﬁ% is missing in (4.8) of [17], which is asymmetric under 1 < 2.

{ ~AxAy H
(

25 34
dpe” 2 2) aﬁ(yr —xr)
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(AT — ATy AL } 45 [y(Any — ATy AV } 23} i
— r r
[ T R TP R W2 Ta@—m] |
(C.12)

25cc(NxyVy — NyxVx)] 34 B _ 1 { —Ax Ay 5 05 34
dyet === X P2H(yI? —xT
v 2 [ Exyx?2 —y2)H @)% 28 H (x2 — y2)2 8 (y x )

[ A, [ A
+gVx yz_)xz[é)y(yH)F3+x8yHF245]+gVy ﬁ[ax(xH)ﬁeraxHFB“]

B |:x(Ay VA ALY ]r“S |:y(Ay Vi = AxVy) Al Vx ] 23}€A
(2 —y)?2 2(x2 = y?) (2 —y)?2 2(x2 = y?) ’

(C.13)

Here, we performed the gauge transformation A; — A; + o d¢ + B dy, with @ and
B real constants. As we shall see, the latter can be tuned appropriately to make the
Killing spinor independent of the angular coordinates.

With all the equations made explicit, we can now proceed to decompose the six-
dimensional gamma matrices. In particular, we adopt the following decomposition

M=peyn I't'=hey, (C.14)
where ﬁi’ are the (Lorentzian) gamma matrices in D = 2 and yi are the (Euclidean)
gamma matrices in D = 4. The related chiral matrices are 8, = —p°8! and y, =

2.,3.,4

—y'y2y3y4 respectively. As a consequence, the six-dimensional matrices Bg and T
decompose as
Bs = B> @ (Bays), i = By ® Ys. (C.15)

The ansatz for the six-dimensional Killing spinor is

A=y 4, (C.16)

where 9 = 9 (x*) isa Majorana spinor on AdS,, hence 9* = B>, and ¢4 = ;A(xa‘)
are two four-component spinors defined on M. In this way, equation (C.9) reduces to

~ K A K
<v,119 -~ 5&19) ®h=0 = Vio =2 fpv (C.17)

which implies that ¢ must be a Killing spinor on AdS,.
Employing the decompositions (C.14) and (C.16), equation (C.7) becomes

By 24 Ax 4.4 €C. 304 B 12 34) . A
Vo2V a0 —gH(yy +xy*)ct =0.

(C.18)

30 B, is related to the four-dimensional charge conjugation matrix C4 by Bs = (C4)".
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Equations (C.10) and (C.11) boil down to

1 2 42
oy (H/¢4) + 3 J n y1|:g8y(yH)+gx8yHy*
Y (C.19)
AX 1 124 3 3/8.A
+ xz_yzxz_yz(yy +xy’) ((H%¢) =0,
3/8,.A 1 -y
a(H®¢ )+§ V|8 (cH) + gy 0 H e
g (C.20)

A, 1
V2 _x2x2_y

- (y J/l +x 7/234)j| (HS/Sg‘A) =0,
while (C.12) and (C.13) give
4 dig 25¢E(NxyVy — NyxV) ] 3.4 .5 1 { “AxAy H o4
W=7 [(H Exy(2 — y)H ](J)BC TR 20 )

~ A ~ A
+¢Vy 7 _yxz [0y H) y? +x 8y H y'34] + gV /ﬁ[ax(xm yr+yorH y12

_ [x(Any — AxVy) ALy ] 34 [Y(Ayvx — AVy) Al Vx } 12}§A
W22 Aoy A T ’

(C.21)

3i 25cC(NyyVy — NyxVy) 1 —Ax A

A 8 xYVy yrVvx 3\A . B xBy 2 14 23
a =—|B - o — ————g¢“H —Xx

ve 2 |: Exy(x2—y»)H ]( VB¢ 2EH { (xz—yz)zg O 77)

Ay . 2 134 Ax 4 123
+8Va /m[éy(yH)y +xdyHyP + vy m[ax(xH)y +yocHy'?]

