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ABSTRACT: We introduce a generic procedure to reduce a supersymmetric Yang-Mills
(SYM) theory along the Hopf fiber of squashed S?~! with U(1)" isometry, down to the
CP"~! base. This amounts to fixing a Killing vector v generating a U(1) C U(1)" rotation
and dimensionally reducing either along v or along another direction contained in U(1)". To
perform such reduction we introduce a Z;, quotient freely acting along one of the two fibers.
For fixed p the resulting manifolds S*~1/Z, = L?~!(p,+£1) are a higher dimensional
generalization of lens spaces. In the large p limit the fiber shrinks and effectively we find
theories living on the base manifold. Starting from N = 2 SYM on S and N' = 1 SYM
on S° we compute the perturbative partition functions on L2 ~!(p,£1) and, in the large
p limit, on CP" !, respectively for r = 2 and r = 3. We show how the reductions along
the two inequivalent fibers give rise to two distinct theories on the base. Reducing along v
gives an equivariant version of Donaldson-Witten theory while the other choice leads to a
supersymmetric theory closely related to Pestun’s theory on S*. We use our technique to
reproduce known results for r = 2 and we provide new results for r = 3. In particular we
show how, at large p, the sum over fluxes on CP? arises from a sum over flat connections
on L5(p,£1). Finally, for r = 3, we also comment on the factorization of perturbative
partition functions on non simply connected manifolds.
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1 Introduction

Studying supersymmetric quantum field theories (SQFTs) on curved manifolds led to a vast
range of exact results. The work of Pestun [1] for N' = 2 supersymmetric Yang-Mills (SYM)
on S* allowed to explore SQFTs in different dimensions and background geometries (see [2]
for a review). In an attempt to collect a class of results into a unique framework, in [3, 4]
it has been proposed a systematic way of constructing N' = 2 SYM theories on compact
four manifolds with a Killing vector with isolated fixed points. The theories differ by their
distribution of either instantons or anti-instantons at the fixed points. As an example
Pestun’s theory on S* is obtained placing anti-instantons at one pole and instantons at
the other. Considering anti-instantons at both poles gives rise to an equivariant version of
Donaldson-Witten (DW) theory [5]. In our work we consider A" = 2 SYM on CP? and our



first goal is to show how both equivariant DW and a supersymmetric theory, closely related
to Pestun’s,' arise from dimensional reducing N' = 1 SYM on S°. Also for CP?, DW is
obtained placing anti-instantons at all three fixed points, while flipping one of them into
an instanton gives a Pestun-like theory. Moreover for both four dimensional theories we
are able to compute the perturbative partition functions showing their explicit behaviour
at each flux sector. We also study a similar reduction from S® to CP! which we use to test
our results.

Our starting point in the construction are odd-dimensional spheres. After the work
of [6] great progress has been done in recent years in understanding how to compute the
partition function of SYM theories on S?"~!. For r = 2, results for an AN/ = 2 vector
multiplet have been presented for both round and squashed spheres [7—10]. Similar results
have been obtained for » = 3 and an N' = 1 vector multiplet in [11-16]. The works
of [17, 18] showed how the partition function for a squashed S® can be decomposed in
two elementary blocks, one for each fixed point of S3. Each factor is given by a copy of
the partition function on C x S'. The same approach has been conjectured on squashed
S® [19, 20] with each factor now written as a partition function on C? x S'. See [21] for
a review of factorization of more generic manifolds in three and five dimensions. Some
results are known also for r = 4 [22-24].

Spheres in odd dimensions can be seen as an Hopf fibration S1 «— S§2—1 — CP—1.
In this paper we study the dimensional reduction along the Hopf fiber of SYM theories,
focusing on 7 = 2,3. The first class of theories we consider on CP" ! are topological twists
of N =(2,2) SYM for r =2 and N =2 SYM for r = 3. In d = 4 the partition function
and other observables compute Donaldson-Witten invariants [5]. Moreover the d = 2r — 2
manifold admits a U(1)"~! torus action which can be used to define the equivariant version
of topological twist. For r = 2,3 see [25-27]. We also consider Pestun-like theories on
CP"~!. For r = 2 it has been studied in [28] and for 7 = 3 in [3, 4]. Similarly as for the
spheres, the partition functions on CP" ! factorize into elementary blocks defined on C"~1,
with each factor coming from one of the r fixed points of the isometry group U(1)" L.

Having introduced the main objects of interest, in our work we present a systematic
way of relating the two, via dimensional reduction along the Hopf fiber:

(i) We take a round S?"~! with SO(2r) isometry group. We fix an arbitrary Killing vector
v by choosing a pair of supercharges Q,@. The vector v selects a particular U(1)
rotation inside the U(1)" Cartan of the isometry group. The perturbative partition
function is a product over r positive integers nq, ..., n, eigenvalues under each of the
U(1)" along wv.

(ii) We consider two different choices for the direction of the Hopf fiber: either the
U(1) selected by the Killing vector v or a different combination U(1) C U(1)". We
rewrite the product over ni,...,n, as a product over ¢,ns,...,n,, with ¢ being the

P

quantum number for either U(1) or U(1) rotations. We assume these to correspond

"We will refer to this supersymmetric theory in the rest of the paper as Pestun-like theory. By analogy
we will also refer with the same term name to a related theory on CP*.



tot ==£n;+---+n,. At fixed t, the product over no, ..., n, represents two different
(r — 1)-dimensional slices of the same cone in R" spanned by positive (nq,...,n,).

(iii) We introduce a quotient of S?"~! by a free Zyp-action, squashed on its CP" ! base,
such that the quotient acts on either of the two Hopf fibers. The resulting mani-
folds L?"~1(p,41) are (squashed) higher dimensional analogues of lens spaces. For
L3(p,—1) see [29]? while the difference between L3(p,+1) and L3(p, —1) has been
studied in [30, 31]. Due to the squashing along the base the Killing vector v generates
a rotation which deviates, along the CP"~! base, from the U(1) of the Hopf fiber. At
finite p the SYM partition functions on L?"~1(p, £1) are given by a sum over inequiv-
alent flat connections a(m). Moreover the quotient by the Z,-action along the Hopf
fibers introduces a projection condition +nq + ng + ng = t = a(m) mod p. At large
p the fiber shrinks to a point and the projection condition sets t = a(m). Because
of this, at given a(m), the perturbative partition functions count a single (r — 1)-
dimensional slice of ng, ..., n,. Due to the different definitions of ¢ in L2 ~!(p,41),
we will show how the slices are different in the two reductions. Comparing with the
perturbative partition function on CP"~! we see how, in the limit, the sum over flat
connections in L?"~!(p, £1) corresponds to a sum over fluxes in one dimension less.
Reducing along the Hopf fiber associated to v we obtain the equivariant version of
topologically twisted theories on CP"~!. Instead reducing along U(1) we find exotic
theories on squashed CP" !, which we match with Pestun-like theories.

—

We focus on 7 = 2,3 where only one? choice of U(1) is possible. At each step in the
reduction we show how the perturbative partition functions factorize into r pieces.* In
particular we find factorized results on a non simply connected manifold as L2 ~!(p, +1)
and, at all flux sectors, on CP" 1.

