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1 Introduction and overview

Rich classes of interacting superconformal field theories (SCFTs) may be engineered by
embedding them into string theory or M-theory. Many such constructions also have holo-
graphic duals in supergravity, describing a strong coupling limit of the SCFT. The resulting
interplay between field theory, string theory and holography has led to many interesting
developments, including the construction of new infinite classes of SCF'Ts, new exact methods
in supersymmetric field theories, and new constructions in supergravity and holography.
In this paper we continue this development, focusing on four-dimensional (4d) SCFTs
arising from Mb5-branes wrapped on a Riemann surface ¥, of genus g. For a smooth Riemann
surface, general N' = 1 holographic duals of this type were constructed in [1], generalizing
the seminal work of [2]. On the other hand, the particular ' = 2 solution of [2] admits
a vast family of N' = 2 generalizations for punctured Riemann surfaces [3, 4]. Here the
“puncture” is a set of N' = 2 preserving boundary conditions (specified by a Young diagram



of SU(N) [3]) around a given marked point on ¥,. The enhanced superconformal symmetry
gives considerable control in this case, both in field theory and in the holographic duals. In
particular the explicit form of N' =2 AdSs solutions in [4] allows one to construct essentially
the most general such supergravity solution in closed form.

One of the motivations of the present work was to develop a more systematic understanding
of punctures in holography, and in particular to extend the well-understood N = 2 punctures
to N'= 1. The geometric structure of general N'=1 AdSs; x M solutions of M-theory was
derived in [5], where M is the 6d internal space. For example, for the smooth Riemann surface
solutions in [1], M is the total space of an S* bundle (the normal sphere to the M5-branes)
over ¥ . Although many explicit solutions are known, the general A" = 1 equations, and in
particular adding “puncture data” to [1], are far too difficult to hope to solve in closed form.

Equivariant localization in supergravity [6] is a newly discovered structure that leads to a
method for computing supergravity observables, crucially without solving the supergravity
equations explicitly. In particular, the central charge and scaling dimensions of certain BPS
operators for AdSs x M solutions have been computed this way in [7]. It has also been applied
to various other setups in [6-22]. Here recall that all 4d N/ =1 SCFTs possess a conserved
U(1)r symmetry, and this is reflected in the dual supergravity solutions by the existence of a
canonically defined Killing vector £ on M. The central charge and other observables may then
be computed using localization for the action of £ on M, using the Berline-Vergne-Atiyah-Bott
fixed point formula [23, 24]. We will show how equivariant localization allows one to efficiently
recover results for ' = 2 punctures, but in a way which does not depend on the enhanced
N = 2 supersymmetry or by solving any supergravity equations. This will allow us to easily
extend to N = 1 punctures.! Furthermore, the general recipe that we explain in this paper
can be applied more widely. For example, one could consider punctures for different theories,
for example the recent work [28] studying punctures in Riemann surface compactifications of
the 6d V' = (1,0) SCFTs in massive type ITA. Similarly one can use our results to compute
defect Weyl anomalies, for example Gukov-Witten-like defects in [29-31].

Before turning to an outline of the main results, we note that a previous series of
works examined M5-brane punctures from the perspective of holographic anomaly inflow,
computing the M5-brane anomaly polynomial from the 11d Chern-Simons interactions in
M-theory [32, 33]. Although conceptually different, it is a general fact that anomalies in
SCFTs are related to central charges via the superconformal algebra [34], which should mean
there is a relationship between anomaly inflow and equivariant localization. We comment
briefly on this further in section 6.

The bulk geometry. Our starting point is N Mb-branes wrapped over a smooth Riemann
surface ;. To preserve supersymmetry, ¥, is embedded as a complex curve inside a Calabi-
Yau manifold, implementing a partial topological twist of the M5-brane theory along the
Riemann surface. The Calabi-Yau geometry is

O(—pt) @ O(—phily — 5y, phulk 4 phulk — y(32,) =2 — 2g, (1.1)

!Studying the embedding of various probe branes within the geometry, in the spirit of [25-27], gives a
diagnostic for the types of punctures that can be considered.



where the latter equation is the Calabi-Yau condition. The near-horizon limit of the M5-branes
is an S* bundle over ¥4, where S*c €1 ® Cy @R, with the complex planes C; fibred over
¥4 with Chern numbers —p?“lk, respectively. These are precisely the N' =1 AdSs solutions
constructed in [1]. The latter reference matched the a central charge of the supergravity
solutions to a dual field theory computation by integrating the anomaly polynomial of the
M>5-branes over ¥, and using a-maximization [35]. The off-shell (trial) central charge function
for these solutions was computed using equivariant localization in [7], obtaining
abulk = —gblbz(blpgulk + prIka)Ng . (1.2)

Here the R-symmetry Killing vector { has been written as £ = b10,, + b20,,, with 0,
generating rotations of the complex planes C;, so that ¢ rotates the S* normal to the M5-
branes. The on-shell central charge is obtained from (1.2) by extremizing over by, be, subject
to the constraint b; + b2 = 1 which correctly normalizes ¢ so that the Killing spinor on
M has R-charge %

Given such a smooth bulk geometry, we may choose a set of marked points z! € X4
labelled by I = 1,...,n, and glue in local “puncture geometries”. Equivariant localization
will imply that the total (off-shell) central charge is

n
a=a™k — Z dal, (1.3)
I=1
where aP¥ is given by (1.2) and each da’ is a local contribution at each puncture point.?

In the remainder of this introduction we summarize how to compute da! for N' = 2 and
N = 1 punctures, henceforth dropping the superscript I and focusing on a single puncture
contribution.

N = 2 punctures. A regular N' = 2 puncture is given by wrapping N M5-branes over the
local geometry C/Zj C C?/Z.> We will describe how to glue this into the bulk geometry
below, where there are inequivalent ways to do this, but for now we will just focus on the local
puncture geometry. Geometrically, the data for an A/ = 2 puncture is a partial resolution of
the C?/Z f singularity, together with a choice of M5-brane fluxes through the blown up cycles.
This data is specified by a partition of the positive integers K and N. That is, we write

d d
K=> ki, N=)> kqna, (1.4)
a=1 a=1
with k, € N, n, € Z>¢, for some choice of d = 1,..., K. This is the well-known statement

that an A/ = 2 puncture is specified by a Young diagram of SU(N) [3]: the k, are the widths
of the blocks whilst the n, are the heights. It is convenient to also introduce the quantities

d a—1
la=Y ks, Ja = lana + Y _ kyny, (1.5)
b=a b=1

2The minus sign is due to an orientation reversal when we glue.

3Reducing the system of N M5-branes wrapped on the C2 /Zk singularity to type IIA, along a circle
inside C?/Zx, leads to a type ITA configuration with K D6-branes and N D4-branes. The AdSs solution is
interpreted as a backreaction of the N D4-branes, to which D6-branes are then added, which is expected to be
a consistent description only for K < N.



where note that [, is a decreasing sequence with I} = K, l; = kg, and g4 = N is the
number of Mb-branes.

Our main N' = 2 result is that such a local puncture contributes to the (off-shell)
central charge as

0b, b2 [ na 1\ s e kP ]
oa = — 2—-3—+ —|N°— a|. 1.6
o= |35 T g) 2 olais (1.6)
In particular, the sum over a = 1,...,d — 1 arises directly from fixed point contributions of

the R-symmetry Killing vector ¢ in the puncture geometry, with the term §> arising from
the zero-form part of the equivariantly closed form constructed in [7]. More precisely, the
result (1.6) is valid for a “(1,0) puncture”. This means that the original C2/Zy singularity
is realized as the Zg quotient €2 3 (w,z1) — (e2™/Kw, e=2m/K ). The N M5-branes are
wrapped on the locus z; = 0, with 21 a coordinate on C; that is rotated by 0,,, and with
w a local complex coordinate on the Riemann surface. Instead for a “(0,1) puncture” we
swap the roles of z; and zo when we glue, which simply swaps b; and by in (1.6).

Locally each puncture preserves N' = 2, but unless pgulk = 0 and all punctures are type
(1,0) (or equivalently p?"* = 0 and all punctures are type (0,1)), globally these will be

N = 1 solutions. Using (1.3) we may in general write

9
a = —2biby(bibz + bap1)N? (1.7)

where the p; are independent of the R-symmetry mixing parameters, b;, given by

df—1 ~3

1
__ bulk
p=pitog D (2_N+k§_zl1ﬂ e

1€(1,0) punct. a=1 a+1

with a similar expression for ps, with (1,0) — (0,1) exchanged. In particular, the off-shell
central charge takes the same functional form as for the smooth Riemann surface case (1.2).
This is a feature of the set-up and is not a generic feature for A’ = 1 punctures. Maximizing
the central charge over the constrained b; one finds the on-shell central charge

3b1ba(p1 + p2 — /P — + p3
1b2(p1 + P2 b1 —Pip2 P2)N3. (1.9)

8

Gon—shell = —

We will also see that the scaling dimensions of operators dual to certain BPS wrapped
M2-branes may be computed via localization, leading to the simple results (4.27), (4.28).

N = 1 punctures. Our localization result (1.6) allows us to compute central charges (and
other observables) for globally N' = 1 solutions that are locally N' = 2. However, where
equivariant localization really comes into its own is in computing observables for local N =1
punctures, assuming such solutions exist. A" = 1 supersymmetry allows for considerably
more freedom, and we will not attempt to be exhaustive, instead describing general classes
and then illustrating with some explicit examples. We will find some interesting qualitative
and conceptual differences compared to the N' = 2 case.



The simplest way to introduce an “N = 1 puncture” is to wrap the N M5-branes
over the local N' = 1 geometry C/Zy C C3/Zy. Concretely, we take the latter orbifold

action to act as €3 3 (w, 21, 22) — (e2™/ Ky, e?mien/K 4, 2mias/K

21,€ z9) where «a; € Z satisfy
a1 +as +1 = K.* Recall that the smooth N/ = 1 solutions are near-horizon limits of
N Mb5-branes wrapped over a smooth Riemann surface ¥4, with normal directions having
complex coordinates z;, i = 1,2, and fibred as in (1.1). We may introduce this C?/Z
orbifold at an arbitrary point « € 3, (with local coordinate w € C), with the near-horizon
limit then being an S* orbibundle over an orbifold Riemann surface. The S* may be realized
as {|z1)? + |22]? + 12 =1} € C; ® C2 @ R = R>, with the north and south poles of the sphere
at z1 = z0 = 0, t = %1, respectively, and these are Z orbifold points. We show that the

local contribution of such an orbifold point to the central charge is
9 a7 a9
6™ = —=byby (by— +b1— | N?. 1.1
a 812<2K+1K> (1.10)

However, more generally we may consider partial resolutions of the orbifold, and we will
recover this result from the general formula we describe next.

The data of a local N'= 1 puncture is by definition a choice of partial resolution of the
local C3/Zy singularity (in principle different choices of resolution at the north pole and
south pole of the four-sphere), together with a choice of M5-brane fluxes through the blown
up four-cycles. We may conveniently describe (partial) resolutions of C3/Z using toric
geometry, where the latter is equipped with its obvious U(1)? action. As we will see, for
a generic choice of R-symmetry vector ¢ the fixed points are precisely the fixed points of
U(1)2 in the resolved geometry, and this allows us to compute the quantized M5-brane fluxes
using localization. Specifically, if D4 denotes a torus-invariant four-cycle in the (partially)
resolved geometry, we have the localization formula

1 1 1 Ja
Ny=——= G ==-bb — . 1.11
A (27T€p)3 D4 2 192 Z ko €l o ( )

a€ly a 6ia eja

Here G is the closed M-theory four-form, ¢, is the 11d Planck length, and N4 is the quantized
flux, with the cycles labelled by an index A. On the right hand side of (1.11) the sum is over
the fixed points (vertices in toric geometry) of D4, labelled by a € Z4, with the weights of
¢ being ¢} , and with the a’th point being an orbifold point of order k, € N (so for a fully
resolved geometry all k, = 1). All of this may be computed very explicitly, for any choice of
(partial) resolution, using toric geometry — it is data that depends only on the topology of
the space and the choice of vector field ¢ (parametrized by b1,b2). Finally, the variables g,
will enter as zero-form components of equivariantly closed forms, evaluated at the fixed points.
There is similarly a localization formula for da, generalizing the N' = 2 result (1.6):

9 1 1 bib3
ba = —sbibs l?)(blnl + b NI )N 4 (26195 — bopf™ ) N3 4 53— 2 g8

1.12
2~ kg €€5€] ( )

The final sum here is over all isolated fixed points, for both partial resolution geometries at
the north and south poles of S%, and generalizes the sum in (1.6). In particular the € are

4As discussed later in the paper, the local geometry clearly depends only on «; mod K, but to specify how
this is glued in globally we fix integer lifts.



simply weights of £ at the a’th fixed point. The remaining terms in (1.12) are associated to
fluxes that are present in the original orbifold geometry, after resolution. We shall define
these more carefully in section 5, but in brief: the term n; is defined via a similar expression
to (1.11), and in particular is linear in g,, 6[1] is a flux associated to a bulk cycle, while
p?rb € @ are certain fractional Chern numbers.’

The g, may be regarded as “unknown” variables which must be solved for, with (1.11) a
set of linear constraints. However, a key difference between local N'= 2 and N' = 1 punctures
is that in the former case (where the n, are essentially the N4) the linear flux constraints
determine completely the g, resulting in (1.5) that solves for g, in terms of the fluxes. Instead
for N =1 punctures the flux constraints (1.11) leave some §, undetermined. The counting
here is topological. Let us focus on (say) the north pole of the sphere, and for simplicity
fix a choice of fully resolved geometry X (so X is a non-compact Calabi-Yau three-fold,
defining the A' = 1 puncture at the north pole of S%). Then the number of fixed points is
d=x(X) =1+ ba(X) + bs(X), where b;(X) denote Betti numbers. The equations (1.11)
give by(X) constraints on the d variables g,, with A running from 1 to b4(X), and the flux
through the generic S* fibre fixes (in our choice of labelling of fixed points) §4 = N. This
generically still leaves by(X) degrees of freedom in the 7, at a fixed choice of pole of the S*.