~ [x(Any — ALV ALYy ] 2 [y(Any — A Vy) AL Vy ] 12}§A
(2 —y2)? 2(x2 — y?) (x2 — y2)? 2(x2 —y?) ’

(C.22)

From now on, in order to solve the Killing spinor equations (C.18)—(C.22) we
shall employ an explicit representation for the four-dimensional gamma matrices ',
namely

y1=01®a3, y2=02®a3, y3=12®01, y4=12®02. (C.23)

In this representation we have

By = —o'® 02, Ve = o’ (C.29)
Since the symplectic-Majorana condition (C.5) relates the two Killing spinors €4 as
€ = (Bee)* =9 ® Bayst ), (C.25)
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we can focus uniquely on the spinor ¢!. Writing it as

¢ =HB(x1, x2, X35 x4)s (C.26)

with x; = x; (v, @, x, ¥) complex functions of the coordinates on My, equation (C.18)
is solved by>!

Ay y—x Ay Ay x2—y2 Ay
X1 =— — X3, X2 = | — X3 X4 = — X3
y2—x2 A Ax Ay Ax x+y

(C.27)
where the functions AF have been introduced in (3.20) and satisfy A, = A A, . In
terms of the unique unknown function y3, equations (C.19) and (C.20) read

1 AT 1 AL
dyx3 = = 0y|log X35 Oxx3 = 7 x| log X35 (C.28)
2 y—x 2 xX—y
while (C.21) and (C.22) boil down, respectively, to
ig K ig
9 =—@——), dyx3 = (3B + 1) xa. C.29
bxs = (3@ a3 X3 v X3 2(,3+ ) X3 (C.29)
Tuning the gauge parameters to
K 52 8 1 (C.30)
0= ——=——, = —=, .
3ag 3 3

the system can be easily solved, finding an angular-independent Killing spinor with
components given by

B AFTATN? L (ATATN'?
x1=-§ ; x2=5 ;
y+x X =y

AFTATN /2 A—A—N1/2
X3=§( = ’) , X4=—ssign(x—y)<— . y) :
y—Xx x+y

(C.31)

with & a complex constant. From the symplectic-Majorana condition (C.25), we obtain
2= Bayst Y =i H (=0, =3 03 x7)s (C32)

which, as it can be shown explicitly, satisfies all the related Killing spinor equations.

We can now count the amount of supersymmetry preserved by our AdS; x My
background. Since ¢ is a two-dimensional Majorana spinor, it has two real independent
degrees of freedom. Similarly, 4 is completely determined by the complex constant
&, accounting for two real degrees of freedom. Therefore, there are in total four real

31 Here and in what follows we assume § > 0. When § < 0 it is sufficient to exchange A < Ay
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independent Killing spinors and thus, being sixteen the number of supersymmetries
of the six-dimensional N = (1, 1) theory, our solution is 1/4-BPS.

As a consistency check, we perform the y — 0 limit explained in Appendix A.1
that, at least formally, reproduces the AdS, x ¥ x %, background of [23], with
g1 = q». After rescaling the overall complex constant as £ — & /a, the result is>2

S — -3/8 A1/2 ,1/2 é — -3/8 A1/2 ,1/2
é — -3/8 A1/2 ,1/2 *’E — —3/8 A1/2 ,1/2
(;1)3 - 2 X 1/2y1/8hi / Q2/ fl/ s ({1)4 == 2 X 1/2y1/8hi / Q2/ fz/ s

(C.33)
in agreement with the combination of (2.19) and (2.49) of [23] with § = —2§,§,.

D Some solutions to the Diophantine equations

In this appendix we deal with the Diophantine equations (4.90) and (4.94), presenting
some combinations of integers d,  that satisfy them. In both cases, we do not attempt to
give an analytic resolution, since the expression of the constraints is involved. Rather,
we apply a brute-force method, considering all the possible combinations of d; 2, d3 3,
d3 4,ds 1 and |d3 4] in the range 1-200, with d; 3 given by (2.13), and checking which
of them solve the Diophantine equation. Among all the possible configurations, we
examine only the ones yielding negative R-symmetry fluxes q% and d; 3,d24 < O,
conditions required for a correct signature of the metric when restrictingto0 < y < x.
Additionally, before testing the constraint, a preliminary check is performed in order
to select only the configurations giving w > 0 and 0 < x < 1, necessary to have
0 < y_ < y4. Lastly, due to the structure of relation (2.13) and of the Diophantine
equations, given a specific solution, we can generate an infinite family of solutions
multiplying the original configuration by any natural number. These have the same
values of a, Ny and Ny, while the product Ayr A¢ gets divided by the natural number
1n question.