For r = 2, we reproduce an example of such dimensional reductions which appeared
in [28], where it was shown that the large p limit of the A" = 1 (round) L3(p, —1) partition
function [29, 32] matches the Pestun-like N = (2,2) on CP!. We test the more general
procedure reducing using L3(p,+1) and show how the resulting perturbative partition
function matches with the result for N = (2, 2) topologically twisted on CP! [25]. Next® we
consider S® squashed along its CP? base and the large p limit of L°(p, +1). The two limits
give us results for the perturbative partition functions, at all flux orders, for both N/ = 2
topological twist and an N = 2 exotic theory. In both cases the sum over flat connections
on L°(p, £1) gives rise to a sum over topological sectors corresponding to fluxes a(m) =t
in the partition function on CP?. This is different than what was found in [3, 27], where
each flux sector corresponds to several contributions labelled by equivariant fluxes k%, with
1 = 1,2,3. Moreover we observe how our results only depend on the Killing vector v on
S52r=1 and its reduction down to CP" 1.

*Notice that in [29] they use a slightly different notation for the Z,-action and thus the lens space they
consider turns out to be L?(p, +1). This corresponds to L*(p, —1) in our notations.

3For r > 4 more inequivalent choices are allowed.

However we do not study the precise choice of integration contour in the cases we consider.

®For r = 3 a dimensional reduction for a class of toric Sasaki-Einstein manifolds appeared in [33] but
missed the contribution of fluxes on the d = 4 base manifold.



The outline is as follows: in section 2 we introduce the geometry of odd-dimensional
squashed spheres. In particular we focus on the two choices of fiber that we will use to
reduce with respect to a Killing vector v. We also present L2"~!(p,£1) manifolds. We
leave to section 3 the relation between v and a choice of supercharges. There we also
briefly present the field content of the vector multiplets we consider, and their perturbative
partition function on S?"~!. These will serve as starting point for sections 4 and 5 where
study, separately, the reductions for » = 2, 3.

2 Geometry of odd-dimensional spheres

We consider odd-dimensional round spheres S?"~!. Most of the results are presented for r =
2 and r = 3, however many of the concepts can be extended to generic » > 2. Considering
S2r=1 as an Hopf fibration S! < S2"~1 — CP"! we study two different choices of fiber
with respect to a direction determined by a Killing vector v, which is itself determined
by a choice of supersymmetry. While the relation between v and supersymmetry will be
explained in section 3 here we introduce two sets of coordinates, each adapted to one of the
two fibers. Treating the two cases separately, we then introduce a generic squashing which
can be set to act either on the CP"~! base only or on the fiber only. We end the section
introducing manifolds obtained as quotients of S?"~! by a free Z,-action along either of
the two fibers. The resulting manifold S?"~!/Z, = L*~!(p,41) is not simply connected
and is a higher dimensional generalization of the » = 2 lens space. Taking the large p limit
of L>"~1(p,+1) we can dimensionally reduce along the two fibers down to CP" !,

2.1 Round spheres

Odd-dimensional spheres S?"~! can be embedded in C". Choosing complex coordinates

(z1,...,2r), the SO(2r)-invariant metric can be written as:
T T
ds¥ors =Y _|dzil?, Y |uf* = R (2.1)
i=1 i=1

Introducing real coordinates (p;, 6;) such that z; = piewi, the metric can be rewritten as:

s r

dskor—1 = Y _(dp} + pidb?), > p? =R (2.2)
=1 =1

From now on we set R = 1. Spheres in odd dimensions can be seen as a fibration over CP"
Sl <y §2r=1 _, CP"~!. For r = 2 it corresponds to the Hopf fibration: S! < S% — S2.
Hence, with a further change of coordinates, their metric can be written as:

dsgor = dsgpr—1 + (do+ V)2, (2.3)

where dsépr,l is the induced Fubini-Study metric, « is the coordinate along the fiber and
V' is a connection one-form. At this point every choice of fiber is equivalent as they are all
related by an SO(2r)-rotation. However, as we will explain in detail in the next section, a



choice of supersymmetry generators® determines a fixed direction on S?"~!. This because
the square of the chosen supercharges gives a Killing vector v generating a U(1). To describe
this choice we introduce the action of the U(1)" C SO(2r) Cartan of the isometry group on
2 — €z for i = 1,...,r. Denoting e; the corresponding vector field, the chosen Killing
vector field for a round S?"~! is given by:

v=-+el+---+epn. (2.4)

With respect to the direction determined by the Killing vector not all choices of fiber are
equivalent. In particular we will consider two fibers differing by the action of the first factor
of U(1) in the Cartan:’

top: z'P =4e; +---+ e, (2.5)

ex: % =—e1 4+ +e. (2.6)

We introduced the notation “top” and “ex” which stands for topologically twisted and
exotic, labeling the two different cases associated to the two choices of fiber z'°P and . As
we will be interested in dimensionally reducing along a fiber, we will see how topologically
twisted theories in d = 2r — 2 are obtained reducing along a direction determined by the
Killing vector (2.4) differently than exotic theories. This will turn out to be a key point in
understanding the two different theories on CP" 1.

We now show the explicit changes of coordinates on S% and S° adapted to the two
fibers (2.5) and (2.6).

Three sphere: first we consider » = 2 and we would like to find different changes of
coordinates between (2.2) and (2.3). For this we utilize the choice of basis functions on 53:

p1 = sin g, p2 = COS g, (2.7)
along with a choice of angles:
1 1
top: 0125(04—@, 92:§(ﬁ+a), (2.8)
1 1
ex: 01:5(6—04), 92:5(5—1—@). (2.9)

Inserting the previous relations into (2.2) produces the following metric:
1 . 1 1
dsts = 1 (d¢2 + sin? pdB? + (da — cos ¢d6)2) = ZdSépl + Z(da + V)2 (2.10)

The vector % generates a rotation along the fiber while we identify the metric of the CP*
base, along with the one form V:

V = —cos ¢df. (2.11)

SEquivalently, as S?"~! are contact manifolds, the choice of supercharges corresponds to a choice of
contact structure which uniquely determines a Reeb vector field, which is also Killing.

"For r = 2 and r = 3 all other combinations are related to these two choices, as they can be obtained
by shuffling the z; coordinates and/or flipping all signs. This is not true for r > 4.



The two choices of coordinates given in (2.8) and (2.9) both reproduce the same met-
ric (2.10). When solving for the o and /5 angles:

top: B =—-01+60s, o=-+60;+ 05, (2.12)
ex: f=461+60:, a=—01+0s. (2.13)

we find these two possible inequivalent choices of fiber «, differing by a reflection around
01, as expected from the two fibers z*P (2.5) and z®* (2.6).

Five sphere: again, considering » = 3, we need to find two inequivalent changes of
coordinates from (2.2) to (2.3). We need to set:

p1 = COso, po = sino cos 5 P3= sin o sin 5 (2.14)
and:
1 1
top: 01 = +«, 92:a—§(ﬂ+’y), 93:04—5(6—7), (2.15)
1 1
ex: 6 =—a, 92:04—5(64—7), 93:04—5(6—7). (2.16)

Explicitly substituting into (2.2) gives:

1 1
ds%s = do* + 1 sin? o(d¢? + sin? pdv?) + 1 cos? o sin® o (df + cos pdy)? + (da+ V) =

= dstpe + (da+ V)2
(2.17)

Again % generates rotation along the fiber. We have defined the one form V as:
1
V= ~3 sin? o(df + cos pdy). (2.18)

As for S3 we have found two changes of coordinates which differ by a reflection around 61,
again in agreement respectively with 2P (2.5) and = (2.6).
2.2 Squashing

We are interested in squashed spheres which, in general, break the SO(2r) isometry group
of §?7~1 to its Cartan U(1)". The squashed metric in coordinates (2.2) is:

2
T 1 r r
ds¥er1 = Y _(dp} + p2do7) + S o7 (Zalp?d@) . Y =1 (219)
=1 1=1"Fi \ j=1 i=1

We define the squashing parameters:
w=(w1,...,wr), wi=14a; €R. (2.20)

Setting all a; = 0 gives the round sphere.