On the other hand, to obtain (1.11), (1.12) we have used only two equivariantly closed
forms, associated to GG and the central charge, respectively. In particular, the former imposes
the Bianchi identity dG = 0. There is another equivariantly closed form that imposes the
equation of motion for G, which defines a closed two-form on M. We find that imposing
this equation of motion gives ba(X') quadratic constraints on the g,, but more remarkably
we find that these quadratic constraints are precisely given by extremizing da in (1.12),
subject to the linear constraints (1.11)! In other words, varying the off-shell central charge
effectively imposes the equation of motion for GG, at the level of the parameters ¢,. This
is related to the following formula for a:

1

¢ B

/ DY A *C (1.13)
M

Here ®¢, ®*C are equivariantly closed forms, and crucially (1.13) is also a partially on-shell
action [7]. Tt thus makes sense that the equation of motion for G effectively arises by varying
da. While we do not have a first principles proof of this precise variational principle, we
shall check explicitly that this holds in examples.

We conclude by giving closed formulas in a simple example of an N' = 1 puncture, namely
the C3/Zs3 orbifold where the action of Z3 is diagonal. This is well-known to resolve to
X = O(—3) — CIP?, the total space of the canonical line bundle over CIP?. Using this
resolution and the same fluxes at both north and south poles, the contribution to the
central charge is:

Sa = %bQ [B3{N? = 3N? (3N + 2Ngp2) + 12N NG — 8NZpa} + B (N — 2Nge — 1)’

~2b1by{ N* — 6N?Neps — 8NZpo — 6NZpain + 6N N (2Ngg +91) } . (1.14)

5There is a similar expression instead involving ns and NG[Q], with a constraint holding between quantities
labelled by 1 and 2.



Here Ngpo is the flux through the single CPP? four-cycle in X' (which has by(X) = 1). This
leaves one variable ; unconstrained, as expected since ba(X) = 1 and X has one two-cycle.
Extremizing da with respect to ¢ gives

b
2

which one can check is implied by imposing the equation of motion for G through the two-cycle.
One should substitute (1.15) back into (1.14) and add to the bulk contribution to a, before
extremizing over by, ba subject to the constraint by + by = 1 to obtain the final on-shell central
charge. Notice that (1.14) is a cubic polynomial in b; and §;, precisely as expected for a
trial central charge function in field theory [35]! This seems to be a non-trivial result of our
supergravity localization results, and is not immediate from (1.12) due to the last term.

The outline of the rest of the paper is as follows. In section 2 we review equivariant
forms for AdSjs solutions of M-theory, constructed in [7], and how these may be applied to
compute observables for solutions describing M5-branes wrapped over a smooth Riemann
surface. Section 3 introduces orbifold singularities. In section 4 we study N = 2 punctures,
carefully describing the local and global geometry before applying equivariant localization.
Section 5 performs a similar analysis for /' = 1 punctures, where we describe how to compute
for a general such puncture, and then illustrate with some relatively simple examples. We
conclude in section 6. Some additional material is included in an appendix.

2 AdSj solutions from M5-branes

We begin by summarizing some geometric properties of supersymmetric AdSs solutions of
11d supergravity [5], including the set of equivariantly closed forms constructed in [7]. We
then review how this may be used to compute physical observables for solutions describing
the near-horizon limit of M5-branes wrapped over a smooth Riemann surface.

2.1 AdSs5 solutions in M-theory and localization

The 11d metric is assumed to take the warped product form
ds%l = eQ’\(dsidS5 + ds?\/[) . (2.1)

Here the AdSs metric is normalized to have unit radius, with the six-dimensional internal
space M assumed to be compact without boundary. In order to preserve the symmetries of
AdSs5 the warp factor function A and M-theory four-form G are taken to be pull-backs from M.

Supersymmetry requires the existence of a Dirac spinor, €, on M, satisfying a certain
Killing spinor equation [5]. From e, following the conventions of [7], one constructs the
following real bilinear differential forms:

13y _ . _
32 &= EY(1)V7€ Y = —ieype, Y' = éyg)yre. (2.2)

= —e’evyre,
Y 5 7

W =

Here 7 = 7123456 and we have defined v,y = %’ym...wdx“l A --- Adztr. The Killing spinor
equation implies that €e is a constant, which we normalize to 1, and the vector field £ dual to



the one-form bilinear ¢” is Killing. The Killing spinor is charged under &, satisfying Lee = %6.
The function y was used as a canonical coordinate in [5], but together with the two-forms Y,
Y’ also plays an important role in equivariant localization below.

We next introduce the equivariant exterior derivative
d& =d-— fJ, (23)

where d is the usual exterior derivative acting on differential forms, and £ denotes contraction
with the vector field . Reference [7] showed that supersymmetry implies the following
polyforms are equivariantly closed under dg:

\ 1 1

1
(I)aEQA 1 9 Y — — ka_73
R T T 1627

1 1
¢ =G - MY + <

36 + 9y,

1

oY =Py + §y2 . (2.4)

Here vol is the Riemannian volume form on M and * is the Hodge dual operator. The
Cartan formula implies dg = —L¢, and again supersymmetry implies that the polyforms (2.4),
together with A and the four-form G, are invariant under L. Integrals of these polyforms
give the a central charge, quantized four-form fluxes, and conformal dimensions of BPS
operators dual to wrapped M2-branes:

1 1 3
- - | @@ Np = ¢ c 7 Az:—i/qﬁ. 2.
“ 2(277)661% /M ’ b (2mly)3 /D €4, [>] (277)255’) ) (2:5)

Here D C M is any four-cycle, while ¥ C M wrapped by M2-branes needs to be a calibrated

two-dimensional submanifold with voly, = Y|y in order to preserve supersymmetry. The
integrals in (2.5) mean that one integrates the appropriate degree part of the polyform. oY
is related physically to an equivariantly closed polyform associated to *G, with

1
¢ =G - §e6A = —40Y 4 3dg (e8¢, (2.6)

the latter following from supersymmetry.

Let FF = {¢ = 0} € M denote the fixed point set for £&. One can show [7] that
¢S p = 49?|F, together with
1

1
=——w MY | =——wAw. (2.7)

6 3Ay/
ey ‘ =w, ey ,
F F 2y F 4y

Here w is a global two-form on M which is closed when pulled back to F, so dw|p = 0. A
global expression for w may be found in [7], but this will not be needed in what follows. We
also note that w restricted to F' is proportional to the Kéhler form introduced in [5], and
we hence refer to integrals [w as “Kéahler classes”, but again we will not need any details of
the Kéhler geometry of [5] in what follows. Similarly dy|r = 0 so that y is constant over a
connected component of F. We may then evaluate the quantities in (2.5) using equivariant



localization. We refer to [7] for further details, here just recording the final formulae:

_ 1 (2m)% y (2m)% (01(51) Cl(ﬁz)”
“= 2(2#)662{}%/1“2) [ €1€9 %w—i- €169 162 €1 + €

2 1 21\ 2 y 1 (2m)%y
No = g {Z/W T YR LCIRD I a-rs 18

(2)

127my
@Y:/ +y ==L 2.8
/2 Ew Zdo € 3 (28)

Since in this paper the fixed point set F will have connected components F(©) of dimension
zero (isolated fixed points, which we refer to as nuts) and F®) of dimension two (fixed
Riemann surfaces, which we refer to as bolts), we have presented the above formulae only
for these cases. In particular:

e A connected component of F®) (a Riemann surface) has normal bundle £; & L2 a sum
of two complex line bundles, with ¢; denoting first Chern class.

e DO D® < D are fixed submanifolds inside D, where note D = D N F©) and
D® = DN F®. £ is the normal bundle of D® inside D. Note that since G is closed
the integer Np depends only on the homology class [D] € Hy(M,Z).

e 20 % are the fixed points inside X, so 2 =2 N FO where note the first term on
the right hand side is only present (and by itself) when the entire ¥ is fixed, while the
second term is present (and by itself) when the fixed point set is £(9) ¢ .

The ¢; are the weights of the vector field £ on the normal directions to the fixed point sets, while
dp € N denote dimensions of orbifold groups (in the case where there are orbifold singularities
at nuts). Notice that the quantities in (2.8) depend on integrals of the two-form w, together
with y which is locally constant on F.

In [7] these observables have been computed with M having various topologies. In the
next subsection we review the case in which M is an S* bundle over a smooth Riemann
surface. The aim of this work is to extend these results to include punctures on the Riemann
surface, which modifies the S* bundle locally over a neighbourhood of a puncture.

2.2 Mb5-branes on a smooth Riemann surface

We start with the set-up without punctures, where the general supergravity solutions were
originally constructed in [1], generalizing [2]. The localization is described in [7], which
we follow closely.



Consider N M5-branes wrapped on a smooth Riemann surface ¥, inside a local Calabi-
Yau three-fold X. The latter is the total space of the bundle O(—p1) ® O(—p2) — %,
where this is Calabi-Yau provided

pL+pe=2-29=x(2). (2.9)

The latter is the Calabi-Yau condition ¢;(X) = 0. The near-horizon limit of the wrapped
Mb5-branes is an S* bundle over 2y

Sty M —%,. (2.10)

Here S* € €1 @ Cy @R, where the two copies of C; are twisted using the complex line bundles
O(—p;), respectively. The unit sphere may be realized as S* = {|z1]? + |22|? + % = 1}, where
z; are complex fibre coordinates on O(—p;), and ¢ € R is a coordinate on R. The poles of
S* are then N, S = {21 = 20 = 0,t = £1}. Let 9,, rotate the C; above, so z; = |z;e!¥i, and
assume that these are Killing vectors in the full solution. We take the R-symmetry Killing
vector ¢ to be a general element in the Cartan subalgebra of so(5)g associated to S4

2
€= bidy,, (2.11)
i=1

where the coefficients b; € R are subject to the constraint b; 4+ bo = 1. The latter follows
from regularity of the Killing spinor €, which recall satisfies L¢e = %e [7]. Then, for biby # 0
as we assume throughout, the fixed point set consists of two disjoint copies of the Riemann
surface ¥, (which are “bolt” fixed point sets), namely F' = F@ = Zé\f U Eg at the poles
N, S of the S* fibre.

To compute the observables in (2.8) in this set-up, it is helpful to first note that there are
two linearly embedded S?’s inside the S%, given by S? C C; ® R C R®. These are invariant
under the action of &, with fixed points at the poles IV, S above. Because Hy(S%, Z) = 0 the
homology classes are trivial, and using localization for ® we deduce

2T
_ Y
0=/ 2= k= d). (2.12)

Here we have used the last equation in (2.8), with weights ) = b; = —¢7. This implies that
lyn| = |ys|. We may then quantize the flux through the S* at a point on the Riemann surface,

1 YN — Ys YN
= - — _ 2.1
(27Tfp)3 /54 G 187‘(‘531)1(}2 97T€3blb2 ( 3)

Here we have used the localization equation in (2.8) with el¥e) = biby = —¢fe5. For N # 0
M5-brane flux through the S*, in the last equality in (2.13) we have deduced that necessarily
Yys = —yn, and then solve this equation for yy = QWEgblng, where we take yy > 0.
There are further four-cycles that are helpful to consider in order to continue the com-
putation. Here we proceed slightly differently to the discussion in [7], since what follows
will generalize more straightforwardly later. We may introduce the following round metric

on the S* fibres

ds%4 = dyp? + sin? ¢ [dﬁz +sin? 0(dp; — A1)? + cos? O(dgs — Ag)ﬂ ) (2.14)
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Here ¢ € [0,7] is a polar coordinate with S? slices for 1 € (0,7) with poles N = {¢ = 0},
S = {¢ = n}, while § € [0,7/2]. The periodic angular coordinates ¢; are fibred over the
Riemann surface ¥, with connection forms A; on the line bundles L; = O(p;), respectively,
where as in [7] we choose an orientation convention such that the normal bundle is given by
N(Eév — M) =LY @ LY = O(p1) ® O(p2).° By definition we then have

/ 61((’)(1%')):/E - =Di, (2.15)

; g 2m

where F; = dA; is the curvature. One then verifies that the following four-form is globally
well-defined on M, closed (dG = 0), and has flux N through the S%, as in (2.13):

G = 37r€gN sin® ¢ dy) A [sinﬁcos 0do A (dp1 — A1) A (dpe — Ag)

1 1
+ 3 cos? 0F A (dpo — Ag) + B sin? OF, A (dp1 — Ay)| . (2.16)

The four-cycles of interest are D|;j, which are defined to be the submanifolds where d,,, vanish,
for i = 1,2, corresponding to the total spaces of the SJZ ; bundles over Zg.7 These are located
at 0§ = 0, 0 = /2, respectively. By direct computation from (2.16):

NW = (2 fp)?’ / ’ G= N/g 9 pzN (217)

Here in the first equality we have integrated over ¢ and ¢;.;. On the other hand, the same

integral may be computed using the localization formula in (2.8):

1 2 2w
Nzi/ :[ W _ZMP2UN 2.18
P = @rt ) Iy T @rb)P be sy byn b 9 (2.18)

and similarly for 1 <+ 2. Notice that on the right hand side the fixed point set p¥ ¢ Dy;

[i]
is D[(f}) = Eév U 25, with the normal bundles being N(E]gv — Dp)) = LN = O(pjzi), and
N(Eg < Dyy) = L5 = O(—pji), weights € = bj; = —€7, and we have used [yn w = [ysw,
g9 g9
which follows since [Eév | = [25 | € Hy(M,Z). The Eév and Zg contributions are hence equal,

giving an overall factor of 2 in (2.18). Combining the formulae derived so far implies that
/ = 1087 biba(Bipa + bapt) N (2.19)
E!]