Focussing on D = 6, the first solutions to the Diophantine equation (4.90) are
collected in Table 1. Many more exist for higher values of d; p.

In the seven-dimensional case we found only one configuration in the range con-
sidered, namely dj 2 = 40, d2.3 = 56, d3.4 = 100, d4,1 = 44, dr 4 = —9. Then, we
had to multiply it by 3 in order to have an integer value of ¢; as well, hence

di2 = 120, dr3 = 168, dz 4 = 300,

(D.1)
ds1 =132, di3 = —512, dy 4 = —27.

E Proof of the adjunction formula for toric orbifolds

In the mathematical literature the adjunction formula is well-known in the case of
toric varieties, i.e. within the context of algebraic geometry. However, to the best of

32 We must take k = +1 in order for ¥ to be the correct AdS, Killing spinor of [23].
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satutons o e Diophanine. W2 B3 da  da  da  ds
equationin D = 6 6 9 18 4 —24 _3
8 10 17 8 —28 -2
8 12 22 5 -29 —4
10 15 26 6 —34 -5
10 20 27 9 —45 -2
12 15 23 11 -37 -3
12 16 30 11 —46 —4
12 18 30 7 -39 -6
13 16 24 14 —44 -2
13 25 42 7 —-53 -7
14 19 24 15 —51 —1
14 21 34 8 —44 -7
14 21 40 9 -53 -7
14 24 28 14 —56 -1

our knowledge, a proof for complex toric orbifolds in arbitrary dimension is lacking.
Below we fill this small gap and present a proof of the following theorem.

Theorem 1 Let us consider a toric Kdihler orbifold M, a ramification divisor D,
and the line bundle L, associated with it through Poincaré duality. The following
adjunction formula holds

ct(TM)|, = c1(T Da) +c1(La)| - (E.1)

The proof of this formula will be carried out within the context of symplectic or, al-
ternatively, complex geometry, using the formalism adopted by Guillemin and Abreu
(see, e.g., [1, 2, 35]). On the one hand, the symplectic coordinates will play a funda-
mental role in the computation of the various blocks entering the adjunction formula.
On the other hand, the complex coordinates will give a shortcut to compute the Ricci
form of a divisor starting from some characteristic quantities of the total space.

Let us consider the toric symplectic orbifold (M, , ) described in Sect. 2.1, which
can be completely characterized by its labelled polytope P (2.1) or, alternatively, by
its fan v, € Z™, witha = 1, ..., n. In the reminder of this appendix we shall focus on
Kihler orbifolds, on which any T" -invariant metric in symplectic coordinates (yy, ¢y),
I =1,...,m,takes the form [1]

ds? = Gy () dyrdys + G (v) dgrdey, (E2)
where Gy is determined by a symplectic potential G(y) as

%G
dyrdys

Gy (E.3)
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and G/ = (G~ 1)1 7 is the inverse matrix. The canonical metric is given by [35]

6 =2 llogly = G 121}5"5{ (E4)
= — (0] = = 5 .
y 5 . a 108 lg 1J ) _ i
with [, (y) = ywé — Mg It can be proven that [1]
det(Gr) = fFO) [Tla ™" (ES)
a

with f some smooth and strictly positive function on P.

E.1 Adapted coordinates

The strategy to prove the adjunction formula will be to pick a divisor, fix a system
of coordinates adapted to it and zoom in on the chosen divisor in order to explicitly
compute the different quantities involved. Even though the coordinates to be chosen
are different on each divisor, we shall not include the index of the corresponding
divisor in order to have less cluttered expressions. To proceed, we need the following
lemma.