Considering a Hopf fibration, the parameters a; can be set to make the squashing act
only on the base CP" !, on the fiber, or on a combination of the two. From the definitions
of the two chosen fibers 2P (2.5) and 2®* (2.6) we know that a squashing acting only on
the base is achieved setting;:

top: +ai+as+---+a. =0, (2.21)
ex: —aj+as+---+a,=0. (2.22)

To consider a squashing of the fiber instead we require:

top: (4a1 —ag,...,+a; —a,)=(0,...,0), (2.23)
ex: (+a1+az,...,+a1+a,) = (0,...,0). (2.24)

We see how a squashing acting only on the fiber imposes strict conditions, relating all
squashing parameters a;. In the case of a squashing only on the fiber it is possible to
preserve a bigger isometry subgroup, SU(r) x U(1), where SU(r) is the isometry group of
CP"! while U(1) parametrizes rotations along either of the two fibers. This case is also
particularly interesting as it can be used to dimensionally reduce the manifold along the
fiber onto CP" !, considering the large squashing limit of the fiber. However, as we will
dimensionally reduce quotienting by a Z,-action along a fiber at large p, we assume from
now on that the squashing parameters are set as in (2.21) and (2.22) to act only on the
CP"! base.

As we will see in section 3 the perturbative partition function of a vector multiplet®
on S?"~! factorizes into r factors. Each of these corresponds to a submanifold where the
U(1)" isometry degenerates to a single U(1):

5 (P1,p2) = (170)7 (07 1);

. (2.25)
S” (pl,pZ,pS) = (17070)7 (0,1,0), (0,0,1)

These S! fibers are special as they are fixed fibers of a subset U(1)"~! of the full isometry
group U(1)". In a neighbourhood of the fixed fibers the manifold can be identified with
a twisted solid torus C"~! x S'. We associate inhomogeneous coordinates for the planes
Cr~! at each fixed fiber:

$5 (1,0), (0,1) - [122} [“1}
Z1 Z9
(2.26)
S5:  (1,0,0), (0,1,0), (0,0,1) — [12223} [21123} [21221}
21 21 29 29 Z3 23

Focusing on the fixed fiber (p1,p2,p3) = (1,0,0), the twisted identification of the solid
torus C? x S! is:

Z9 23 29 omi¥2 23 omi¥3 2
1,22 22~ |1, Ze e 22 e | a~ o+ —. (2.27)
Z1 %1 21 Z1 w1

The description of the other fixed fibers, both on S$% and S°, follows in a similar way.

8We will consider A = 2 vector multiplets on S and N = 1 on S°, these will be introduced in section 3.



Going to squashed S?"~1, the Killing vector field v (2.4) determined by the choice of
supercharges depends on the squashing parameters:

v=wier + -+ wee. (2.28)

In order to write v in terms of inhomogeneous coordinates, at each fixed fibers, we introduce
the vector field e; corresponding to rotations along the fibers z*°P and z°*:

top: eEOP =+e1t+ex+ -+ e,

(2.29)
ex
ex: e = —ej+ex+---+ep.
Considering the fixed fiber (p1,...,p,) = (1,...,0) and substituting for e;, we find:
top: VP = tew + ea(we —wi) + -+ ep(wr — w), (2.30)
ex: v = —euw + ea(wa +wi) + -+ ep(wr + wi). '

The Killing vectors corresponding to the other fixed fibers follow similarly.

2.3 Quotients

Besides squashing, another action which can be considered on S?"~!, squashed on its CP" !
base, is that of taking the quotient by a freely-acting Z,, along the fiber:

(21,22, ..y 2p) = (zleﬁm/p, zoe 2P zre“‘%i/p). (2.31)

The choice of sign in the first factor corresponds to a quotient acting respectively on the
fibers 2'°P and ®*. In the case r = 2 the quotient of S® by Z, is known as (squashed)
lens space L3(p, +1). As we are considering the generalization of such manifolds to higher
dimensions we introduce the notation L* ~!(p,4+1) = S*~1/Z, where the Z,-action is
that shown in (2.31) and the CP"~! base is squashed. Notably these manifolds are not
simply connected and thus performing such quotient results into a non-trivial change in
the topology of the manifold. In particular on L?"~!(p,41) the first homotopy group is:

T (L*H(p, £1)) =2 Z,. (2.32)

The free Z,-action introduces over L*~Y(p,41) p topologically inequivalent complex line
bundles, labeled by flat connections:

A = diag(Ap", ..., AJF). (2.33)

Here 0 < m; < p and the index ¢ = 1,..., k counts the Cartan elements of the gauge group
G. For r = 2 these have been studied in detail in [34], considering the Heegaard splitting
of L3(p,+1) as two solid tori L3(p, £1) = Hy, Uy Hp identified along their 7% boundary
by a homeomorphism f : dH; — 0Hp. The flat connections Ay, and Ag are related by a
gauge transformation U on 0Hp:

fxAp =UtARU — iU 1aU. (2.34)



Then the flat connection well defined on the entire L* ~!(p, 41) is given by:

{AL in Hy,

(2.35)

U YARU — iU 'dU in Hp.

We will show in section 4, following [34], how this affects the evaluation of a Chern-Simons
term on L3(p,£1). Moreover, both for 7 = 2 and r = 3, when we will study the partition
function for a vector multiplet on L3(p,£1) and L°(p, +1), we will have to sum over flat
connections differing by their wrapping along the Hopf fiber. To dimensionally reduce onto
CP"! we can take the large p limit of either L> ~!(p, +1) or L* ~1(p, —1).

3 Supersymmetry on S !

In the previous section we have presented the geometry of odd-dimensional squashed
spheres. We have also shown that on S2"~! for r = 2,3, a Hopf fibration over CP" !
can be written choosing two fibers z'°P (2.5) and x®* (2.6), with respect to a direction fixed
by a choice of Killing vector v (2.4). In this section we motivate how the reductions along
either P or z°* give rise to topologically twisted theories and exotic theories on CP" 1.
Hence we show, first, how a specific choice of supersymmetry generators fixes a direction on
S?7=1 through the Killing vector v given by the square of two supercharges Q, @ Second,
we explain how the two choices of fiber, in the reduction, affect supersymmetry also on
the base manifolds CP"~!. The discussion generalizes to the case of a squashing acting
only on the base. We then present the field content of topologically twisted and exotic
theories, that is we introduce both d =3 N =2 and d = 5 N = 1 vector multiplets using
cohomological variables. We conclude this section presenting briefly some known results
for the vector multiplets perturbative partition functions Zggft_l. These results have been
obtained performing a localization computation on S3 [8-10] and on S° [12-16], which
showed how, generically, Zggit_l can be expressed as multiple sine function S, (ia(og)|w).
Moreover such functions enjoy a factorization property related directly to the contributions
entering the localization computation, with each factor coming from a fixed fiber (2.25),
around which the manifold is locally a twisted solid torus C"~! x S'. This brief recap will
serve as starting point for the next two sections where we will treat separately S and S°.

3.1 Choice of supercharges

We will consider A/ = 2 superalgebras on S% [7-10] and N = 1 superalgebras on S® [11-15].
On the round cases these, and the corresponding bosonic subalgebras, can be determined
to be:

S3 . SU(2); x SU(2|1) D SU(2); x SU(2), x U(1)g,

5 (3.1)
S SU(4/1) D SU(4) x U(1)g.