We now have all the ingredients needed to compute the central charge a using the
localization formula (2.8). The fixed point set is F = F(?) = Eév U XY and as above the

g b
north and south poles give an equal contribution, so that with this factor of 2 we have
) 2 3,3
sl - B B 3 8)
2(271’)653 ZéV blbg 36 b1b2 162 b1 b2
9
= —gblbz(blpg + bgpl)N3 . (2.20)

®Instead at the south pole we have normal bundle N'(X5 «— M) = £ © L5 = O(Fp1) @ O(£p2), where
the choice of upper/lower signs are a convention. Throughout the paper L; will have a fixed orientation, but
the orientations of the normal bundles £; = O(+p;) depend on the pole and choices of conventions.

"Note that we change convention compared to [7, 13]. There the cycle was labelled by the S? fibre, such
that D[hfre = C’f)there and similarly the labels on N are exchanged.
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This is an off-shell result that requires extremization over the weights b; subject to the
constraint b; + by = 1.

The special case where one of the p; vanishes, say po = 0, leads to a d = 4 SCFT with
N = 2 supersymmetry. In this case the Calabi-Yau geometry is X = T*%X, x Cq, where
the fibre of T*%, = O(—2 + 2g) is rotated by SO(2)r C SO(2)r x SO(3)r C SO(5)g. The
total normal bundle of the M5-branes has an additional R direction (with coordinate t € R),
so that the fibre is C; @ R® where the R? = Cy @ R factor is rotated by SO(3)g and this
symmetry is later left unbroken by the addition of N' = 2 punctures. Note that the special
case po = 0 fixes by = 1/3, bo = 2/3 and p; = 2(1 — g), such that

a= g(g ~1)N3, (2.21)
the central charge of the d = 4, N’ = 2 SCFT obtained by compactifying the 6d N = (2,0)

theory on a smooth Riemann surface.

3 Getting orbifoldy

A richer set of theories may be constructed by wrapping M5-branes on a punctured Riemann
surface. We may add punctures into the wrapped M5-brane configuration just described by
introducing conical defects on the Riemann surface, and then further (partially) resolving
these orbifold singularities. In this section we introduce a general class of orbifold singularities
preserving NV = 1 supersymmetry, before then studying the associated puncture geometries in
the remainder of the paper. Some useful references for the material in this section are [36, 37].

3.1 Orbifold Riemann surfaces

We may replace the smooth Riemann surface Y, that the M5-branes wrap by a general
two-dimensional orbifold ¥, ,,. Topologically this is a closed genus g Riemann surface ¥,
together with n marked points z! € ¥4, I =1,...,n. A neighbourhood of z! is modelled on
the quotient space C/Z g1, with K I e N. Introducing a local complex coordinate w! € C in
a neighbourhood of 2!, with the point z/ = {w! = 0}, the quotient means that we identify
points under the map w! — e2™/K fwl Equivalently, w! = |w’ ]ew[ where after taking the
quotient the angular coordinate v! is identified with period Ay! = 27/K!. When K =1
the marked point z! is a smooth point.

The orbifold Euler characteristic of Y, ,, is

X(Eg,n) = X(EQ) - Z (1 - %) ) (3'1>
I=1

where x(X4) = 2 — 2¢ is the Euler characteristic of the underlying smooth Riemann surface.
Notice that since At = 27/K', the conical deficit angle at z! is 27(1 — 1/K'), and the
right hand side of (3.1) is what one obtains from the Gauss-Bonnet formula by integrating
R/4m over ¥4, where R is the Ricci scalar of any orbifold metric on 3, .

Recall that the smooth Riemann surface ¥, was embedded inside a local Calabi-Yau
three-fold geometry. When introducing the orbifold points ! as a quotient by Z 1, we need
to specify how this group acts in the full geometry, preserving the Calabi-Yau condition and
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hence NV = 1 supersymmetry for the wrapped M5-branes. Local complex coordinates for the
Calabi-Yau near to z! are (wI , 21, 22), where recall z;, i = 1,2, are complex fibre coordinates.

We may then identify points under the Zj: action

(w1,21,22) — (e2”i/KIwI,eQ”ia{/KIzl,eQ’Tio‘é/KIZQ), (3.2)
where o € Z, i = 1,2. Notice here that af and of + m! K give the same action, for any
m! € Z, so really al € Zy1; but as explained below, globally we pick particular integer
lifts for each x! and regard of € Z. The action (3.2) preserves the holomorphic volume
form Q(30) = dw! A dz1 Adzg, so Zgr C SU(3) with C3/Zgr then being Calabi-Yau, if
and only if 1+ af + af = 0 mod K’. In the special case that o = 0 (or o = 0) the
action (3.2) has Zy C SU(2) and (locally) preserves N’ = 2 supersymmetry. In this case
the geometry is locally T*¥, ,, x Ca, and ol = —1 gives the natural lift of the Zy: action
on the Riemann surface to its cotangent bundle.

Globally the Calabi-Yau O(—p?uk) @ O(—ph'k) — 3, is now replaced by a sum of two
orbifold complex line bundles Ll_l ® Ly 1, ¥4 .n, Where the curvature forms F; = dA; for
L; introduced in section 2.2 may be written

o7 1 K '

Here voly, , is any two-form that integrates to 1 over X, while d,s is a two-form current
with a Dirac delta-function supported at the point z!. Similarly to (2.15), it follows that

F; "
tot _ i bulk
P = - c1(Li) _/2 7 =p;" Z 7T € Q, (3.4)

g,n

with pPUk € Z being the “bulk” first Chern class (mathematically called the degree of L;).
We may correspondingly split the Riemann surface as

n
Sgn = Spuk [ J (-2)). (3.5)
I=1
Here Xpyk is the smooth Riemann surface with boundary obtained from i, ,, by removing
small neighbourhoods ! around each orbifold point /. The latter may be written locally
as ! = {Jw!| < €}, for some small € > 0. In (3.5) the ! may be glued back on to the
bulk Yy along their common S! boundaries, after reversing orientations which give rise
to the minus sign above so that the common orientations agree. We may then write (3.4)
as (assuming the support for volg, , lies inside Xpyk)

noof
p;Ot Z/ Cl bulk ZKizja (36)

Ebulk I=1

and in particular we have the discrete fluxes

,13,



Here 82£ is a small circle in the Riemann surface around the point 2!, and we have written
F; = dA; locally near to ! and used Stokes’ theorem. Indeed, the Dirac delta-function
in (3.3) is obtained by simply writing 4; = %d@@l where zﬂ[ is a 2m-periodic coordinate
on the angular direction in ! (so ¢! = ! /K7).

Notice that we may shift

of = ol +miK?,  pPulk o phulk 4 Z ml (3.8)

for any choice of m! € Z, leaving the total orbifold first Chern number p{°* in (3.4) (and
hence isomorphism class of L;) invariant. As commented earlier, the shift (3.8) leaves the
local C3/Z 1 spaces invariant, shifting integer parts of the “discrete fluxes” 0%] /K into
the “bulk flux” pPulk € Z. These are simply large gauge transformations of the A; in each
neighbourhood X!, or equivalently different choices of trivialization of the line bundle L;
over each OX!. Note that intermediate steps for calculations can depend on this choice of
gauge, as we shall illustrate in the next subsection, but necessarily this is not the case for
final (global) formulae, which must be invariant under (3.8).
Finally, the Calabi-Yau condition (2.9) now reads

POt 4 ot = (Sg0) =2 — 29 — Z ( ) ) (3.9)

A canonical way to impose this is to fix pPuk + pbulk =9 94 50 that the bulk satisfies the
same condition as for the smooth Riemann surface (2.9), and then for each I also fix

o +al=K'-1. (3.10)

In particular for an A/ = 2 orbifold singularity o = 0 (or of = 0), which fixes of = KT — 1
(or o = K — 1), such that

/Egcl(Ll)zl—;I, /Egcl(Lg):o. (3.11)

3.2 Mb5-branes on an orbifold Riemann surface

It is straightforward to run through the analysis of section 2.2, where the Mb5-branes are now
assumed to wrap the orbifold Riemann surface zero-section of X = L7' @ Lyt — %, ,,, with
near-horizon limit being the corresponding S* orbibundle over Xgn-

Firstly, we note that the fibre over the orbifold point 2! = {w! =0} € £, is §*/Z g1,
with the Z s action on €1 @ C3 C R® D S* given by (3.2). The flux through this S*/Zx: is
correspondingly N/K'. Next, we note that the expression (2.16) still holds for a representative
of the cohomology class of the four-form G on M, with F; = dA; now replaced by (3.3). We
may then define DU to be the total space of the 5275 orbibundle over X, ,,, with DE] ; being
the 52 ;, bundle over the neighourhood ¥I. Then

. 1 F
[ — — -t _ tot
N = s /D[l G N/E L=, (3.12)

g,m
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where p{°" decomposes as in (3.6). In particular this means that the four-form G necessarily
has a Dirac delta-function contribution localized near each orbifold point, with flux

I
l{] _ 1 / _ 9
N = G=—-%LN. 1
e, 1 (27T€p)3 DR]I K1 (3 3)

Note that the flux (3.13) is not invariant under the large gauge transformations (3.8), but
rather shifts by the integer miI N. On the other hand DE] ; is a four-cycle with boundary, and
physically this integral need not be gauge-invariant. Recall that specifying oeil € Z (rather

than 0%‘[ € Zyr) specifies not only the C3/Z 1 local geometry, but also the large gauge
transformation that it is glued in with. Instead, fluxes on the total space such as (3.12)
are gauge-invariant, as expected.

Finally the upshot of the computation is that the central charge now reads

:—fblbg(blp b byplot N3, (3.14)

as in (3.16) but with orbifold Chern numbers p{°" given by (3.4), satisfying the constraint (3.9)
and N being the flux G/(2r/,)? through a copy of S* over a generic smooth point in X ,,.
Therefore it can be decomposed as

aPulk Z dal (3.15)

with
abulk b bg(blpbulk + b2p}13ulk)N3 , (316)

the central charge of a smooth Rlemann surface computed in (2.20), and

o ol

dal = —fblbz (b1 + by )N3 (3.17)
Notice here that as in (3.5) we have separated the contributions from the bulk and the
orbifold points, where the latter are subtracted due to the change in orientation. Notice also
that we do not consider any boundary contributions since they cancel when gluing.

As a quick application of (3.14), let us derive the central charge for N M5-branes wrapped
on a spindle [7, 38], with the equivariant parameter mixing the R-symmetry with the spindle
isometry set to vanish. This leaves a sphere with two punctures, one at each pole. At

the north and south pole punctures the orbifold acts with Z,,, and Z,,_ action as in (3.2)

ni
respectively. Then from (3.14) we have

9 al  « af  ay
— —Zbhibold bulk  ~2 2 b bulk  ~1 1 N3 3.18
812[1( ny n_)+ ( ny n_)} ’ ( )
where ppulk 4 pbulk — 2 and af + oz%t = ny — 1. To compare with [7] we identify®
there + —
nyn_ ny n_

there

8Note that the quantization of the pt was chosen such that they are integer which accounts for the

appearance of nyn_.
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which satisfies ptlhere + p%here = ng4 + n_ as required. We find exact agreement upon setting
the spindle equivariant parameter to vanish. The conical singularity of the spindle therefore
has an interpretation as an AN/ = 1 puncture [39].

In this section we studied the full orbifold Riemann surface geometry and noticed that
the formulae, such as the central charge in (3.15), consist of a “bulk part”, which is the
result for a smooth Riemann surface with pE’“lk + pS‘ﬂk = 2 — 2g, together with localized
contributions from a small neighbourhood of each orbifold singularity. Therefore these results
can equally be obtained by studying the local contributions around an orbifold point and
subtracting them from the smooth Riemann surface results. This local analysis can be
performed using equivariant localization and is more suited to obtain the contributions from
a puncture rather than a simple orbifold point. Since equivariant localization will be entirely
local at each such orbifold/puncture point, we henceforth drop the label I and focus on
the contribution of a single puncture.

4 N = 2 punctures

In this section we analyse N/ = 2 punctures. The local orbifold action (3.2) is taken to be
(w, 21, 22) > (2™ Ky, 2ME=1/K ) 20y, (4.1)

Note here we have chosen an embedding Zyx C SU(2) C SU(3) into a particular SU(2)
subgroup of SU(3), and that with this choice the SO(2)r = U(1)g of the N' = 2 R-symmetry
rotates Cy, with generator J,,, and the two-sphere S%% rotated by SO(3)p is embedded as
5% = 53 C Co @ R. If there is a single orbifold point/puncture, we may always choose
conventions so that the N/ = 2 quotient takes the form (4.1), but we will later comment
on choosing different embeddings at different points (which locally preserve N’ = 2, but
globally only N/ = 1 supersymmetry).

The Zx action on the coordinates (w,z1) € C? in (4.1) by definition gives an Ax_;
singularity C?/Zy on taking the quotient. This is naturally the cotangent space of C/Zx,
where C/Z (with coordinate w) is the space locally wrapped by the N M5-branes. We may
then consider (partially) resolving the A _; singularity inside the full geometry, which we
refer to as a local puncture geometry. Physically the presence of an Ax 1 singularity leads
to an SU(K) flavour symmetry in the dual field theory, and we can understand a (partial)
resolution as a (partial) nilpotent Higgsing of this flavour symmetry.

In the remainder of this section we describe this local puncture geometry, and then
analyse flux quantization and compute the local contribution to the a central charge using
equivariant localization. A key point is that our analysis is purely topological, and does not
require any explicit form of (locally) /' = 2 M5-brane solutions. It will therefore extend
to N/ = 1 punctures.

4.1 Geometry of Ax_; singularities

We begin by describing the toric geometry of C2/Zy. Recall that we write the covering
space coordinates (w,z1) € C? as w = |w|e¥, 21 = |z1]e!'. The quotient space admits a
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Figure 1. Toric diagram for C?/Z .