Lemma 1 Given a generic vector v = (vl, oo™ e ZM it is always possible to
align it along a preferred axis by means of an SL(m, Z) transformation. In particular,
we can always rotate itto w = (0, ..., 0, k), withk = gcd(vl, Lo, UM,

Proof Let us begin with a simpler model considering a two-dimensional vector U2y =
(', v?), with k = gcd(vl, v2). This vector can be cast in the form W) = (0, k) by
means of the left-multiplication by the matrix

2, 1
Sa) = (”r]/ S k> € SLQ, D), (E6)

where r1 and r, are two integers satisfying rq vl 4+ rv? = k, which always exist due
to Bézout’s lemma.

Going back to the original vector v € Z™, it is possible to set to zero its first
component left-multiplying it by the matrix

Uy = (S‘ 0 ) € SL(m, Z), (E.7)
0 Im—2
where S; € SL(2,Z) is chosen appropriately. Explicitly, we get Ujv = (0, k12, v3,
V™), with k1 = ged(v!, v?). We can now multiply the resulting vector by
0
O

1
U= 1|0 e SL(m, 7), (E.8)
0

oVJo

-3
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and obtain a new vector with vanishing second component U,U;v = (0, 0, kj23, v,
..., ™), with ko3 = ged(ky2, v3) = gcd(vl, v2, v3). Iterating this procedure, i.e.
repeatedly multiplying v by suitable block diagonal matrices, it is possible to set to
zero all the v', except for the last one, which will assume the value of the greatest
common divisor of all the entries of v. O

Consider a divisor Dy, determined by the vector ¥, and, using the results of
Lemma 1, align this vector along the m-th component by means of a specific ma-
trix U € SL(m, Z)

wp =Uvp = (0,...,0,myp), (E.9)

where mp, = gcd(vé, ..., vy) and, geometrically, represents the label associated with
the divisor Dj,. Moreover, we define wé =Uyy UC{ for any vector v, of the fan describ-

ing P. Defining the new coordinates y;, = Uy, with U/ = (U~"),,, the linear
relations [, retain the same expression, now in terms of the new vectors w,,

lo = yywl — xq, (E.10)
but the condition defining the facet F;, simplifies to

i

Iy = y;nmb —Ap =0 - YV = (E.11)

mp

Additionally, we introduce the new angular coordinates ¢>} = Uy ¢y, in terms of
which metric (E.2) takes the form

ds? = Gy dyjdy,, + G dg)dg), (E.12)

where G, = (uGuT),, and G!7 = (G1);,. The matrix G/, can be obtained
from the same symplectic potential as before, but with (y, v,) replaced by (y', W,),

. 326G

Gij=——7—, E.13
1J 3y,3y), (E.13)

where é(y/; Wa) =Gy = Y5 Uy > Wy).

The metric: part |

Having chosen a convenient system of coordinates, we can now restrict to the divisor
Dy,. First of all, we focus on the dy’ part of metric (E.12) and expand its expression,
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splitting the index [ as I = (i, m), withi =1,...,m — 1,33

m—1 m—1
ds2|dy’ = Z Gij dy,/dy; +2 Z Gim dy,{d)’,/n + Gmm(dyy/n)2
i,j=1 i=1

1 w! wj
52 A+ )
a#b a a#b a

1 m2 2
o (0 T )y, (E.14)
2 b la Iy

wlw™
T~ dyidy,,

where, in the last step, we used the fact that wé = 0 for I # m. In order to zoom in
on the divisor, we define the new coordinate ¢ as
’ Ab

y, =2 4e€? (E.15)
mp

which gives
1 wiw) w w™
ds?|y, = 3 > ; Cdy/dy; +2€¢ Y o dy/d¢
a#b ¢ a#b ¢
2 (wy)? 2
+2¢( e Zl——}-mb de2. (E.16)
a#b ¢

Functions [/, with a # b, are nonzero on Dy; therefore, taking the € — 0 limit, we
obtain