The group SU(2); x SU(2), and SU(4) are respectively the isometry groups of round S3
and S°, while the subscript R indicates the R-symmetry. At the level of Lie algebras we
have the isomorphisms:

12

so(4) = su(2); x su(2),, so(6) = su(4). (3.2)



At this point there is no preferred direction on S ! and every choice of U(1) fiber is
equivalent. The arbitrary choice we have to do is to select two nilpotent supercharges Q
and Q. If we combine them as:

Q=Q+Q, 0=Q-Q, (3.3)

the squares Q2 and Q2 give rise to bosonic transformations which include a U(1) rotation.
The Killing vector field generating this transformation is chosen to be v defined in (2.4):

v=e€1+- - +e. (3.4)

The subset of the SO(2r) isometry group commuting with the selected U(1) is? SU(r).
This is also the isometry group of a CP" ! base which, however, is not necessarily the base
we are reducing onto.'® The two different reductions originate from this observation: we

can reduce along a fiber which is either the one specified by v or along a U(1) contained in

the commutant SU(r), as long as the supercharges Q and @ are preserved in the reduction.

These two situations correspond respectively to the choices of fiber z'°P (2.5) and % (2.6).
We now explain the cases of S® and S® separately.

Three sphere:

« Topologically twisted theories: in the round case z*°P = v and the reduction is along
the Killing vector v. Notice that @ and @ are doublets under SU(2), and have i%
charge under the U(1) generated by the Killing vector, as in [9]. Thus, when reducing,
we need to turn on an appropriate R-symmetry background field along the fiber. Its
reduction has flux in CP! such that it cancels the contribution of the spin connection.
Before turning on any squashing on the base, the chosen supercharges Q and @ do
not generate any isometry on the base manifold CP!.

—~

o Exotic theories: reducing along the commutant U(1) C SU(2); corresponds to the
choice of fiber 2°¢. In this case the supercharges @ and @ do not transform under
SU(2); and there is no R-symmetry background field. With respect to this choice
of fiber, Q and Q generate transformations on the base CP'. This is the situation
considered in [10] which reduces in d = 2 to a Pestun-like theory [28].

Five sphere:

« Topologically twisted theories: again this corresponds to reduce along z'°P which is
equivalent to reduce along the Killing vector v. As Q and @ have charge :l:% we need
to turn on a background R-symmetry connection. Similarly as for CP!, the reduced
R-symmetry field has flux on CP? which cancels the spin connection on the base, as
in [27].

9For S our choice corresponds to SU(2);.

10We have been assuming that the reduction is performed introducing a quotient by Z, and taking the
large p limit. However the following discussion holds also reducing by performing a large squashing acting
only on the fiber.

~10 -



« Exotic theories: the situation is slightly different for S° as the full isometry group
SO @is part of the superalgebra. As before we reduce along the fiber ¢ which fixes
a U(1) part of the commutant SU(3). However in this case the supercharges have
charge :l:% and we need a smaller R-symmetry background field. Again, we match
this case with Pestun-like theories on CP? [3].

So far we have only considered, for simplicity, the reduction from round S?~!. In
sections 4 and 5 we will be interested in a squashing acting only on the base CP"~! which
breaks the isometry group to its Cartan U(1)". The condition for the squashing parameters
is +a; +- - - +a, = 0 respectively for topologically twisted (2.21) and exotic theories (2.22).
Notice that while the Killing vector (2.28) is now:

v=wie] + - +wre,, (3.5)

we can still perform the reduction along the fibers %P and z®*. This is possible as the
squashing acts only on the base and the fibers z'°P and z®* are left invariant. Differently
than in the round case, v in the reduction along z'°P generates a U(1)"~! isometry on the

base manifolds. This correctly vanishes sending the squashing parameters to zero.

3.2 Field content

Up to now the discussion has been entirely generic with respect to the field content of the
theories. We only demanded the existence of two supercharges Q and Q squaring to a
particular U(1) direction on S?"~!. In order to write down explicitly partition functions in
the next sections, we consider N' = 2 vector multiplet on S and an N = 1 vector multiplet
on S°. The superalgebras are those in (3.1). Both multiplets consist of a gauge boson A,,,
a real scalar o, gauginos A, A and an auxiliary scalar D. On S ¥ is a doublet of SU(2)r
while D;; is a triplet. All fields transform in the adjoint of a gauge group G. As we want to
dimensionally reduce from S~ onto the CP"~! base we would need to consider also the
reduction of the vector multiplet fields. However CP? is not a spin manifold, due to the non
vanishing of the second Stiefel-Whitney class. Hence it is not obvious how to define the
reduction of fermions A, \. Therefore we find it more convenient to introduce cohomological
variables which turn all fields into differential forms. The rewriting of fermions gives on
53 [35] a zero-form « and a one-form W. On S instead together with the one-form ¥ we
need to include a two-form x [36]. All the forms are uncharged under the R-symmetry. For
the supersymmetry transformations and actions we refer to [35, 36] and references therein.

3.3 Vector multiplet partition function

The full partition function for a vector multiplet on squashed S?"~! with gauge group G
can be written compactly as:

Dgorr = / doge5a Z05 | Zhgnpert, (3.6)

b
Here o¢ is the Coulomb branch parameter integrated over the Cartan subalgebra h of the
gauge group G. Also Zgg"™ °' — 1. Using a localization approach exact results have been
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computed both for r = 2,3 for round and squashed S?"~!. We consider first the classical
part of (3.6). On S3 we turn on a Chern-Simons interaction term [29] while on S° we
use the non Q-exact (nor Q-exact) SYM action [36]. After evaluating on the BPS locus,!!
we find:

§3: e S = e”k%Tr(”g), (3.7)
_87T395T 2
G5 . oS — o Hm Heo) (3.8)
We have defined
VOISZ'rfl 1

_ squashed

= = . 3-9
or Volgzr—1 (wiws ... wy) (3:9)

In this paper we will mainly focus on the perturbative part which can be expressed as
multiple sine functions in the following way:

t .
Zi = I Sria(og)|w). (3.10)
ag€roots
A possible representation of these multiple sine functions is in terms of multiple gamma
functions, turning them into infinite products over the integers n = (ny,...,n,):

o0 o0 (=1t
Sr(ia(op)|w) = H <n cw+ ia(oo)> H <n cw — ia(ao)> . (3.11)

ni,...,ny=0 N1,yeeeNp=1

We see how (3.10) is expressed as an infinite product over r positive integers ny,...,n,.
These represent quantum numbers under the U(1)" rotations of the modes entering the
perturbative partition functions. In particular the n; count modes of a Fourier expansion
in the C-planes into which the background S*"~! can be embedded. For more details on
the partition function and multiple sine functions we refer to appendix A.

A different but equivalent way to express this same partition function is to consider
the fixed fibers we introduced in section 2. In the case of S?*~! the manifold is an S!
bundle over CP"~! which has r fixed points. We can use this fact and express our partition
function on S?"~! in terms of r factors, each corresponding to a fixed fiber, giving the
following factorized form:

Zpet = [ e Ferletonl T 22, (m@; MWL 2”“’?‘). (3.12)
a€roots =1 Wi Wi Wi

Here we have introduced the perturbative partition function defined on C"~! x S' and
we have associated one to each of the fixed fibers. Additionally we have also introduced
an effective action Feg which is not relevant for our work. This factorized fixed point
perspective on the partition function of S°, introduced in [14] and further examined in [15,

16, 37], relies on factorization properties of the multiple sine functions shown in [38].

11 As we will study mainly the perturbative partition functions, on S° we restrict ourselves to the trivial
instanton sector.
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4 Reduction to CP!