U(1)? action with basis of generating vector fields

1
e1 = 0y, , ey = ?(&ﬁ —0yp,) - (4.2)

These are normalized so that exponentiating by 27 generates an effective torus action, and
the (2,0)-form Q(2,0) = dw A dz; has charge 1 under e, and is uncharged under ez — this
is the canonical basis for toric Calabi-Yau geometries. Notice that the U(1)r generator
is precisely e; = Oy, .

The toric diagram for C?/Zy is shown in figure 1. The space fibres over this wedge region,
with generic fibre over an interior point being U(1)2. The subspaces {z; = 0}, {w = 0}
are (non-compact) toric divisors C/Zp, fixed by the U(1) € U(1)? subgroups generated by
0, = (1,0) and 0y, = (1, K), respectively. These meet at the Z orbifold singularity at the
origin, shown as a blue dot, which is fixed under the entire U(1)2.

With this toric description of the Ax_; singularity, we may next consider its (partial)
resolutions by performing blow-ups. Observe that the vectors (1,0) and (1, K) do not span
7 over 7, exemplifying the Zx singularity at the origin. To resolve we introduce additional
vectors which subdivide the toric fan. For any choice of d € N with 1 < d < K, we choose
ke € N, a =1,...,d, satisfying Zgzl ke, = K, and further define

d
b=a

with l411 = 0. Notice that the sequence [, is strictly decreasing, with [y = K and l; = kg.
We then consider the partial resolution with normal vectors

v =(L10L), ..., ve=11l), ..., va=(1,lg), vir1 =(1,0). (4.4)

The toric diagram is shown in figure 2. Each of the d blue dots is a C2/Z;, singularity, where
a full resolution then necessarily has d = K with k, =1 for all a = 1,..., K. Each of the
d — 1 finite blue line segments is the image of a compact toric divisor D, fixed by the U(1)
subgroup generated by v, = (1,1,), a = 2,...,d, and is topologically a weighted projective
space (or spindle) D, = W@IP’[lkmka_ﬂ. The non-compact toric divisors are now Dy = C/Zy,
and Dgyq = C/Zy,, which thus in general still have orbifold singularities. Note that the
original C?/Zy singularity has d = 1, k; = K, with Dy = {w = 0}, Dgy1 = {21 = 0}.
Finally, recall that the U(1)r generator is e; = 0,,. In the next subsection we will
want to analyse the fixed points of this action in the partially resolved puncture geometry.
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Figure 2. Partial resolution of the C?/Zf singularity. To each compact face (blue line between two
fixed points) one can associate a compact divisor. The Poincaré dual to these divisors (discussed
further in appendix A) has support in a small neighbourhood of the blue line. For the divisor Dy we
have plotted the support in red for illustration.

The non-compact toric divisor Dg41 (the horizontal blue line segment in figure 2) is a fixed
bolt for ey, while the remaining fixed points are the blue dots a = 1,...,d — 1, which are
nuts. The weights of U(1)g at the a’th nut, which recall is locally C2/Zy,, are then given
by the toric geometry formulae

(€0 €8y = (det(elavaJrl) det(va, €1) ) _ (_la+1 la) ’ (4.5)

det(vq, vatr1) det(vq, vat1) ko kg

fora=1,...,d — 1, where we have used det(vy, vq+1) = la+1 — lo = —kq. Notice here that
¢ = 0, signifying the fact that Dy is a bolt with its tangent direction fixed by e;.

4.2 Local N = 2 punctures

We now want to glue in our puncture geometry. Recall that the N Mb-branes wrap the
orbifold Riemann surface zero-section of Ll_l ® Ly L ¥yn- Near to an orbifold point
x € Ygn, we have local coordinates (w, 21, 22,t) € C3 x R, with w a coordinate on the
Riemann surface with z = {w = 0}, z; are coordinates on the fibres of Ll-_l, and t € IR.
In the near-horizon limit the normal directions to the Riemann surface/M5-branes satisfy
{|21]® + |22|* + t* = 1}, which over a smooth point of ¥,,, (w # 0) is an S* fibre.

The N = 2 quotient by Zj acts on the coordinates (w, 1), fixing w = z; = 0. The latter
is a copy of S% = 5% C C2 ® R rotated by the SO(3)g symmetry of N’ = 2 solutions. A
neighbourhood of this Ax_; singularity in the full geometry is hence (for |w|,|2z1] < 1 both
small) C?/Z x S%. On the other hand, if we fix a smooth point {w # 0} € 4, near to z,
this neighbourhood is simply C; x 512% C S8%. Here z; is a coordinate on €y, and increasing
|z1] to |21] = 1 one then has zo =t = 0. Thus at |z1| = 1 the S% collapses to a point, and
Cy x S% smoothly caps off to give the S* fibre. This is shown in figure 3, which depicts the S*
orbibundle over the neighbourhood X, = {|w| < €} of the point & € 3, ,,. This region is glued
into the bulk of M along the copy of 9%, x S* =2 S x S§* depicted by the dotted black line.
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Figure 3. Embedding of the Ax_; singularity into M. Over each interior point of the shaded region
we have a copy of U(1) x U(1)g x S%. The first U(1) rotates the Riemann surface coordinate w, with
Y. = {lw| < ¢}, and is not an isometry of the full solution. Note: (i) the U(1)’s collapse along the
blue edges, as per the toric diagram, (ii) S% collapses along the red edge, which is |2;] = 1, (iii) the
dotted black line is the locus |w| = €, which is a copy of 9%, x S*, with the first factor being a small
S1 around the orbifold point = € Yy n. The region shown is hence the S* orbibundle over %, and this
geometry is glued into Y,k along the dotted black line.

With this neighbourhood clearly described, we may now partially resolve the Ax_q
singularity to obtain the local N' = 2 puncture geometry. This is shown in figure 4. Our aim
in the remainder of this section is to apply equivariant localization to this neighbourhood
of a puncture, to compute its contribution to the a central charge. To begin, we recall that
the R-symmetry Killing vector is

f = blaw + bQ&m R (4.6)

where d,, = (1,0) generates U(1)g and is one of the two toric U(1)’s, and J,, rotates

5% = 82 C Cq x R, fixing the poles N, S of this two-sphere. The fixed point set of ¢ in
S

€

this region thus consists of the two bolts XV ¥ as per the original M5-brane geometry
without any partial resolution, together with 2(d — 1) nuts: these are the blue dots labelled
by a =1,...,d — 1, at either the north N or south S pole of the S%. The weights of e; at
the fixed points of the 4d geometry were computed in (4.5), so from (4.6) we can write down

the weights at the 2(d — 1) nuts in the 6d geometry M:

(.65 e) = (=L b1, (4.7)
kq kq

a=1,...,d — 1, with +bs being the weight of £ on the tangent spaces to 5% at its north

and south poles, respectively.

We may then proceed as in section 2.2. Consider first the copy of S% over the a’th blue
dot, which we denote by 512%@' This has trivial homology class: we may connect any point in
the partially resolved Ax_1 space to a point on the red edge {|21| = 1} where S% collapses
by a curve, where this curve together with 512% is topologically a ball Bs with boundary
OB3 = S%. Thus as in (2.12) we may write down

2w
— (DY _ = Ny\2 (.52 4.
0= ¥ =35, (W - ] (4.8)
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Figure 4. Local NV = 2 puncture geometry. Again, over each interior point of the shaded region
is a copy of U(1) x U(1)r x S%, with the U(1)’s collapsing along the blue edges as per the toric
diagram. The finite blue line segments now represent four-cycles D, = D, x 5% = W(CIF’[lkm ka_1] X 5%,
associated to new fluxes n, € Z for the M-theory four-form G as described in the main text. The
shaded red region is the support of the bulk part of the flux, as discussed in appendix A.

N

N y2 are the values of the function y at these nuts. In order to have non-zero fluxes

where y
in what follows we again solve this by taking y, = y = —y> > 0, where the y, are shown in
figure 4, and described in more detail below.? Notice that necessarily yq = yn = 97r€gb1 ba N,
where yn was the value of y at the north pole of the S* fibre over a smooth point of the
Riemann surface in section 2.2 (with this value of y independent of the point on the Riemann
surface, which we can then slide towards the blue dot at the left end of ¥, in figure 4).
Indeed since we want to glue this local puncture geometry into the bulk considered earlier,

we need to identify yq = yn.

4.3 Flux quantization

We now turn to quantizing the four-form flux G. We begin with the four-cycle D;, which
is given by the blue line segment connecting the first blue dot to the red line where the 512%
collapses. Topologically this space is S*/Z;,, in the 4d geometry recall this line segment
was the non-compact toric divisor Dy = C/Zy,, and D; x 5’1212 then caps off to 5’4/Zk1.
Localization immediately gives the flux

1 11 [(27)%y (2m)%y
n=-———= G = — = o+ = 4.9
= Gt ooy, € Bty [e;e%, oy F g ohy| 1Y

__ L oy _n
ImlBbiby by~ by

90One could in principle instead take yYY = y2J. However, this would require the fluxes we are about to
introduce to vanish. Moreover, the conformal dimension associated to an M2-brane wrapping the S% would
vanish despite the cycle having finite size, signifying a pathology in this choice.
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Here (4.9) defines the flux number ni, we have used that y; = yi¥ = —yf , the weights
€5 |yv="b2 = —€§ |,s (in a slight abuse of notation using the value of y at a fixed point to
label also the fixed point), and we have introduced the convenient rescaled variable

Ya

—_— . 4.10
97r€§’)blbg ( )

Jo =

Next we have the four-cycles D, = D, x S]% described in figure 4. These consist of
the compact toric divisors D, = W@P[lkza,ka, ;) in the 4d toric geometry, together with SIQ%,
and are represented by the finite blue edges. Quantizing the flux over these four-cycles

for a = 2,...,d we have
1 2 1 (27m)% y, 1 272 Yo
R p— = — Za 4.11
fla = Na1 @wayi/a (mw@3lm/g§ 9 ke Tea T 9 (4-11)
ga_ya—l

la

These equations then define n, iteratively, starting with n; defined in (4.9). Notice that
the weights tangent to D, = WGP[lka,ka,l] satisfy k:a_le‘f_l = —lsby = —k.€e§. Finally
note that there are in fact four fixed points contributing to the flux integral (4.11), and
we have used y, = y¥ = —y7. As in (4.9) these come in two equal pairs which we have
accounted for with the factor of 2 in front of the square bracket. This comment applies
also to other integrals below.

We may now solve (4.11) iteratively and obtain for a = 1,...,d
a—1
Ua = lana + Z kpnp . (4.12)
b=1

Notice that if the fluxes n, > 0 are all positive integers, the §j, are then a sequence of
increasing positive integers, and hence the y, are a sequence of increasing coordinate values.
This data was already shown in figure 4, where one can plot the sequence of n, horizontally.
Recalling that above we also argued that y4 = yny = 97T€?I§b1b2N , we then have

d
N=gs="> kana, (4.13)
a=1

where the second equality is just (4.12) for a = d. It follows that the fluxes n, and the
orbifold ranks k, define a partition of V. Observe that there is a simple dictionary between
the partition and a Young diagram which encodes the puncture data, see figure 6. This
is the well-known statement that an N' = 2 puncture is specified by a Young diagram of
SU(N) [3]. The orbifold ranks k, are the widths of the blocks whilst the n, are the heights
(and [, are the lengths of the first a blocks).

There are two remaining four-cycles that we need to consider, which can be seen most
easily by including the 512% in figure 4. The result is figure 5.9 These four-cycles are different to

0T his is not a toric diagram in the usual sense, since S* is not toric. Instead one builds the diagram by
noting that we may draw a “toric” diagram for S* as an ellipse. This is nothing but two copies of € glued
together at an equatorial S3. Our 3d “toric diagram?” is then obtained by gluing two copies of the product of
C with the partial resolution of the C?/Z g singularity.
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Figure 5. The 3d version of the toric diagram for the N' = 2 puncture. The dark blue lines and the

red line are the same as in figure 4, with the former obtained by cutting the diagram vertically. The
red face denotes the locus where J,, — 0. The four-cycle DLI] consists of the blue face between the
black dashed line and the first green line from the right. The four-cycle D?] consists of all of the
red face. We can also easily identify compact two-cycles in the diagram, they are simply lines in the

diagram between two nodes. The green lines are the S% , used in equation (4.8) and (4.27).

those previously considered in that they are non-compact (hence not really “cycles”; although
we will use that terminology). The two four-cycles will fix the Kéhler class w through X,
which will appear in the central charge. The first four-cycle is DLM =Dy X SIQ%, where recall
that Dy = C/Zy, = X is the Riemann surface direction. This flux is the analogue of (3.13),
which recall is delicate since it is not invariant under large gauge transformations (3.8).
Applying localization we find

N[l]:l/ GZQ%/ [wmwyd
¢ (2mlp)3 Jpl (2mlp)3 by Jsn [6yg by 9

1

- 4.14
108735, 03N Jsn 7 (4.14)

where we have used the N’ = 2 condition for the discrete Chern number fluxes (3.11), so
that [y c1(L£2) = 0. Further note there are two equal contributions from »N and ¥, giving
the prefactor of 2 in the middle expression. From this we deduce

/ w = 10873(0b1 B3NN (4.15)
Y

in terms of the currently undetermined flux Nem. This expression on its own is not particularly
useful as a priori we do not know how Ne[l] is related to the other fluxes. There are two
ways to proceed. On the one hand, the integral of G' through DE] can be computed explicitly
(1]

by writing down an ansatz for G which fixes NE1 in terms of the other fluxes. We perform
this analysis in appendix A. On the other hand, and somewhat unique to the N’ = 2 case,
we may fix this using the remaining non-compact four-cycle. Observe that we may define a
four-cycle by taking the union of the two copies of the 4d toric diagram at the two poles of

the S%. These are glued together along the collapsed two-sphere (red line) in figure 4 (which

— 922 —



is a copy of Si,l x ¥¢) leaving a compact cycle in the non-disc directions. This cycle is the
generalization of the four-cycle Dy considered in section 2.2 to the resolved geometry and

we denote it by D?] in the following, see figure 5. The integral of the flux over this cycle
receives contributions from the 2 bolts ¥, ¥5 and the 2(d — 1) nuts and we find

Nmzl/ G2 %/ [w_mwﬂydhguzmm
€ (27mlp)3 Jpl2 (2mly)3 | b1 Je~ | 6yq by 9 ko €§€3 9

1 bo
S — — (N - 4.1
08T ER0N Jo ™ 5, N ) (4.16)

where we used [y, c1(£1) =1 — 1/kq as per (3.11) after (partial) resolution. To obtain the
final expression one uses (4.11) to eliminate y,, and in particular one finds the identity

d—1
2y 102y b (N - nd) _ (4.17)

In the N/ = 2 case this flux is necessarily trivial, Ne[z] = 0. As explained in appendix A, see

equation (A.2), the flux G has no support on this cycle since this would break the N/ = 2
symmetry to N’ = 1. This further allows us to solve for the Kéahler class w over X, giving

/E W= 10875b1b5N (N — ng) . (4.18)

Comparing (4.15) and (4.18) we deduce NY =N - ng, which is confirmed by the explicit
computation in appendix A, see (A.7). We now have all the necessary ingredients to compute
the central charge.