4 | = LSRR gy E.17
Stolay =75 2 r, idy; = Gijdyidyj, (E.17)
a#b

where we defined the metric G; ] and the functions k, as

1 wiw! C o Apw™
G0 =y ) =+ 22
a#tb ¢

—ha = yjwl — AL, (E.18)

a

The facet Fj, of the labelled polytope P is, in turn, a new polytope in R”~!, which
is delimited by the intersection of F, itself with its (say N) adjacent facets F,, , with
a, € {ay,...,ay} = Ap. These intersections are (m — 2)-dimensional facets of F
and will be denoted as fl;lmf Since Fj, and F,, are determined in R™ by the linear

equations /5 (y) = Oand /,, (y) = 0, F, l/alau will be defined by their intersection which,

33 In the second line, and for the rest of this appendix, we adopt the Einstein notation and drop the explicit
summation over the repeated indices i and j. Moreover, we adopt the notation ds?| dy’ and d52|d¢’ to
indicate when we look at the part of the metric containing only dy” 2 or d¢” 2, respectively, ignoring the
remaining terms. Notice that we do not fix the other coordinates, but simply not look at the associated pieces
in the line element.
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once restricted to the R” ! space where F}, lives, is exactly kq,(y") = 0. Additionally,
since Fy, is part of the polytope P, on the former we must have /,, (y) > 0, and non-
negative must be also its restriction to the R”~! hyperplane where F}, lies, i.e. ka, ().
As a consequence, the polytope F}, can be defined as

() O eR™ : ke, () 2 0}, (E.19)

ay,€Ap

and can be completely characterized by the fan of N vectors wflu e 7" 1,
Proposition 1 Given a labelled polytope P, any facet F is itself a labelled polytope.

Proof Considering a specific facet Fj, this polytope is convex because defined as the
finite intersection of half-spaces, see (E.19).
Fp is simple. Since P is simple, exactly m facets meet at every vertex. Focussing
on a vertex p involving F;,, we have l(p) = I, (p) = ... = I, (p) = 0, with
ai,...,am—1 € Ap; otherwise, the intersection would lie outside of the polytope and
would not be a vertex of P. If we now restrict the whole set of coordinates to the R”~!
hyperplane where F}, lives, p, which is also a vertex of the polytope Fy, lies at the
intersection

kay (p) = ... = kap_, (p) =0, (E.20)

thus showing that exactly m — 1 facets of Fj, meet at p’, as required. Moreover, the

vectors {w’, s _, } corresponding to the linear relations in (E.20) form a Q-basis

of Z~1. This is because they are m — 1 integer-valued vectors, which are linearly

independent:

0# det(val, e vé vb) = det(wal, cee wémil, wb) =myp det(wal, ce w;mil),
(E.21)

therefore none of the vectors wflu can be proportional to a linear combination of the

others.

Lastly, the condition that F;, be rational is equivalent to the fact that the vectors wflu

have integer entries, which is the case. O

We now move the attention to the facets not adjacent to ;. The equations k4, (') =
0, with a, ¢ Aj, emerge as the intersection of /;(y) = 0 and /,,(y) = 0, whose
solutions lie outside of P due to the convexity of the latter. As a consequence, on Fp
we musthave /,, (y) # 0and, therefore, k4, (') > Owhena, ¢ Ap. The last statement
implies that we can split G’ into a “canonical” term containing all the poles and a
smooth part

;1 w] wa wi w] K
Gj; = Eagb - Z W (E.22)
where
G'(y) = % > kalogky +% > kalogky. (E.23)
acAy a¢Ay
Gean H
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with G’“4(y’) canonical metric on the toric Kihler orbifold F;, and H (y") smooth on
Fb.