In this section we will attempt to lay the groundwork for our approach to lens space re-
ductions on spheres by considering the already well documented example of theories on
53 [7-10] and its lens space S3/Z, = L3(p,+1) [28, 29, 32]. We will give a slightly more
general approach to what is already given in the literature, as we will consider also the
possibility of reducing using L3(p, —1) [30, 31] to get a topologically twisted theory. In
section 5 we will use this approach to study the case of S° and two possible lens spaces
S°/ Ly = L3(p, £1). To obtain our results we consider S%, squashed along its CP! base, and
two different fibers x*°P and z® with respect to the Killing vector v given by the square
of the chosen supercharges Q, @ In the unfactorized case, two different expressions for
topologically twisted and exotic theories arise when we introduce a rewriting of the per-
turbative partition function (3.11) which counts modes with respect to the U(1) rotations
along either z'°P or . The same is true for the factorized case, where, however, we will
consider contributions coming from all fixed fibers. Finally we introduce a 7Z, quotient
along either of the two fibers. We then need to sum over topological sectors labeled by
inequivalent flat connections. In the large p limit these match flux sectors on CP!.

4.1 Perturbative partition function on S3

We consider an N/ = 2 vector multiplet with gauge group G and we start from the per-
turbative partition function as in (3.11). We are interested in performing some type of
dimensional reduction hence it is important to identify the fiber over which we would like
to reduce. In the context of the fibers given in 2 and our understanding of the geometry
we need to identify what combination of positive integers n; “lay” along a given S! fiber.!?
In the case of 52 we have two possible choices:

ttop = +n1 + ng,

—~~
N =
N~—

teX = - + na,

corresponding to %P and x®*. Since we distinguish the S! fiber and the S? base we are
also free to include a squashing on the base without interfering with the fiber itself. To do
so we identify the squashing along the fiber in (2.21) and (2.22) and set it to vanish. In
addition we will define the following related equivariant parameters:

€top =— W2 — W1,
(4.3)
€ox = W + W1.

As a small comment on the unsquashed limit w; — 1 as it returns to the round S3, with our
interpretation of € as equivariant parameter we can see that this limit should correspond
to the non-equivariant theory. This in turn gives us the non-equivaraiant limit for e as
€top — 0 and eex — 2.

12The corresponding U(1) charge of the fiber as generated by the U(1)s of the C-planes.
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4.1.1 TUnfactorized result

As a starting point we take the result for the total perturbative partition function on S3
from (3.11):

Zggrt = H H (mwl + nows + ia(ao)) H (mwl + nows + ia(ao)) . (4.4)

a€roots ny,n2>0 ni,n2>1

Notice that this expression is expressed as a product over quantum numbers along the
Killing vector v (2.28). The only difference between the two cases we will consider, is that
the conditions for the squashing to be only on the base are different: (2.21) and (2.22). To
more easily express our partition functions we utilize the following notation:

(H) (H) [F@)) = (Hf(i)) (Hfu)) . (4.5)

We can then take this perturbative determinant and subsitute for ¢ and e defined in (4.1),
(4.2) and (4.3):

-1
Zggrt,top _ H H « ( H ) [wit 4 (w2 — w1)ng + ia(op)]

a€roots t>ngs >0 t>no>1

-1 II ~ ( I1 )_l [etopng—i-ia(ao) n <1 - Etgp)t]

a€roots t>ne >0 t>no>1
. ba €top . €top .
= H ia(og) H 1 — — ) tiop + ic(00) 1+ tiop + tax(00)| -
2 2
a€roots ttop=1
(4.6)
-1
Zggrt’ex = H H X H H [—wit + (w2 + w1)ng + ia(og)]
a€roots ny>|t| na+1>|t| n2>1
1
€ 4.7
= H H X H H [Eexng + ia(Uo) — ?t ( )

a€roots ny>|t| no+1>[t| ne>1

o0
-1 0O [eg"tex + ia(ao)} |
a€roots tex=—00
The first line of both (4.6) and (4.6) shows how this rewriting only depends on the Killing
vector v expressed at the fixed fiber (p1, p2) = (1,0) as in (2.30). Another relevant comment
is that the quantum number no, in the two cases, needs to satisfy two different bounds

depending on t. This will become central when considering each flux sector separately
on CP'.
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4.1.2 Factorized result

An alternative way to express the S3 partition function is to consider the fixed points of
the base S? manifold and the fiber S' above each of them. In this way we can find the
factorized version of the pertubative partition function:

CxS?t W W

2 .
2 2
785 = ~Fen [ 22 < 7ra(00)’ mw)j k=1,2, k#I. (4.8)
=1

Since we know the total perturbative partition function to be a multiple sine function we
may utilize its factorization as q-Pochhammer symbols:

i : _ a(og) w9 _ a(og) w1
S (ic(op)|w) = et P22lielo0)l) (e o ;627rwl>(e 2T ;62%2)
xi ; 27 2le0) g wa orlen) g w1
= e*jBQ,z(Za(aoﬂw) e “1 e w1 e w2 e wo
1
_oplon) o wp _opo0)  gpw1 opleo) g wa gp (o) g w1\ ]2
= |\° “rie w)le w2 setw2 el v1 e T |le w2 ose w2 .

(4.9)
Hence we find three equivalent ways of expressing the factorized partition function. Two

of which include By as the effective potential Fog, and a third that consists of square
roots of twice as many g-Pochhammer symbols. We use the following definitions for the
g-Pochhammer symbols:

z

2mi 2 2milj .
20 <1 —eMuie mwi]> if Im(%) >0,

<627riji; 2mii> = . 1 (4.10)
20 (1 — eQ’”éeQ’”wﬁ(“)> if Im(%) <0.

The condition on the ratio of the squashing parameters ensures the expression does not
diverge. There is an issue for purely real squashing parameters w;. If we attempt to address
the round S3 for which the squashings w; are real and equal to 1, we encounter this very
problem. This can be remedied by formally giving small imaginary parts to the squashing
parameters w; and then taking the limit as they vanish Im(w;) — 0 after having performed
the expansion using the definition.

To present a consistent regularization we start by making an initial assumption, with-
out loss of generality:

Im (M> >0. (4.11)

w1
If we then assume Re(w;) = Re(wz) = 1, which is the case for the round S3, we can
determine the regularization of both g-Pochhammer expressions:

Im (“’2) >0 = Im (““) <0. (4.12)
w2

Indeed with these assumptions we can also formulate the regularization as:

Im(wz) > Im(wy). (4.13)
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If we interpret these conditions using the equivariant parameters defined in (4.3) we can
formulate our regularization as:
Im(egop) > 0. (4.14)

The choice of regularization (4.11) tells us to regularize using eop for both the topologically
twisted and exotic fibers.!?