4.4 Observables

We may now finally turn to the computation of the central charge arising from the glued-in
puncture geometry. We have two bolt contributions along X% (where y = +y,), along with
2(d — 1) nut contributions to take into account. Putting all of these together we find that

the total contribution to the a-central charge from a puncture is'!
2 (27)2 c(L1)  e(La) 1 (2r)3
oa = / [q) — 27 + P } + — P
2(2m)6¢3 l biby Jx, | ° ( by b ) 0 a; kq €9€ged “ly,
9b1b§[ ng 1N\ .3 S kg?
= — 2-3-24+ N3 - a 4.19
6 |2y kd) a; ek (4.19)

where @9, @ are written in (2.8), the weights € are in (4.7), g, in (4.12), and we used (4.18)
and (3.11) to evaluate the integrals.

H1n gravity, at two-derivative level, we are actually computing the quantity 4a — 3¢ = %(41% — ny), which
in the large N limit is precisely a. When comparing with the field theory results one should take this into
account. This gives a more refined check of the duality than just taking a large N limit and studying the
O(N?) term.



This is the local off-shell contribution to the central charge from the puncture. Since the
local analysis here has the opposite orientation to the bulk contribution'? the final result for
the central charge of the Riemann surface with n N' = 2 punctures is

n
a=a™* — Z sa’ (4.20)
=1
where the bulk contribution a”"* is given in (3.16).

In the case where the bulk solution preserves N’ = 2 supersymmetry one finds that this
exactly reproduces the field theory contribution in [40].'% In fact, our results are more general
and give the contributions for the N' = 2 puncture independently of the supersymmetry
preserved in the bulk. Furthermore, recall that we have made a choice of the local orbifold
action in (4.1). Taking instead the quotient to act on Cy rather than C; we obtain another
local N/ = 2 preserving puncture giving the same central charge contribution as in (4.19)
after interchanging b; <> by. In the literature these are sometimes referred to as (1,0)
and (0,1) punctures respectively [42]. Despite the individual punctures preserving N’ = 2
supersymmetry, two punctures of different type placed at different (arbitrary) points on
the Riemann surface imply that the global preserved supersymmetry is N' = 1, irrespective
of the bulk supersymmetry.

It is important to emphasize that the result (4.20) is an off-shell result. To go on-shell one
needs to extremize over the R-symmetry parameters by, by subject to the constraint by +by = 1.
Including only N = 2 punctures allows us to explicitly perform the extremization for an
arbitrary configuration of punctures. Observe that the off-shell central charge for a Riemann
surface with an arbitrary configuration of (partially-Higgsed) N = 2 punctures takes the form

9
a= —§b1b2(b1p2 + b2p1)N3 ) (4.21)

where the p; are independent of the R-symmetry mixing parameters, b;. One finds'*

I
1 371[ 1 d'—1 k‘I g?)
bulk d a a,]
= —5 2— S+ -7- . 4.22
PL=n 2 Z N + kL Z L N3 ( )
I€(1,0) punct. d a=1 ‘a‘a+1

and similarly for ps with (1,0) — (0,1). This is the extension of p**, (cf. (3.6)) to the
Higgsed punctures. In particular, the off-shell central charge takes the same functional form
as the smooth Riemann surface case with the replacement p; — p;; as we will see shortly,
this is not a generic feature for ' = 1 punctures. Maximizing the central charge one finds

2p1 — P2+ \/p3 — + p3 2p2 — p1+\/pF — +p3
b — P1— P2 Pi— Pib2 + p3 B P2 — b1 Pi— bib2 + p3 (4.23)

3(p1 — p2) T 3(p2 — 1) ’

12This is the same minus sign appearing in (3.5).
13To show this it is simplest to use the form given in [41], which can be written more simply in the form

above. Also note that the field theory result is the on-shell one, whereas we have presented the off-shell result.
For the A/ = 2 solution to go on-shell one sets b1 = %, by = % and pPk =2 — 2¢.

14One should eliminate 4 in terms of the fluxes using (4.12) which makes the result manifestly independent
of the b’s; however, to keep the formulae more succinct we keep g.
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and the on-shell central charge is

3b1b2(P1 + P2 — /P — + p3
B 1b2(p1 + p2 Pi— Pib2 PQ)N3' (4.24)

8

Note that in general this includes terms beyond O(N?3), as one can see by performing a

a =

series expansion for large IV, and it would be interesting to match this to field theory results
in light of footnote 11.

As a final observable to consider in the N' = 2 puncture case let us compute the conformal
dimensions of BPS operators in the CFT corresponding to M2-branes wrapping calibrated
two-cycles in the geometry [26, 43]. The M2-branes sit at the centre of AdS; and wrap a
two-cycle in the internal space which is calibrated with respect to the two-form Y’ defined in
equation (2.2). There are two classes of cycle depending on whether the M2-brane wraps the
R-symmetry direction or not. For the cycle which does not wrap the R-symmetry direction
the two-cycle is necessarily a fixed point set. Clearly, for the present set-up the only two-cycles
satisfying this condition are the two copies of the bolt which must include all the bulk and
puncture contributions. We therefore find that the conformal dimension for the BPS particle
obtained by wrapping an M2-brane on the bolt is

3
ATy = — S0 4 b N (1.2
where we have defined
bolt bulk né
prft=priie Y -3 (4.26)
I€(1,0) punct.

and similarly for p5°'* with (1,0) — (0,1).

Finally let us consider the two-cycles obtained by wrapping the R-symmetry direction.
These are given by the various compact lines, between two nuts in figure 5. There are two
classes of two-cycle, those drawn in green which are the S?% for fixed y, (i.e. the green line
going between yY and y?), and the black lines between fixed points which are spindles
W(CIP[lka_h k] and are the resolution two-cycles from the blow-up. In each case the calibration
condition requires us to take the cycle which gives a positive result. In the following we
will focus on a (1,0) puncture, with the (0,1) puncture obtained by b; <> by. For the first
class of two-cycle we have

A[S% 4] = 3b1da (4.27)

with §, in (4.12). The value of b; is determined by the extremization of the central charge,
which depends on the particular punctures inserted (4.23). For the full N' = 2 bulk solutions,
by = 1/3, such that A, = §,, and agrees with the explicit line-charge analysis in [4] once
one notices that the g, are precisely the values of the line charge at the kinks. For the
spindle cycles one finds

8
2

Observe that for a pure N/ = 2 theory by = 2/3 and the result for the conformal dimension

AWCP, il = 5= (0 —1a-1) - (4.28)

is simply that it is the difference between the neighbouring fluxes.
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k. =(2,3,2) Trivial Minimal
ng = (2,3,7)
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Rectangular Maximal
(a) A general puncture
with d =3 and N = 27. (b) Some particular cases.

Figure 6. Young tableaux encoding puncture data. The orange blocks correspond to bolt contribu-
tions.

4.5 Full N = 2 solutions

To make the above formulae more explicit we will look at some particular choices of fluxes
and give the dictionary to the field theory. While the N’ = 2 puncture geometries we just
considered can in principle be inserted into both N’ = 1 and N = 2 bulk solutions, in the
following we want to focus on the latter. This allows us to give simple examples and also
recover results from the literature. Multiple such punctures, associated to possibly different
partitions of N, can be inserted!® and the central charge picks up the same contribution (4.19),
with their respective puncture data inserted, for each of them. For concreteness let us take
pPUk = 2(1 — g), phuk = 0, then going on-shell fixes the R-symmetry parameters to be
by = 1/3, ba = 2/3 and the central charge becomes

n d—1
a= g(g —1)N3 — IZI&LI, da = —% l(2 - 3% + l:d)N?’ - az_:l laZaH Qg] . (4.29)

As a first example consider the somewhat trivial case where the we take only unresolved
singularities C2/Zj,. This of course is exactly what was discussed in section 3; however, as
a consistency check we must be able to recover those results from (4.29). These punctures
correspond to rectangular partitions of the Young tableau, i.e. a single block (d = 1) of length
k and height n = N/k, see figure 6(b). Such punctures lead to an SU(k) flavour symmetry
in the dual field theory. The rectangular punctures are particularly simple since they only
receive bolt contributions and the contribution from a rectangular puncture is

1 1
rectangular 3
da =% (1 - —k)N ) (4.30)

which is precisely (3.17) once the N' = 2 condition is imposed. As a further consistency check
a trivial puncture must return a trivial result. In this case we have k =1, n = N and indeed
da vanishes identically. Punctures were not all created equally and our final rectangular

5Note that no other type (like N' = 2 preserving the other circle direction, or ' = 1) is allowed if one
wants to preserve global N = 2.
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puncture, the maximal puncture, has a somewhat special standing. For the maximal puncture
we have k = N and n = 1 and the contribution to the anomaly polynomial is

Sa™™ = —% (N? - N?). (4.31)

Taking the Riemann surface to be a two-sphere with three maximal punctures the dual field
theory is the Ty theory, and it is simple to check that the large N central charge matches.
The final explicit puncture we consider is the minimal puncture which has

- 1 1
d=2,k=(1,1),n=(,N-1),1=(2,1),9=(2,N) = da™" = ZN2_§’ (4.32)
and in particular the central charge receives nut contributions. Here again we match the
field theory results even at O(1). In particular, we reproduce the analysis of [32] for these
various cases.

As a final aside, note that the puncture contribution in (4.29) can be written in the form

d 3 -3
1 nq 3 Ya — Ya—1
= 2—-—3—|N . 4.
ba=—= l( 3N) +az:jl » (4.33)
Using that

a
Ja = lang + Mg—1, M, = Z kyny (434)

b=1

(note that My = N), the sum in terms of flux numbers n, reads

Jda = — i[(Q—W)N3+Zl2 TL —n )+l M, 1(TL —TL )+M2 ( nafl) . (435)

This reproduces the results of [32, 44] which studied N = 2 punctures using anomaly inflow.'¢
This may also be obtained from a line charge description using the explicit supergravity
solutions in [4]. Our results present a clean derivation (and extension) of these results which
we will now further generalize to new punctures which only preserve A/ = 1 supersymmetry.

5 N =1 punctures

We return to the study of C3/Z singularities introduced in section 3, where the quotient
is a finite subgroup of SU(3) acting as

(w7 2, 22) N (e2wi/Kw’627ria1/KZ1’e27ria2/KZ2) , (51)

with
o +as+1=K. (5.2)
Note that if one of the «; is trivial then the quotient is a finite subgroup of SU(2) and there

is an enhancement of supersymmetry to A/ = 2. Given that this was considered previously
we will ignore this case here.

'We use the same variables but different notation. The dictionary between our results and those in [32, 44]
is Yo — Na, Na — Wa, Mo — Ya.
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172

Figure 7. Toric diagram for C3/Zy (left) and two types of (partial) resolution (centre, right).

5.1 Geometry of C3/Zy singularities

Introducing coordinates (w, 21, 22) € €3 and writing w = |w|el?, z; = |z]e!?!, we may take
the following generating vector fields for the 7% =U(1)? action:

1
e = 8901 , €2=0p, —0p , e3= E(&/, + (a1 — K)apl + Ozgaw) . (5.3)

Note that this basis is normalized on C3/Z so that exponentiating all three vectors by 27
generates an effective torus action and the (3,0)-form Q = dw A dz; A dzs has charge 1 under
e1 and is uncharged under both e; and e3. There are three toric divisors, the first and second
at {z; = 0} with normal vector v; = 0, respectively and the third at {w = 0} with normal
vector vz = Oy. Inverting the relations (5.3) for the basis vectors, one finds the toric vectors

V1 = 8@1 = (1,0,0), Vo = &pQ = (1, 1,0), v3 = 8¢ = (1, —Ctg,K) . (5.4)

This is a convenient choice of basis which defines the C3/Zj singularity. The degree of the
orbifold singularity can be read off from the toric data by taking the determinant of the three
vectors, |det(vq,va,v3)| = K. The associated toric diagram is the left diagram in figure 7.