The labels mj and m,, with a # b, enter in different ways inside the analysis
of the metric on Dj. The first one, the label associated with Dy, lies “outside” the
divisor Dy, itself, and in particular, it shows up in the normal direction to Dy, (see, as
an example, metric (4.9)). As a consequence, the metric on Dy, is insensitive to mj.
On the contrary, the labels associated with the divisors Dy, adjacent to D, build up
the labels corresponding to the fan wéu, i.e. the labels of the divisors of (the original
divisor) Dy,

The metric: part I

The analysis of the angular part is more involved, since it requires the knowledge of
the inverse matrix G!7. If we decompose G as

. G G
Gy = <A Yo lm) ; (E24)
ij Gmm

we obtain the following components for G/
GY'=@ ij+ynily, G"=—yLi, G =y, (E.25)
where we defined the submatrix G;; = é and the two functions

det(G;j)

Lk L") = (G HikGm- (E.26)
det(Gyy)

YO =
By means of (E.5), function y can be written as

3 1
- S Mazla” =3l (B.27)

Il

with g smooth and strictly positive on P, hence on F}. In the new rotated coordinates,
the d¢’ part of the metric reads

ds?[y, = ((G7Dij + ¥ IiT;) dgjde; — 2y Ti djdg;, +y (dey,)*.  (E28)

Since G;; and G in are smooth everywhere apart from the facets F,, with a # b (see
their definition in (E.14)), and likewise (G~1) ij» when we zoom in on Dj, the function
I goes to zero, y vanishes and I'; remains finite; thus, the metric becomes

dsiy |4 = G dgde, (E.29)
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where we introduced the inverse matrix G/ = (G'~!);;. Indeed, when y/,, — Ap/mp,
the matrix G;; = Gi ;j smoothly goes to G it therefore, (G™1); j smoothly goes to
(G"™ij.

E.2 Adjunction formula

We have now set all the ingredients to prove the adjunction formula stated in Theorem 1.
Let us consider the divisor Dy, equipped with the metric

ds,) = G}; dydy; + G'V dg/dg. (E.30)

where the matrix G| ; is given by (E.22) and G’V is its inverse. The Ricci potential of
this toric Kahler orbifold is**

1 .. 9
Py = 3 G" a—y/'(log det G')dé;, (E.31)
J

where we denote det G’ = det (G ) from which we derive
1 1 .
c1(TDp) = > dPy) = = G 3 (logdet G')|dy;, A de;. (E.32)
Applying (E.5), we have

det(G}j) = ¢ [ ka) 7", (E33)

acAyp

with ¢ some smooth and strictly positive function on F, hence

1 . W
c1(TDyp) = i 811 I:G/lfa} 10g<g 1 H ka>j|dy,/< A d(ﬁ;
acAyp

E.34
1 / lij ol / / ( )
= > % (G0 logk,)dy; A dg,

acAp

up to an exact form.
On the other hand, ¢ (L,) in a system of coordinates adapted to D, reads [49]

1 él]wf
C1(L)=——d< ”)/\d¢’
a Ax I, !
1 Gijwé éimwm émng émmwm
=——|d a ) Ade! +d <) Adg,
471[( L ) ¢’+< PR o

34 This expression can be derived from the Ricci form, and the corresponding Ricci potential, written in
complex coordinates.
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RN VRS AVIVIL A VIV A B
4 I I

1—' .
TRV B T/AN dg. |. (E.35)
e I

Given a function z(y") smooth in a neighbourhood of F},, we have
diy h) =d(glp h) =1, d(gh) 4+ ghdlp. (E.36)

In the limit y), — Ap/my this quantity vanishes, because the product g4 is smooth,
while /5 — 0 and dl = mpdy, = 2empg di — 0. Functions 1/l, and T;/I,
are smooth everywhere apart from the facet F,, with a # b; therefore, when
restricting to the divisor Dy, all the terms in (E.35) containing y disappear. Addi-
tionally, since ((]—1)[ i/la is smooth, its derivative with respect to y,/n is finite, hence
o, [(g—l),j /l21dy,, — 0 when approaching the facet F,. As a result,

1 8 (Gliw)
Cl(La)|D,,=__ (T

— dy, A de;. E.37
e >n % (E37)

Analysing in more detail this expression, we have two different results according to
whether D,, the divisor dual to the line bundle L, is adjacent to Dy, or not. Indeed, in

the latter case (G’ w{l )/kqis smoothand ¢ (L) | Dy vanishes in cohomology, therefore