We wish to deal with the topologically twisted and exotic fibers individually so it is
advantageous to express our partition function using their respective epsilons. To do so we
can equivalently rewrite the arguments in the q-Pochhammer symbols [39] as:

) 2mi 22 2mi¥2=%1  ggjtop
top: e 1 e 1 =€ 1
4.15
2mi 2 omi2tel 2mifex ( )
ex: e Y1t e wi o =€ v,

Using the new arguments in (4.9) we can produce the following factorized expansions for
the topologically twisted and exotic fibers:

o=

pert,top o (wlt + €topJ + ia(ao)) (wzt + €top) + ia(ao))
- 11 I o) T Fiolow)
agroots t=—o00 j=0 w1t + EtOp(] + 1) + ZO((O'())> <(,U2t + 6t0p(] + 1) + za(o'o))

= ] ia(oo) ﬁ [(1—6?) ttop*'m(ffo)]

aEroots ttop=1

(1 + 6;") top + ia(Uo)]
(4.16)

oo 00 < —wit + €exJ + ia(UO)) (th — €exJ + ia(00)> %

zge = I 110

a€roots t=—00 j=0 ( —wit + 6ex(j + 1) + 7;O‘(O'O)> <W2t - 5ex(j + 1) + ia(UO))

-1 11 r;xtex—kia(ao)].

a€roots tex=—00

(4.17)

One can obtain similar expressions before the shifts (4.15) by substituting for ¢ = +ny +ng
and identifying j with either n; or na. Considering the first line in both (4.16) and (4.17)
we see how in this case the result depends on the Killing vector v computed at both fixed
fibers (2.25). This difference with respect to the unfactorized results will also be true for
the r = 3 case. Of course factorized and unfactorized results match and, after cancellations,
we find that this expansion of the perturbative partition function is exactly equivalent to
that found in (4.6) and (4.7). With our expressions reduced to products over the integer ¢
representing Fourier modes along our chosen fibers we are ready to consider the quotient
acting on the fibers.

4.2 Perturbative partition function on CP!

With the geometry of lens spaces discussed in section 2 we will use our knowledge to modify
the partition function of S? in order to accommodate the global (topological) effects of a

13 Assuming Im(wi /ws) > 0 instead would give Im(eiop) < 0 for the regularization.
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Z, quotient. Shown in (4.4), the partition function on 53 is a product over two positive
integers. From the geometry of the lens space we understand that the quotient introduces
an identification of segments along a free S submanifold. This results in a restriction on
the integers that make up the partition function. If we take the quotient to act along the
S! fibers we defined in (4.1) and (4.2) we find that it produces the following projection
condition for L3(p, £1):

tiop = +11 + n2 = a(m) mod p, (4.18)
tex = —n1 + ngy = a(m) mod p. ‘

Where integers «(m) that are equivalent modulo p are grouped together as a product,

and the equivalence classes [m], corresponding to flat connections as in [29], are then
summed over:

Zr3(pa1) = Z/derfsC‘ngz,?ﬂ)(Uo,m)- (4.19)
[m]

Starting from the classical piece on L3(p,£1) we need to evaluate the Chern-Simons term
on the Abelian flat connections (2.35). Following [34] one finds:

k
Sd[A] = Z@ /[:3(1)7:‘:1) TI'(A/\dA) =
—‘k/ Tr(AL AdA )+‘k/ Tr(Ar ANdA )+'k/ Tr(Ag A f*xAL) =
f24ﬂ_2 i, riAyg, L 1471-2 iy (AR R l47r2 9, I'(AR L) =
= :Fm'ﬁgg Tr(m2) .

(4.20)
As usual F is respectively for two choices of fiber 2*°P and z®* and the Heegaard splitting
of L3(p,+1) = Hp Uy Hpr has been introduced in section 2.3. In the last step we have
used the fact that flat connections are such that dA} = dA% = 0. The non vanishing
of the Chern-Simons action is due to its failure to be gauge invariant on a manifold with
boundaries as Hr. To compute the classical contribution for round L3(p, 1) round, we
combine (4.20) with (3.7):

e=Sa = ¢y Ir(ogEm?), (4.21)

In the limit p — oo we also send k — oo such that the ratio k/p is fixed and reproduce
the classical piece for Pestun-like S? [28]. We will comment on the reduction along x*P
of (4.21) after the study of the one-loop determinant.

Considering now the perturbative part, we notice how, for large p, the modulo oper-
ation in (4.18) becomes irrelevant and the statement becomes n; + ng = tyop = a(m) and
—n1 + ng = tex = a(m). To visualize this projection we can plot a finite part of the points
in the (n1,n9)-plane over which the integers are taken as a product. We show this for
different values of ¢ in figure 1. We stress that these need to be considered for the large
modding limit p — 0o, where we will find the result for CP'. The diagonal lines in figure 1
represent the “slices” of values of ni,ng such that £n; +ng =t = a(m). The effect of this
on the unfactorized expression on S3 (4.6) and (4.7) is to restrict ng, at each t = a(m),
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(a) Topologically twisted plot for ¢t = 5. (b) Exotic plot for t = 2, —2.

Figure 1. We plot slices at different values of ¢t = a(m) of the quadrant of R? spanned by positive
(n1,n2) such that ny = F(ny — t). The orientation of the line is related to the choice of fiber used
to reduce.

to belong to the corresponding slice. However, after simplifications, the results on S® only
depend on t,'* and the reduced perturbative partition functions for the two theories on
CP! are:

[Laeroots [(1—62")@(111)—1-2'04(00)} [(1—1-&5")05(111)—1—@'04(00)} m>0

Zgp " (o0, m) =
HaEroots iOé(O'o) m=0
(4.22)
22 (oo, m)= ] rgxa(m)+ia(ao)] , mezk.
agcroots
(4.23)

Our result for the topologically twisted theory matches with [25] up to a constant shift
which can be reabsorbed redefining oy — oo + ¢m. Taking into account this redefinition in
the classical piece (4.21) we find:

o—Se1 _ eif;k Tr(ag—i-Qiaom)' (4.24)
As before we take the limit p — oo keeping the ratio k/p fixed. The resulting classical
piece in d = 2 differs from the one in [25] by a quadratic twisted superpotential [40].
Regarding Z&eprlt’ex (09, m), we can match the result already found in [28], up to an overall
sign factor dependent on a(m). As remarked in [28] this sign dependent factor can possibly
be determined by careful examination of the regularization and cancellations of factors

in (4.16) and (4.17).

This will not be the case when considering 7 = 3 in the next section. One way to understand this
difference is in the appearance of the two products in S, (ia(oo)|w) (3.11) for r =2, 3.
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Although we have presented both the factorized and unfactorized expressions together
there is some extra information when considering the factorized versions. The factorized
expressions can be examined factor by factor to find the offset associated to a fixed point.

€ €
I=1 top: (1 - tp) a(m) +ia(o0) ex: — Ea(m) + ialoy),

2 2 (4.25)

=2 top: (1 + €t5p> a(m) +ia(og) ex: + ee7)(0z(m) +ia(og).

5 Reduction to CP?

In this final section we repeat the computations from the previous section, now for the
perturbative partition function of an AN/ = 1 vector multiplet on a squashed S°. So,
assuming as before that the squashing acts only on the base, we derive both unfactorized
and factorized expressions. We then study the same theory on the five-dimensional lens
space L?(p, =1) whose partition function is expressed as a sum over inequivalent topological
sectors corresponding to flat connections. Taking the large p limit we find the reduction
onto CP?, where effectively flat connections correspond to fluxes. Both for topologically
twisted and exotic theories, we are able to derive the full perturbative partition function on
CP?, including all flux sectors. Also in this case we provide a factorized and unfactorized
expression. It is particularly interesting that our results are presented a sum over a single
flux, unlike the approach in [3, 27].

5.1 Perturbative partition function on S®

In the previous section we performed the dimensional reduction of S by taking the large
p limit of L3(p,£1). In this section we consider the similar procedure on S® and reduce
onto CP? by taking a large Z,, quotient along the fibers corresponding to the topologically
twisted (2.5) and exotic (2.6) cases. On top of the quotient we introduce a squashing acting
only on the CP? base. The three squashing parameters a; need to satisfy +a; +as+a3 =0
where the + is, as usual, respectively for the topologically twisted or exotic fibers. We can
also relate these to equivariant parameters €1, €s. The definitions differ for the two cases:
top: €% = wy — wy, P = w3 — wi, -
ex: € = wa + w, €5 = w3 + wy. (5.1)
We notice that the unsquashed limit corresponds to €;°P = ey = 0 and ¥ = ¢§* = 2. In
the following we will call in both cases the equivariant parameters simply €1, €2, however
they need to be intended as defined above.