We can now ask about resolutions of the above singularity. This is given by a fine
regular star triangulation of the 3d polytope, as described in [45] (see also [46] for a review).
Pictorially it amounts to adding planes in figure 7 (left). One choice is to “cut the corner”
of the singularity, as shown in figure 7 (centre), however planes could also be added which
cut off a line rather than the corner (figure 7 right) in the spirit of the N' = 2 case. The
addition of planes introduces additional nuts, which we label by a = 1,...,d, which may
or may not be smooth points. Such points arise at the intersection of three planes, defined
by the normal vectors ”?1,2,3}’ with the triplet defining a maximal cone in the fan. Points
arising from the intersection of four or more planes are not smooth, even in the orbifold sense,
and thus we ignore this possibility. Between neighbouring points there exist compact edges,
defined by the intersection of two planes, and thus two vectors, which give rise to compact
two-cycles in the geometry. We restrict to crepant resolutions in the following which implies
that all vectors have first component 1, but are otherwise arbitrary. These then define an
orbifold singularity for each maximal cone of degree

o = |det(vf,vg,vs)| = kq . (5.5)

By adding enough planes the singularity is resolved if all the points are smooth (k, = 1
Va), but this need not be the case in the following.
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5.2 Local N = 1 punctures

The C3/Zy geometry is the local geometry at one of the poles of the S* and an arbitrary
point on the Riemann surface Y ,, where we can take the latter point to be at the centre
of a disc with local coordinate w € C. We first explain how the partially resolved C3/Zx
geometry is glued in at a pole (say, the north pole), and then how we glue north and south
poles together and into the bulk geometry.

We fix the north pole of S*, with local complex coordinates z;, 2o on the tangent directions
and coordinate w on the Riemann surface, and wish to glue in the partially resolved C3/Z g
geometry in figure 7. This requires identifying the “bolt” direction, namely the . direction.
This is an interval closed at one end and open at the other in the toric diagram, where it
glues onto the bulk Riemann surface and is shown in figure 7. With our labelling this edge is
specified by the vectors v, vo. We furthermore label the vertices in the partially resolved
geometry so that the origin of ¥, is the vertex d, which we take to be an orbifold singularity
of degree kq. Note that this will locally be described as C3/Zy,,, where the quotient in (5.1)
changes after resolution. We denote the new parameters by ag, which obey the constraint

d+ad+1=k. (5.6)

In particular if the singularity is fully resolved, k4 = 1 such that both a; = 0. Moreover, the
first Chern classes of the line bundles over the bolt after resolution are then

d
ol
/ (L) =L (5.7)
e d
The toric vectors at the d’th vertex are
vl =v; =(1,0,0), vd=wvy=(1,1,0), v%=(1,—ad k). (5.8)

The value of y at this point will be denoted 14, and as for the N’ = 2 punctures will play
a distinguished role.

To construct the full puncture we need to glue together two copies of this geometry, one
at the north pole and one at the south pole of S*. In principle we may use different partial
resolutions at each pole, and thus all quantities in the above paragraphs will have north and
south labels, e.g. =V, ©F values of y at the vertices ¥, y2, with the index a running from 1
to dV, d°, etc.'” The boundary around this geometry is S* x S', where it glues into the bulk.
Describing this is quite subtle, since S* is not toric, so we will carefully discuss this now.

We begin by describing an S* in terms of a “toric diagram” before explaining how to
construct the puncture geometries. We think of an S* topologically as two copies of C2
glued together (non-holomorphically), which we denote by north and south. We take the
coordinates on C2 to be z; = |z|e'?i. The toric diagram of C? is simply a 2d “corner” (the
positive quadrant in R?), see figure 8, with the faces being the loci z; = 0. To construct
the S* we take a second, mirror copy of €2, and identify the non-compact edges in the two
diagrams, see figure 8. This compactifies the geometry, and since we are identifying the

"For fully resolved geometries, with all k, = 1, the Calabi-Yau three-folds will necessarily have the same
Euler numbers, even if their topologies are different, and hence d¥ = d°.
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north north

Opp =0 Op, — 0 Opp =0 Oy, — 0

»

Opy =0 Op, =0 Opp =0 Oy, — 0

south south

Figure 8. We show how we glue the two patches of C? together to form a “toric diagram” for S*.
Observe that we take a copy of €2, truncated in extent for artistic reasons, and take a mirror image.
We then join the lines corresponding to the same degenerating vector field together. In this way no
new fixed points are generated. The result is an ellipse, where the red and green edges correspond to
copies of S? C C,; ® R, for i = 1,2, respectively, thinking of S* C C; ® C2 @ R. These two-spheres
meet at the two poles of S*. When computing the weights we must take into account that when
gluing we need to reverse the orientation in the southern patch, giving a mirror image, in order to
obtain a consistent overall orientation.

edges does not introduce any additional fixed points.'® Note that it is important that we
identify the same faces, i.e. the normal vectors. However, we will see below that once we
partially resolve the copies of C3/Z at the poles of S* this does not require us to take
a mirror copy of the toric diagram.

Having explained how to construct an S* we now proceed to construct the puncture
geometries. At each of the poles of the S and centre of the disc in the Riemann surface, we
have a copy of C3/Z . We want to glue these together to obtain the puncture geometry. We
require that the boundary is S* x S which uniquely fixes how we glue the two pieces together.
Consider gluing two copies of C3/Z j or their resolutions. We take v; and v to be the normals
to the faces where 0, and 9, shrink respectively — these are determined unambiguously since
we fix the R-symmetry using these vector fields. Following the prescription for constructing
an S* we need to identify these faces. We must also identify any other non-compact faces
so that the only remaining non-compact faces are those normal to v; and vy, which define
the S* coordinates, see figure 9. Observe that the requirement for the gluing is that the
non-compact faces agree: this does not impose any constraints on the compact faces, and
these may differ between the north and south geometries, cf. figure 5.

The R-symmetry vector is given by

5 — blagol + b28502 — (bl + b25 b270)7 (59)

where we used (5.4) in the second equality. The action of £ generically has fixed points at
the intersection of three planes defined by a maximal cone. Computing the weights at the

'8The more canonical way of gluing toric diagrams together introduces new fixed points because one does
not identify the same faces in the way we do here.
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Figure 9. We depict the gluing of two copies of toric diagrams. Observe that the red and green faces
are the loci where the two U(1)’s of the S* shrink, and are determined by the choice of R-symmetry
vector. These are glued together as shown. The other non-compact cycles are required to match in
such a way that they glue together into compact four-cycles.

fixed points in the north patch is simple using the formula

(e, €5, e8) = € (vf, 03, 0§) ™" = ki(det(&véﬂvéf),det(v‘f,é,v%),det(v’f7v§‘7€))- (5.10)
a

One needs to be careful when computing the weights in the south patch. Following the
bulk computation in section 2.2, the product of the weights at an isolated fixed point in the
south patch are taken to be the negative of the product of the weights given by the above
formula (5.10), i.e. minus the product of weights in the north patch, due to the orientation
reversal. This extends to fixed points of cycles too. For the southern bolt the weights are
slightly more subtle. The product of the two non-trivial weights picks up a sign as before,
and in addition one of the two first Chern classes of the normal bundles, which are used
in the BVAB theorem, also picks up an additional sign correlated with the weights (as in
section 2.2). The weights at the bolt fixed point sets L, Ef may hence be taken to be

(ed,ed ed) = ¢ - (v, v, )™ = (b1, £bo,0), (5.11)

taking the + sign for the northern bolt and — for the southern bolt. In order to glue the
puncture geometry into the bulk we must align the bolts with the poles of the S* fixing

@fl\f\, =gy = N and 3)55 = s = —yn = —N, where we have again defined the rescaled variables
~ Ya

= 5.12

Y= 9 3b1b (5:12)

This follows since the flux of G' through the S* fibre over a point on the Riemann surface (2.13)
is independent of the latter choice of point. Therefore, in order to glue the S* fibres over ¥,
with the S* fibres over the bulk Riemann surface we must impose this consistency condition
where they meet.

As a warm-up let us analyse the unresolved geometry. This will recover the N' = 1 orbifold
analysis in section 3.2, but in doing so this sets up the analysis of the more general punctures.
First notice that since the boundary is S* x S there are two linearly embedded S?’s which are
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trivial in homology. Integrating the two-form Y over these two cycles implies that gj% =93,
and further requiring that the conformal dimension of the operator dual to this two cycle is

non-zero, implies §ny = —¢g. This will be a generic feature of all the puncture geometries
that we will consider; that is, the “origin” of the bolt in the north and south patch satisfies
N =gy = —Js = §1¥ = —y{ = y1, where note that with no partial resolution d"v = d° = 1.

There are four U(1)?-invariant four-cycles in the puncture geometry (three of which are
immediately visible in figure 11 for K = 3). The first four-cycle is the smooth $* on the
boundary through which the flux is §j; = N as fixed by the bulk analysis. There is also a
quotiented copy of the S* at the centre of the disc, the blue face of figure 11, with flux

1 N
— G=—. 5.13
(27r€p)3 /S4/ZK K ( )

Finally, there are two non-compact four-cycles which are S? orbibundles over the bolt 3.
These non-compact four-cycles are the faces with normals v; and vy which we denote by
DY and DY respectively. From (3.13) we have

1 a1
— =—N 14
(27T€p)3 /DLI] G K ’ (5 )
whilst localization gives the formula
1 2m ag y1}
— - 1
(27ly)3 /D([}] ¢= 27T€ (2163 by [/ 6y1 by K 9] (5.15)
where we used (3.7) and the same identities hold for 1 <» 2. Combining these gives
= 1087°¢5 — N, 1
/Eew 087, b1b2 (blK +b2K> (5.16)

and the central charge is

ob_ 2 (27T)2/ n ci(Ly) | a(La)y vt
oa (27r)6£9 bibs Js. | 36Y w2 ( b b )63

_Z 3
8b1b2 (bl Ty )N (5.17)
reproducing (3.17). We now turn to general N’ = 1 punctures.

5.3 Flux quantization

There are two types of compact cycles in the above puncture geometries: those contained
in a single copy of the toric geometry, and those extending between the north and south
geometries. The former include an arbitrary number of yY (or yf ), while the latter have
contributions from both north and south vertices. A generic cycle (of either type) D4 with
normal vector v, is enclosed by a set of vertices y,, such that v{ = v4 for one of the three 4,
i.e. v4 is in the cone corresponding to the fixed point y,. We denote the set of such vertices
by a € T4, where by an abuse of notation a also labels whether y is in the N or S copy.
The quantization of the flux through D4 then reads

1
Ny= —— = 1
A (27ly)3 /DA 27T€ (2n0,)3 Z k €? 9 (5.18)

la Ja
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a
Ja
(see (5.10)). Unlike the /' = 2 punctures, we cannot solve these linear constraints on the y,

Here the two weights €7 , €

i, €5 entering at each nut are those involving v, in their determinant
iteratively and obtain a general expression for g, in terms of only N4 — as we will see, there
are not enough equations. We will comment on this further in the next subsection.

i
pick up contributions from the bolts at ¥V and ¥. Note that y(]j\lfv = —ygs = yq and
bY = —b5 = by. On the other hand the line bundles may be different. There are also nut

contributions from the vertices surrounding the face Dg], i.e. the isolated fixed points y,

Finally one can also quantize the flux through D¢’ the four-cycles normal to v;. These

which have v; in their cone. We denote this set by Z*. Then localization gives

1 1 47 1 w 2Ty 1 (2m)2%y,
= o = o (S - 5] 5 557
¢ (2mly)3 JplH (2mlp)3 | b2 |2 JeNuss 6yg b2 o P2 +a§1 ko €f€S 9

1 1 bl o b
= I S — (PN 5.19
10873601 3N 2 Jsnuss b ("N + 1)) (5-19)

where we define the quantities
dS

orb _ 1 (L")_1 / (L")+/ (L) . OlglNJrOéZ (5.20)
bi =5 zyuzgcl Y2 zg\fcl ’ 2501 V)2 \kay ks ) '

(the factor 1/2 is included in order to have p$™

2

= a/ky in case of identical copies), and also

by 1 1 (2m)? b3 g
n =2 . f(a”?l@:_ 2 Yo (5.21)
b1 (27ly) Sh kq €§€3 9 Sh 2¢}€s kg
For D we again get the flux integral (5.19) with 1 <» 2. These relations for NY and
NE] then respectively give
1
- w = 1087 b1y by (P3N + 1) + BN N, (5.22)
2 JeNuss P
and 1
3 /E g = 10872 (5b1b (BN + by (PN + mo) | V. (5.23)

The two expressions for [w should be the same, such that the two non-compact fluxes
are not independent

bQNE[l] + b (pgrbN + m) = blNﬁm + by (p(frbN + nz) . (5.24)

Note that the A/ = 2 discussion perfectly fits in this picture. First the north and
south copies are identical such that p;?rb = a? /kq. Then recall that supersymmetry imposes

Pyt =1 - é, PP = 0, and NP = 0. Moreover the sums over nut contributions give
d—1 ~
k N
=0, ny= aa _ X _ (5.25)
a—1 lala+1 kd
such that,
N[l} — potb 7 - N —
e T D1 tny = ng . (5.26)
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Here N = 2 supersymmetry implies (by the SO(3)g symmetry) that the north and south
copies have to be identical, and in the sum over nuts in ns one obtains the same contribution
twice. The key element here is to be able to evaluate the sum in no, which requires a
dictionary between gy, and n, which is not available (in general) for /' = 1 punctures. Notice
in particular that the N' = 1 result depends on one of the non-compact fluxes (say N¢ 1 ]).

5.4 Observables

Finally, we can compute the contribution of an N'= 1 puncture to the central charge. The
same comments as for (5.19) about the bolt contributions apply here also, and we obtain

1 2(2 2 1 orb 3 1 (2 3 3
Sa — - (2m) _7/ Yd +2( Py )yd —Z (27)° ya
2(2m) Zp b1bs 2 Junuss 36 b1 by /162 kq €f€5es 162
9 1 b2b3
_ 7 (1] 2 orb orb 3 L Y1Y2 .3
= —1sbibe [3(1)1111 + b NITYNZ 4 (2b1p3™ — bop§™ ) N¥ + }:k e y] . (5.27)

Here the sum runs over all isolated fixed points, the weights € are given in (5.10), and
ny in (5.21). The integral of w in (5.27) has been evaluated using (5.22). One could have
equivalently used (5.23). It is this choice that creates the asymmetry between by and b in the
result on the second line of (5.27). Recall from the discussion in section 3.2 that the fluxes
Ne[i] are not quantized or gauge-invariant, only becoming quantized and gauge-invariant when
added to the rest of the bulk flux along these cycles. They should be regarded as part of
the boundary data for a particular puncture, which we then glue to the bulk.