1 9 (Gliw)
—— — | ———)dy, Ad¢] a € Ap,
ciLa)|p, =1 4n By,/(< ke ) Ve Nddy a €Ay (E.38)
0 a¢ Ap.
Recalling that w[],. = 8} kq, we can now compute the quantity
1ij
> el )|p, = s Z 3, (G" 9 log ky)dy; A dgy], (E.39)

a#b acAyp

which perfectly agrees with (E.34). As a result, we have the adjunction formula

c1(T'Dp) = ZCI(La)|Db = [c1(TMa,) — Cl(Lb)]|Dba (E.40)
a#b

where we used the following relation for the orbifold canonical line bundle

Kifs, =~ ZD —  a(TMa) =) ec(La). (E41)
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E.3 Ricci form of toric divisors

We close this appendix describing a method to compute the Ricci form of D, taking
advantage of the underlying complex structure. In order to make this structure manifest,
we introduce the holomorphic coordinates [35] (see also [47])

G

_ o (E.42)
ayr

= xr+igr,  xg

The Kihler potential F of the Kihler orbifold M, is obtained from the symplectic
potential through the Legendre transformation

aF

F(x)=yix; —G(y) with y;= . (E.43)
3)6[
Therefore, metric (E.2) on M, becomes
ds? = Fy;(x) (dx;dxy + dérdey) = Frj(x)dz;dzy, (E.44)
where F7; is determined by the Kiahler potential F(x) as
3?F Y
F[/: > F]J:G s (E45)
3)61 3)6]
which also implies, cf. (E.5),
det(Frp) = f@) " []la- (E.46)
a

with f some smooth and strictly positive function on P. The Ricci form is given by
p = —iddlogdet F, (E.47)

where we denote det F' = det(F; ), and the corresponding (real) Ricci potential reads
P= %(a logdet F — 3 log det F), (E.48)

up to an exact form. The Ricci potential (E.48) can also be obtained from the canonical
(m, 0)-form .
Q =e(det F)'/2dzi A ... Adz, (E.49)

with a a holomorphic function, by means of the relation dQ2 = iP A Q.

Applying the SL(m, Z) transformation of Sect. E.1, the real coordinates x; and the
complex coordinates z; rotate as x; = Uryxy and 2, = Ujyzy, with x; = Bé/ay}.
Accordingly, the metric becomes

ds? = Fyy (dxjdx;, + d¢)d¢’) = F;;dz,dZ), (E.50)
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where we defined the matrix F7; = (=HTru™),, = G!/. Because det U = 1,
the canonical (m, 0)-form retains the same functional expression
Q=c%(det F)'2dz) A... A d2,. (E.51)

Zooming in on the divisor Dy, i.e. performing the change of coordinates (E.15) and
taking the € — 0 limit, we have

N N m
dx} = Gijdy; + 0(e),  dx), = Gujdy) + Tb d¢ + 0(e), (E.52)

therefore, since ﬁ,-m and ﬁmm vanish in this limit, the total metric becomes
2 _
dsgyy = F; (dxjdx|; + d¢;de}) = F; dz;dZ], (E.53)

where we introduced the matrix F. l.’/. = G’V The canonical (m — 1, 0)-form associated
with Dy, is o
Q(b) = ela (det F/)l/z dZ’] VANPERVAN dZ:’ilfl 5 (E54)

with det F/ = det(Fl.’j) and o’ a holomorphic function. Let us consider the total space
My,,, whose Killing vector degenerating on Dy, is & = 8%. If we now define the

vector V = I:“,;,}/ 25 of unit norm, we notice that Q) = 1v£2|p,, up to an overall
holomorphic function.

The result of this subsection is the following prescription to compute the Ricci form
of a given divisor D} of a toric Kéhler orbifold M,,. Consider the Killing vector &
degenerating on D, and define the vector V = (£, £)~!/? & of unit norm. Let 2 be the
canonical (m, 0)-form on My,,. The canonical (m — 1, 0)-form on Dy, is given by the
interior product Q) = 1v 2| p,. Then, Q) allows us to compute the Ricci potential
Py and, lastly, the Ricci form o).

Remark Although this prescription was proven using a set of complex coordinates, it
can be extended to systems in which explicit complex coordinates are not known.
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