5.1.1 Unfactorized result

We have reviewed how to write the full perturbative one-loop determinant on S° for an
N =1 vector multiplet with gauge group G as a triple sine function:

Zggrt _ H H (n1w1 + nowsg + Ngws + ia(ao)> H <n1w1 + nowsg + N3zws + ia(00>) .

agroots ny,na,n3>0 ni,n2,n3>1

(5.2)
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This expression is valid both for topologically twisted and exotic reductions. We also notice
that the product is taken over quantum numbers which are eigenvalues along the Killing
vector v (2.28). A first rewriting'® can be obtained by introducing, similarly as for S, the
quantum number for rotations respectively along the fiber z'°P and x®*

ttop = +n1 + N2 + ng, (5.3)
tex = —n1 + Ny + n3. (54)
In the rest we will denote both ., and tex as . Then, in both cases, we can choose to

rewrite Zggrt in terms of ¢ and two out of the three quantum numbers (n1, n2, n3). Choosing
to substitute for ni, we find for the topologically twisted and exotic cases:

Zggrt,top: H H X H H <w1t+ wg—wl)n2+(w3—w1)n3 +Z()é(0'0)>

t>n2+n3n2,n3>0 t>n2+nz+lnz,nz>1

H H X H H (61n2+62n3+ia((fo)—|—(1—61—;62>t>.

t>na+n3zn2,n3>0 t>n2+n3+lng,nz>1

(5.5)

Zgirt’e": H H X H H ( wit+ w2+w1)n2+(w3+w1)n3+za(ao)>

t<ng+nzng2,n3z>0 t<no+nz+lng,nz>1

H H X H H <61n2+62n3—|—ia(00)~|—(1—61?;62)75).

t<ng+nzn2,nz>0 t<na+nz+lngz,nz>1

(5.6)

Similar re-writings can be obtained substituting for no and n3. What is entering the
expressions above is the Killing vector written in inhomogenous coordinates at the fixed
fiber (p1,p2,p3) = (1,0,0), as in (2.30). We call such expressions unfactorized as they
capture “globally” all the modes counted by the one-loop determinant on the squashed S°.
Also, as for S3, we find that the quantum numbers no, n3 need to satisfy, in the two cases,
two different bounds depending on t. These bounds will be those determining which modes
are counted at each flux sector on CP?.

5.1.2 Factorized result

Another approach is to compute the one-loop determinant by summing local contributions
around each fixed fiber (2.25) of S where, locally, the manifold is equivalent to a twisted
solid torus C? x S'. At each fixed fiber the U(1)? isometry group of the squashed S°
degenerates to a single U(1) whose action is determined by the choice of inhomogenous
coordinates (2.26). Thus the full perturbative part schematically is given by:

2 1
C2xS wy Wy wy

pert e H ZR5%e (277@(00) Ay 27riwm> k,m=1,2,3, km#l m#k.

(5.7)

15For notational purposes, in the following expression for the perturbative partition function, we will keep
the product over roots implicit.
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Here Foi is an effective prepotential. The factorization property [38] of the multiple sine
functions S, is well known (A.5) and for r = 3 we find an expression in terms of g-
Pochhammer symbols (A.7):

Sai _ Ty (ia(oo)w) | [ 2w omif2 opia . .
3(ia(og)|w) = e 6% e 1 ;e w1 e @1 | X (2 cyclic permutations on w;)

i ) +or2l@0)  _ognw2 _gn;w3 . .
= ¢t 7% Baslialoo)|w) [(e TTer e e e e | x (2 eyclic permutations on w;)

1

1 1
_ox2le0)  gpen gmws \ 2 [ _gralog)  _ppuwa _gques 2 . .
e Wi oje w1 e w1 e w1 ose “i.e w1 X (2 cyclic permutations on w;) .

(5.8)
Naively such expressions would seem to depend only on local data however things are more

subtle. These infinite products need to be regularized, as explained in (A.7), and that is
when one is required to patch the local information consistently. For » = 3 we define four
different regularizations:

[55=o (1 ST 2’”%) if Im (), Im (22) > 0,
( 2miE  2mitl zm‘M) (1 i 2m - memk) o if Im(fjj) > 0> Im(o‘j—i),
e wize e et Wi | =
| | [T55— o(l—e i 2 2 (ke ”) - if Im () > 0> Tm(22),
[0 (1_6 ii@m%(*jfl)ezmwHH)) if 0> Tm (), I ().

Following [41] we can assume without loss of generality:

Im (“”) . Tm (“3) , Im (“”) >0. (5.10)
w1 w1 w3

Focusing on the round S® we can simplify the above expressions setting Re(w;) = Re(ws) =
Re(ws) = 1 and considering a small imaginary part:

Im(w;) = a;. (5.11)
Then in this case the regularization in (5.10) reduces to:
l=1: Im(ws/wi) =ag —a; >0, Im(ws/w1) = az — a1 > 0,
1=2: Im(wy/we) = a1 —az <0, Im(ws/we) = ag — az < 0, (5.12)
l=3: Im(wz/w3) =az —ag >0, Im(wy/w3) = a1 —as < 0.

On round S the equivariant parameters defined for the topologically twisted case eiOP =

top . .
wp —wi =az —aj and € = w3 — w1 = az — a1, are purely imaginary and can be used to
determine completely the regularizations. The choice in (5.10) corresponds to set:!°

Im(el°?) > Im(e5®) > 0. (5.13)

'“Notice that the relation in terms of €7 would be different using (5.10). Instead one can use (21, 22, z3)
coordinates, assuming Im(wsz/w1), Im(ws/@1), Im(w2/ws) > 0. Then the regularization would depend
on Im(efy).
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Then in terms of the signs of the imaginary parts of etfg’ the choice of regularization (5.10)
becomes:

l=1: Im (i) > 0, Im(ey®) >0 — ++,
1=2: Im(—€}®) <0, Im(e® —e®)<0 — ——, (5.14)
I=3: Im(e” — ) >0, Im(—ef®) <0 — +—,

where the definition of +/— regularization is simply a shortening for the four expressions
n (5.9). A small squashing does not affect the regularization and so the chosen distribution
of +/— regularizations is a valid assumption also for a squashed sphere, picking either z*P
as fiber or 2. This assumption is consistent with what is done in d = 5 for the topologically
twisted case in [16] and, as we will show below, with the reduction to d = 4 of the exotic
theory [3]. We notice that the parameters determining the regularization correspond to
the imaginary part of the Killing vector field v*°P written in terms of inohomogenous
coordinates'” at each fixed fiber (2.30).