The ¢, are functions of the fluxes through (5.18). Focusing on the resolved geometry at
(say) the north pole, for a fully resolved geometry X we have d¥ = x(X) = 1+ bo(X) + by(X),
where b;(X) denote Betti numbers. There are by(X) compact four-cycles, and hence (5.18)
allows one to eliminate by(X) of the g, variables associated to that pole. Given that also
3)917\, = N, this generically leaves by(X) of the g, undetermined. As we will see in the examples,
and as summarized in the introduction, the remaining by(X') variables should be extremized
over, and this is equivalent to imposing that ®*¢ (or equivalently <I>Y) is equivariantly closed at
the level of the g, variables. More precisely, we find that the quadratic equations one obtains
by extremizing da over the by(X’) unconstrainted g, variables are equivalent to equations
obtained by integrating ®¥ over all toric two-cycles using localization, and imposing that
the latter are related by their homology relations!

Finally the total central charge with n punctures is

aPulk Z dal, (5.28)

with aP"¥ the central charge of a smooth Riemann surface given in (3.16), and da’ given
by (5.27). Only after adding all contributions should one then extremize the central charge
over the b;, subject to the constraint b; 4+ by = 1, to find the on-shell central charge.

From the general N’ = 1 puncture expression (5.27) it is straightforward to recover the
previous cases we have analysed, including the orbifold and N = 2 results as special cases.
Indeed, the unresolved orbifold case simply corresponds to turning off the nut contribu-
tions, consequently also setting n; = 0, and taking Ny] = p;?rbN = %N — then (5.27)
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immediately reduces to (5.17). Alternatively, for (1,0) N'= 2 punctures we may substitute
using (5.25), (5.26), to reproduce (4.19).

The final observables we wish to compute are the conformal dimensions of BPS operators
dual to M2-branes wrapped on two-cycles. On every toric two-cycle X (i.e. every edge/line
of the doubled toric diagram) one can wrap an M2-brane. For calibrated submanifolds ¥
this corresponds to a BPS operator in the field theory, whose conformal dimension Ay is
given in equation (2.8). One possibility is to wrap an M2-brane on a copy of the punctured
bolt, at the poles of the S*. Using equation (5.22) we may compute

1 3
5 (A [Eé\fpunct] + A[EipunctD - _§(b1p501t + b2p]1001t)Na (5-29)
where we have defined
1,1
bolt — , bulk = NE[ ] bolt _ , bulk - orb,I i{ 5.30
P1 =n +ZN’ P2 =Dy +ZP2 +N’ (5.30)
I=1 I=1

which is a straightforward generalization of the A/ = 2 result.

There are also two-cycles which are acted on non-trivially by the R-symmetry, where
only the last term in the expression for A[X] in (2.8) enters. A compact cycle will necessarily
have the topology of a weighted projective space W@P[lka’ k) where the poles/fixed points
are associated to g, and ¢, which are orbifold singularities of degrees kq, ky € N, respectively.
The R-symmetry rotates the weighted projective space, fixing its poles. Notice these latter
fixed points can either be both in the north or both in the south patches, or one in each.
We then have the general formula

3 Qa gb )
= -2 + -2 31
A[E] 2b1b2 <ka€a kbﬁb (5 3 )

Here ¢, €, are the weights of the R-symmetry vector on the tangent space to this two-cycle,
where note that necessarily k,e, = —kpep. More precisely, the weight €, that enters out of
€ 9.3 defined in (5.10) is precisely that which does not involve the pair of normal vectors
that define the edge connecting §, to 9. The N/ = 2 results we presented are special cases
of the more general formula (5.31).

5.5 Examples

In this subsection we will apply the general procedure outlined in the previous subsections
to two examples.

5.5.1 Z3 quotient

Let us first consider the simplest A/ = 1 preserving quotient, namely the diagonal action
of Zs on C3. Before resolving the singularity, in the notation of section 3 we have d = 1,
k1 = K = 3. The weights of the action are uniquely fixed by (5.2) to be a; = ag = 1. Then
the contribution to the central charge from the puncture is

da = —gblbz(bl + bQ)NS R (5.32)

where recall that b; + by = 1.
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Figure 11. Puncture geometry: two copies of the (un)resolved geometries in figure 10 are smoothly
glued together on the (left) right. The orientation and tilts are modified for a better visualization,
such that the red face there is now hidden behind.

Consider now resolving the quotient. There is a unique crepant resolution of the singularity
by blowing up a CP? at the singular point. The total space is then the non-compact Calabi-
Yau, X = O(—3) — CP?. The resolution is implemented by introducing a plane which
“cuts the corner” off the toric diagram of C3/Zs, see figure 10. The resultant toric vectors
are taken to be

v1 =(1,0,0), wvy=(1,1,0), w3=(1,-1,3), wg=(1,0,1), (5.33)

where vy is the normal direction to the added plane, 3vy = v; + vo + v3. There are now three
fixed points, arising from the intersection of the plane normal to v4 with the planes normal
to any two of v, v9,v3. To each fixed point there is an associated maximal cone consisting of
the three vectors defining the normals to the intersecting planes, with each cone containing
v4. We take the maximal cones and the y coordinate at the fixed point to be

(v1,v2,v4) ¢ Y3, (v2,v3,01) < y1, (v3,v1,v4) & Y2, (5.34)

— 36 —



see figure 10. It is simple to see that each of the fixed points is smooth, k, = 1 and the
singularity has been fully resolved. The weights at each vertex are given by

ez es) = &+ (va,v2,v3) 7" = (3by, by — by, —b1)
(1,63, €3) = & - (v1,v4,v3) " = (b1 — b2, 3ba, —bo)
3 3 3 ,
1, €3, €3

) =& (v1,v2,04) " = (b1, 2,0). (5.35)

Note also that the geometry in a neighbourhood of the bolt is simply the direct product
of the disc and R*, and in particular the orbifold first Chern class of the normal bundle
is zero (o = 0).

We now need to glue together two of these orbifolds or their resolutions to make the
puncture geometry. As we emphasized in section 5.2, in order to perform the gluing we require
that the non-compact faces are all identical, but in general compact faces may differ. This
means that there are two distinct options: either we glue two copies of the resolved orbifold,
or we glue together the orbifold and its resolution. In the following we will present the former
option, see figure 11, gluing together two of the resolved geometries, but we stress that this is
a choice here. We will carefully denote which fixed points correspond to the north and south
parts of the puncture geometry. The weights in the north copy are those in (5.35), while the
product of the south pole weights has the opposite sign. For each vector we also have an
associated four-cycle, see figure 11: D = DE], Dy = D?], D3 = Dy, DY = CP%, Dj = @IP%.

First let us quantize the fluxes. Recall that the matching condition for the S* fibre fixes

93 =95 = N, (5.36)

and we will use this consistently in the following. Note that there is no such condition for
y1 and g9, and they can in general differ between the north and south. Computing the flux
threading through the two resolution CIP?’s we find

! ((%)2 AN o ) N gl — by

= =4+ == "= 2.37
(2ml,)3 \ elel 9 e2e3 9 * eres 9 y T 2(by — bo) (5:37)

N(CIE"?V =

Here the weights are given in (5.35), and the two weights that enter at a given fixed point
are those in (5.35) that do not include the normal vector vy to CP%. There is a similar
expression for N@P% with the exchange N — S, and the product of weights changing sign.
We use these fluxes to eliminate 5 and 95 giving

i = (1= 2V =2V + 20, 55 = —(1- 2 )V = 2Ngpy) + 20 (539)
Further, we can consider the flux threading through Dy which is the face normal to wvs.
This is topologically an S? bundle over S? (in fact naturally the third Hirzebruch surface
IF5, which is diffeomorphic to the non-trivial S? bundle over S2, and like CP? is also not
a spin manifold). We find

bi(95 —95) —b2(91" — 97)
6(by — b2)

Np, = (5.39)
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This is not an independent flux but rather satisfies
3ND0 + NCP?V + N(CIP’% =N. (5.40)

Finally, the fluxes threading through the two non-compact cycles are

1 1 b — 5
- - = _ L9292 5.41
© T A08TCIEN 2 Jevuws T b 6 (5.41)

1 1 by 91 — 97
NI —7/ _ 2 — U0 5.42
¢ 1087‘(3625%62]\7 2 EQ’UE? w b1 6 ’ ( )

where we have used that [y, c1(Li) = 0. Recall that these fluxes are not gauge-invariant
since the cycle has a boundary. Eliminating the integral of w implies a consistency condition
between the two fluxes, in particular one has

A

AN _ »S AN
blNEm + bz% = ngem + bl% . (5.43)
We may pick one of the fluxes, say (5.42), and use this to give an expression for the integral
over the Kéhler class in terms of N and the free parameters v, 97
The contribution of the puncture to the central charge, da, though complicated looking,
is simply obtained giving
3

2 3 2 2 2 2 3 3
da= by [251 {N —3N?(3NP 4+ Ngpa +Negz ) + 6N(NCP?V + N@PQS) - 4(NCP?V i NCPQS)}

b3 N . . .
+ 52 (2N - 2N@P§V - 2N(C]P’QS —97 +yig){(2N@1P§V +91 - QNCJPg +97)?

+(N=2Ngpz — 91" )+ (N —2Ngyp2 +ﬂf)2}

3 2 3 3 2 ~N 2 »S
—4b1b2{N —3N (Nm?v + Neps ) —4ANGpa —4NGpe —3Nepa 7 +3Neps i
+3N (Nep2 (2Ngp2 + ) + Ngp2, (2Nep2 — 7)) H - (5.44)
cr3 \“NVep?, TYL cr \“HVepz — Y1

Notice that this is cubic in the b;’s, as one expects for the central charge and its dependence
on the R-symmetry. Moreover, note that there are now terms of the form bg which were
absent in the N/ = 2 case. Further, observe that the central charge still depends on the
two parameters ¢ and 7. Note that one could have equally used Ng[l] rather than Nﬁm
to evaluate the integral of w as these are related through (5.43). Similarly one could have
eliminated §; in (5.37) rather than §2, such that the final result would be in terms of Ne[l]7
and the extremization over gjév S particular this would give terms in b3 instead.

An interesting observation is that extremizing (5.44) over the parameters gjfﬂs effectively
imposes homology relations on the integrals of ®Y (or equivalently ®*¢) in the puncture
geometry. Indeed since the second Betti number by(CP?) = 1, the three toric two-cycles
in the blown-up CP? are necessarily all homologous. As such, if we integrate the closed
two-form Y over these homologous cycles they must be equal; that is,

/ oY :/ oY :/ oY (5.45)
DinDY DonDY DsnDY
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and similarly for the southern cycle. Evaluating the integrals using localization gives quadratic
expressions in y,, and the two equalities give rise to a single independent constraint, which
reads

(b — b2)(y3')* = b1(ys )* — ba(yy)?, (5.46)

and similarly for the southern cycle. Going to the hatted variables and further eliminating
J2 using (5.38), these constraints are then exactly the conditions obtained by extremizing
the central charge over §{¥ and ﬁls ! Finally, one should still extremize the full central charge
over by, by subject to by + by = 1.

The general expression (5.44) is a little unwiedly, and for illustration we consider a
straightforward simplification to spell out the extremization. We take the fluxes through
the north and south copies of CPP?’s to be equal NéVPQ =N gp2 = Ngp2. This actually sets
yN = —yf = y;. For readability we will also directly consider this symmetric case in the
example in the next subsection. The shift of the central charge then simplifies to

3
ba = b [b%{NC)’ — 3N?(3N + 2Ngp2) + 12N NZps — 8NGpa} + B3(N — 2Ngge — 1)
— 2b1bo{ N — 6N?Nep2 — 8Ngpa — 6NZpafin + 6N Negs (2Ngpe + 1) }] : (5.47)

where one should still extremize over g;. The extremization gives

b
9f = N — 2Ngpo + 2\/ biNW(NWQ ~N). (5.48)
2

Substituting this back into (5.38) gives!’

b
95 = N — 2Ngp2 + 2\/ bﬁNCPQ(N@]Pz —N), (5.49)
1
such that
biys? — bayi® = (b1 — ba) N2, (5.50)

which corresponds to the homology relation (5.46) as claimed. Finally, the extremized central
charge is given by inserting y; in (5.47) giving
3

da* = Tgbib2 b (N3 = 3N?(3N + 2Ngp2) + 12NN2 2 — 8N252) (5.51)

— 2by(N® — 6N NZps + ANZp2) — 16Ngpe (Nggpz — N)y/bibaNege (Ngge — N)

Note that the on-shell result still requires an extremization over b; which should be conducted

bulk _ g

for the total central charge a = a a*. Note that the asymmetry between b; and by

comes from using N€[2]‘

19Recall that one needs to pick the solution which maximizes the central charge. Since we are looking only
at the puncture contribution, which we take away from the bulk central charge, maximizing the bulk central
charge is equivalent to minimizing the puncture contribution. We are therefore lead to pick the root with the
minus sign.
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Figure 12. Toric diagram for the resolution of the C3/Zjs singularity with as = 1. The orange cycle
has topology F3 and the lilac one CP?.

A final simplification is to turn off the fluxes through the CP? cycles: N, &,2 =N EPQ =0.

This further sets g1 = 2 = §3 = N (such that NY = NP = N/3) and the contribution
to the central charge reduces to

3
da = —gblbg(bl + by) N3, (5.52)

which is the result for the unresolved Zs singularity. This is a non-trivial check: we recover
the orbifold result as a limit of the resolved result. In this orbifold case there is only the
extremization over b; left to perform.

5.5.2 Zs quotient

As a second example, we consider the resolution of C3/Zs5. We take toric data
v =(1,0,0), wv2=(1,1,0), w3=(1,—-1,5), (5.53)

so that before resolution ag = 1, K = 5 (implying oy = 3) and the shift to the central
charge is given by the orbifold formula

9
6a°™ = —qgtbe (b + 3bg)N?. (5.54)
We now resolve by adding to this the following vectors
vy =(1,0,1), wv5=(1,0,2). (5.55)

See figure 12 for the polytope.?’ This fully resolves the singularity. Indeed one can check
that the determinants of the vectors k, = 1 at each vertex. Consequently, ozfl = 0 or

20Tn general there will be different polytopes for different ranges of Kahler parameters, corresponding to
different triangulations of the toric diagram. However, here there is only one triangulation.
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equivalently the local geometry in a neighbourhood of the bolt is a direct product. The
weights at the vertices are given by

(€1, €5, €3) = & - (v5,v2,v3) ™" = (5by, by — 2by, —2by)

(1,63, €5) = € - (v3,v4,v5) " = (=b2,2b1 — bz, —by + 3b2)

(€7, €3,€3) = & - (va,v2,v5) ™" = (2b1, b2, —b1)

(e1,€3,€5) = & - (v1,v4,v3) " = (b1 — 3bg, 5bg, —bo)

(7,65,63) = & - (v1,v9,v4) " = (b1,2,0). (5.56)

As a quick check of the Calabi-Yau property, note that the weights all sum to b; 4+ bs. The
fifth vertex is where the toric geometry meets the bolt Riemann surface, and has §j5 = N.

As explained earlier, we could consider gluing different geometries in the north and south.
Here we make the choice of gluing two copies of the fully resolved geometry we have just
described. The weights at the north copy are those in (5.56), while their product pick up
a minus sign in the south patch. To each toric vector is associated a four-cycle: Dy = Dg],
Dy = D, Dy = Dy, DY = ¥%, DS = F3, DY = CP%, DS = CP%. Moreover, we take
the fluxes through the north and south compact cycles to be equal: NI]FY; = NE% = Nps,
N é\%g =N gPQ = Ngp2. Again this is not necessary but will simplify the expressions. Indeed
it sets yév = —yf = Ya.

First we quantize the flux through the compact cycles. Localization gives

U3 2b1G2 — bainn

Nowg = I3 _ 291 5.57
CF T4 4(2by —by) (5:57)
N =193 | bi(f2 — 94)

N, = . 5.58
s 2 2(b; — 3by) (5.58)

The final compact cycle Dy picks up six nut contributions, which combine to give

202 3634, — biba (1 + 5o + 9

No, = 194 + 30591 — biba (91 + 592 + §a) (5.59)

5(by — 3b2)(2b1 — by)

This does not provide an additional constraint as, similarly to the previous example, the
fluxes are related:

5Np, + 4Ngp2 + 2Ng, = N . (5.60)

Next we compute the two non-compact fluxes (taking the integrals of w over ¥V and %
to be equal by symmetry)

1 b1y Uy
N — I 5.61
< T 108N Je.© T by B (5.61)
1 b2 U3
N& -~ 5.62
< T 087N Jy, C bl( +5) (5.62)
which satisfy
1] G4 2] U3
b 4+ b1 5 = bNP 4 by (10 ) (5.63)
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Having this relation between the two fluxes means that it does not matter which one of the

two we use to replace the integral of w in the following computation of the central charge.
We now compute the central charge. This consists of the bolt contribution and five nut

contributions (doubled to account for the north and south copies). This gives

9
ba= b [63{ N® —3N2(5N[? + 4Ngp2 + 2N ) + 12N (2Ngpe + Nea)? = 8(2Npe + Npa)°}
2

b
+ ZQ{(N —4Ngp2 —2Nps —91)% = 5(N —2Nps — §3)* (TN — 12Ngp2 — 14 Nys — 391 — 4393)}

—6b1ba{ N®+ N(2Ngp2 + Nis ) (4N + 12Ngs + g1 +533)

— Nes (6N 416N +8NZs + (91 +503) (4Ngp2 + Nio))

32
~ Nepa(TN? + 2 Nipa + 28Nis +491 Noge + 503 - (5.64)

We have used (5.57) and (5.58) to replace g2 and g4 and (5.62) for the integral of w over
the bolt. One could equivalently pick another set of variables, but we find that this choice
makes the expressions more easy on the eye. The free variables left are §; and g3, and
they should be extremized over.

The extremization leads to a pair of quadratic constraints, which are not easily solved
in closed form. However, as already mentioned, these constraints actually correspond to
homology relations for ®¥ integrals in the resolution. Let us see that explicitly. First, the
divisor D5 is a triangle, and so must be a copy CIP?, with normal bundle O(—3) — CP2. The
edges of the triangle are all copies of CIP! whose homology classes are equal, so

/ oY :/ oY :/ Y. (5.65)
D2>NDs D3sNDs D4sNDs

Using localization to evaluate the integrals, this imposes a single independent constraint,
which reads

(2b1 — ba)y3 = 2b1y5 — bayi . (5.66)

Second the divisor Dy is a quadrilateral. We can determine its topology by writing the
projected vectors

UL =Vl — Vg, Uy =1Uy— V4, U3=U3— Vs, Us=Us— V4. (5.67)

The kernel of the linear map specified by the u, is generated by {(0,1,1,-3),(1,0,0,1)},
which defines the third Hirzebruch surface IFs: taking the Kéhler quotient of C* by (0,1, 1, —3)
gives C x (O(—3) — CP), and then quotienting by (1,0,0,1) precisely projectivizes the
fibres €2 to copies of CPP!. Then the homology relations for the two two within Dy = Ty
follow from the kernel for the u, vectors. Namely we can label

Fr=D3sNDy, Fob=DyNDy, S=D1NDy, So=Ds5NDy. (568)

Here F, F» are the fibres of the CP! bundle over the two poles of the base CIP!, respectively.
They have self-intersection number zero. Then Sy, So are the two sections of this bundle at
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the poles of the fibre and have self-intersection number +3 and —3 respectively. It follows?!

that the homology relations are [Fi] = [F»] and [S1] — [S2] = 3[F}], which give

1 2 2 1 2 2
2y = — (2 — 5.69
T—T (v — v3) b (y5 —v3) (5.69)
1 2 2 1 2 2 1 2 2
— ) - — (R — ) =3 ———— (12 — ). 5.70
5 (y5 — vi) b (y5 — v2) - (v — v3) (5.70)

Note that the last relation is redundant — it is already implied by (5.66) and (5.69). We
stress that these constraints do not need to be imposed by hand, but rather directly come
out of extremizing the central charge. Indeed, one can easily check that the extremization
with respect to §; imposes a linear combination of (5.66) and (5.69), while extremization
with respect to g3 gives rise to (5.70).

6 Conclusion

In this paper we have shown how equivariant localization can be used to compute BPS
observables in gravity for M5-brane SCFTs associated to Riemann surfaces with punctures.
For N' = 1 punctures this leads to entirely new results, and our work opens up a number
of interesting directions for future research.

Firstly, it would clearly be of great interest to reproduce our gravity results from a
dual field theory computation of the central charge. One prediction of our work is that
a-maximization in this set-up can be formulated to include by(X) variables §,, that are also
extremized over. Although notice that while our a is cubic in both the b; and §, variables, it
is not a cubic function of (b;, J,) as a single set of variables. As mentioned in the introduction,
relating the holographic anomaly inflow method [42] more directly to equivariant localization
would surely help understand better the anomaly polynomial calculation for the configuration
of Mb-branes with punctures.

In addition to the C3/Zx quotients considered here, one can also consider quotients of
the form C3/(Zy, x Zx,). This naturally leads one to consider taking S*/Zx bundles over
a possibly punctured Riemann surface and then resolving the singularities there too.?? It is
interesting to realize this using our equivariant localization technology, where we will be able
to generalize this picture, and this is a direction we hope to report on soon. In addition to
giving rise to new interesting classes to study this will also help explain classes of explicit
solutions constructed in [5], whose physical origin is not understood. Furthermore this will
shed light on the so-called (p, q) punctures considered in [42]. These can be understood as
a specific choice of action for the N'= 1 quotients discussed here. Using our results we are
able to recover the central charge computed there using anomaly inflow.

We have focused on regular punctures, but gravity duals to M5-branes probing an N = 2
irregular puncture have been constructed in [44, 49-51].2% These solutions involve a fibration
over a disc with explicit M5-brane sources over the disc boundary and are the holographic

21 A more complete discussion may be found in section 5.1.3 of [47].

228ome work using anomaly inflow along this direction for smooth Riemann surfaces has been conducted
in [48].

238ee also [52] for an N = 1 prototype of an irregular type puncture. Equivariant localization can be used
to recover the central charge presented there.
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duals of Class S Argyres-Douglas theories. Equivariant localization also extends to this
setting [53], where it is shown how to recover the exact (to order 1) central charge for a subset
of these theories and other N’ = 2 preserving solutions. For the Argyres-Douglas theories
there are two classes of irregular puncture that can be considered, known as type I and type
I1I,%* see for example [55]. The type I puncture is well understood field theoretically, however
the type III puncture is far less well understood with general results for the central charge of
the theories within this class unknown. The explicit solutions [44, 49-51] and work in [53]
only realize the type I puncture and it would be interesting to use equivariant localization
to make predictions for the central charges for the type III class of theories.

More broadly, equivariant localization makes clear that certain BPS observables in su-
pergravity can be computed by cutting and gluing manifolds together, with fixed point
contributions in each piece. In simple settings the building blocks have been called “grav-
itational blocks” (as introduced in [56]). Ultimately we believe that everything should be
expressible in terms of equivariant cohomology, with the same then being true in field theory.
We leave these very interesting questions for future work.
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A Explicit flux quantization for A/ = 2 punctures

In this appendix we show how to introduce an explicit ansatz that represents the cohomology
class of G for N' = 2 punctures. One can recover various formulae in the main text by
direct integration of this four-form.

Recall that the local N = 2 puncture geometry involves a partial resolution of the C?/Z g
singularity, shown in figure 2. We begin by introducing Poincaré duals ¥, for each of the
compact toric divisors D,, a = 2,...,d, in this 4d geometry. By definition the ¥, are closed
two-forms that are supported (non-zero) only in a neighbourhood of each toric divisor, and
integrate to 1 along the normal directions. For illustration, the support of the Poincaré dual
U, to Dy is shown as the shaded region in figure 2. These duals then satisfy?’

1 _
o= b=a—-1,

U, =4 & b=a+1, (A.1)
7(k;a1 J’»k%) b:aa

-1 a

Dy

241n the literature one also sees type II punctures; however, as explained in [64] these are a special class of
type I punctures.

25Notice that this intersection matrix appeared in equivariant localization in supergravity, but in a different
setting, in [17].
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for a = 2,...,d. The first two lines follow immediately from the definition, noting that the
normal directions to D, over its poles (blue dots in figure 2) are the same as the tangent
directions to Dy—1, Da41 at those same poles (which are orbifold singularities of order k,_1,
kq, respectively). For the last line of (A.1) we note x(D,) = ﬁ + é is the Euler number
of the weighted projective space D, = W@P[lkmkk o where recall that the normal bundle
of D, is (necessarily for a Calabi-Yau two-fold) its cotangent bundle.

We can then write the following ansatz for the cohomology class of G:

d a—1
G = Gpuk + (Qwép)?’ lz (Z k:bnb> U, A volS%] , (A.2)

a=2 \b=1
where similarly to (2.16) we define

(2ml, )3

Ghuk = 5.

N[dp A (dp1 — A1) — pF1] A volgz . (A.3)
Here VOIS?% is any volume form on S% that integrates to 1, while we take p to be a function
defined in the 4d geometry that is —1 near to Dgy; = X, = C/Zy,,, and rapidly decays to 0
as one moves away from it. The first term in (A.3) then integrates to N over the copy of
5% on the dotted black line in figure 4. This expression for Gy is closed and well-defined
in the whole puncture geometry region; in particular, notice that although VOIS% is only
well-defined where 312«2 is not collapsed, both p and dp are only supported near to Dy = X
(corresponding to the shaded region in figure 4). Since Dgy; = C/Zy,, as in (3.13) we have
1 F 1

S k=N Lo (1- =N, Ad
(27r€p)3 DE] Gb I Dat1 27 ( kd) ( )

where recall that DE] = Das1 x S%, and where we have used (3.11) to evaluate the integral.

The second term in (A.2) precisely produces the fluxes in (4.9), (4.11). To see this, first
recall that the Poincaré duals ¥, are supported only in a neighbourhood of each compact
toric divisor, and satisfy (A.1). For example, the only form supported along D; = C/Zy,
is Wy, which integrates to 1/k;. Thus

oty Jo, € = am) 2 =, )

where recall Dy & S§%/Zy,. Then for D, = D, X S%, a = 2,...,d, we have

a—2 a—1 a
(27r1€p)3 / ) G = /a [(bz_:l k:bnb) W,_1+ (bz_:l k:bm,) v, + (Z kb”b) \11a+1]

b=1

() - () (S 4 2 (S
Far \ 2 b7 Fa k) \ & b1y |+ 2 b7

=Ng — Ng_1 - (A.6)

Notice here that Dy and Dy are special: for Dy the first sum on the right hand side of (A.6)
is empty (and indeed we did not define ¥;). Instead for Dy the last term W4y in (A.6) is
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identified with the first term in Gy in (A.3). Finally the full G-flux along Dgy1 = DE}
is then, using (A.4) for the first bulk contribution,

1 1 “!
Ne[l]Ei/ GZ(l—)N—I- ( kbnb>\1’d
(27T€p)3 Dgt1 kq Dat1 bZ:‘;
1 1 d—1
:<1—kd>N—|—kd<bz::lkbnb>=N—nd, (A.7)

where we used (4.13) in the last step.
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