Having in mind the reduction to CP? we find it convenient to express the arguments
of the g-Pochhammer symbols in (5.8) in terms of ¢;. For [ = 1 we can equivalently rewrite
the arguments of the q-Pochhammer [39] for the two choices of fiber as:

2mi¥2 93 Q2P g3l oL o2
top: e “r,e “1 | = |e “ioe w1 =le vr,e “1

2mi¥2  2rivs omi¥2tel  gpwatwn omicl  orif2
ex: e vie Y1 | = (e wi e w1 =le wi,e w1 |,

recalling that €; are defined differently in the two cases (5.1). Similar rewritings can be

found for | = 2, 3. Introducing local equivariant deformations parameters €, we find for the
numerators on the right hand sides of (5.15):

€] €1 —€1 €1 — €2

€9 €9 €2 — €1 —€9

ex |[l=1] =2 =3

€ €1 €1 €1 — €2

€9 €9 €2 — €1 €9

Using in both cases the same regularization, as for the round S°, we can rewrite (5.8) as:

[N

[e.e] o0
1
Zggrt’“’p = H H (wit + €10+ €2j +ia(00))? (wit+e(i+1)+ex(f+1)+ia(og))

t=—00%,j=0

(wot —e1(—i—1) 4+ (e2—€e1)(—j— 1)+ ia(ao))% (wat —e1(—=i) + (e2 — €1) (=) +Z'04(0’0))%

NI

(wgt + (61 — Eg)i — 62(—j — 1) + ia(ao))_% (w:gt-i— (61 — 62)(i + 1) — 62(—j) + ia(ao))_
(5.16)

17 Again, using (Z1, z2, 23) coordinates makes v°* the relevant Killing vector for the regularization.
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D=

oo (o]
1 , . .
Zggrt’ex = H H (—wit+eri+ef+ia(00))? (—wit+e(i+1)+e(j+1) +ia(op))
t=—001,j=0

[SIe
=

(wat+e1(—i—1)+ (e2—€1)(—j — 1) +ia(09))? (wat +€1(—7) + (€2 — €1)(—J) + icr(00))

N|=

(wst + (€1 —€2)i +€e2(—j — 1) +i0z(00))_% (wat + (€1 —€2)(i + 1) +ea(—7) +ia(00))
(5.17)

As for S? similar expressions before the shifts (5.15) can be found substituting for ¢ and
identifying 7, j with two of ni,no,ng. The result in the topologically twisted case matches
with [16]. We point out that each pair of factors depends on the Killing vectors v*°P and v
written in inhomogenous coordinates at each fiber. Below we will show how dimensionally
reducing these expressions we find the factorized perturbative partition function on CP2.

5.2 Perturbative partition function on CP?2

As we anticipated previously, to dimensionally reduce onto CP?, we can perform a 2, quo-
tient acting freely on the fiber and take the large p limit. At finite p the partition function
computed on the manifold L°(p, £1) localizes to a set of inequivalent flat connections (2.33),
specified by holonomies:

A = diag(Ay", ..., AJ), (5.18)

Where 0 < m; < p with ¢ = 1,...,k and k is the rank of the gauge group G. At
each topological sector we need to integrate over the covariantly constant scalar og. The
partition function is then a sum over m = diag(my, ..., mg):

Zispan =3 / doge™ 5 708 | (00, m) ZESPE (0, m) (5.19)
[m]

The projection condition for modes on L®(p, &1) is:

top: tiop = +n1 + n2 + ng = a(m) mod p, (5.20)
ex: tex = —n1 + 12 + n3 = a(m) mod p.

At finite p > 1 and given flux sector m the unfactorized perturbative partition function
is obtained from (5.5) and (5.6) simply by changing the range of ¢ as in (5.20). Similar
expressions can be obtained for the factorized form. With this result we are able to show
how, on a non-simply connected manifold as L°(p, £1), the perturbative partition function
factorizes for each flat connection. This improves the result about factorization in d = 5
of [19, 21]. The classical part (3.8) on round L°(p,+1) at the trivial instanton sector

becomes: .
_ 8w TI' 2+ ,
S = ¢ pay oM (5.21)

The function f(o, m) can be determined generalizing the approach of [34] to higher dimen-
sional lens spaces and we leave it for a future study. In the large p limit, keeping pg%M
constant,'® the classical piece reduces to that computed on CP?.

8Notice that, in five dimensions, the Yang-Mills coupling g%,; has the dimension of a length and it can
be related to the radius of the S* which can be added to S° to give a six dimensional theory on S° x S* [12].
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(a) Topologically twisted plot for ¢ = 5. (b) Exotic plot for t = 2, —2.

Figure 2. We plot slices at different values of t = a(m) of the octant of R? spanned by positive
(n1,n2,n3) such that ny = F(n2 + ng — t). The orientation of the plane is related to the choice of
fiber used to reduce. Each slice determines the eigenvalues contributing at the corresponding flux
sector of the perturbative partition function on CP?.

Considering the perturbative part at large p, we notice as before that the term mod p
in (5.20) becomes irrelevant. We are then free to set tip = a(m) and tex = a(m). Equiva-
lently we can impose:

top: np = —ng —n3 + a(m), (5.22)
ex: ni = +ng + ng — a(m). '

As in the previous section for CP!, the plots in figure 2 show the modes entering the
perturbative partition function, at given ¢, on CP?. These correspond to slices of cones
which are finite for the topologically twisted theory. Instead for the exotic theory one has
to extended these slices to all positive (ni,ng2,n3).

We can write the partition function on CP? as:

Zepz =3 / doge 5 722 (09, m) 22257 (09, m) (5.23)
]

Focusing on the perturbative partition function on CP?, we reduce the unfactorized ex-
pressions (5.5) along x*°P and (5.6) along z:

22 P (oo,m) = ] I1 (61”2 + eanz +ia(og) + (1 B #)a(m))

a(m)>ng+ng n2,n3>0

X H H (elng + eang +ia(og) + (1 - %)a(m)).

a(m)>na+nz+1n2,n3>1

(5.24)
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o . 1 e +e
22 eomy = I I (61"2+f2”3+m<"0>+<3‘ 5 2)“(‘“))

a(m)<nga+ng n2,n3>0

X H H <€1Tl2 + eang + ta(og) + <; _ 4 ;— 62)04(111)).

a(m)<na+nz+1nz,n3>1

(5.25)
At the zero flux sector a(m) = 0 the result for Z(gg,rgt’ex(ao,m) agrees with equation (108)
in [3]. Moreover, in both cases, we find for generic a(m) a slice of cone, together with its
interior, whose shape depends on the flux sector. These slices are exactly those pictured
in figure 2 at different values of t = a(m). We see how the modes contributing to each
flux sector are finite for topologically twisted theories while infinite for exotic ones. This
is consistent with the two cases being associated, respectively, to elliptic and transversely
elliptic problems [3, 4].

Similarly we can reduce the factorized expression (5.16) and (5.17) to:

o0

[SE

Zpert,top

e P (oo, m)= | (W1a(m)+61i+62j+i0¢(ao))% (wia(m)+e1(i+1)+e(j+1) +ia(ap))
irj=0

=

(wga(m) 761(72‘ — ].) + (62 761)(7‘7 — 1) +ZO¢(00))% (wga(m) 761(7Z‘) + (62 761)(7‘7) +ia(00))

Nl
N

(wsa(m)+ (€1 —e2)i—ea(—j—1)+ia(op)) * (wsa(m)+ (€1 —e2)(i+1) —ez(—j)+ia(og)) 2.

(5.26)
Z@p;gt,eX(aO’m): H (—wla(m)+61i+62j+i04(0(]))§ (—wla(m)+61(i+1)+62(j+1)+ia(00))5
i,j=0

Nl
N

(wzoz(m) +er(—i—1)+(ea—e€1)(—j—1) +io¢(00)) (wgoz(m) +er(—i)+(ea—e€1)(—7) +ia(og))

D=
N

(wza(m)+ (61— €2)i+ez(—j—1)+ia(og)) * (wza(m)+(e1—e€2)(i+1)+ex(—j) +ia(on)) 2.

(5.27)

Our factorized results show that fluxes enter in the perturbative partition function simply
as a shift in the Coulomb branch parameter. For topologically twisted and exotic theories
we find the following shifts at each fixed point:

€1 +62)
3

1
=1 top: ia(og) + a(m) (1 — €1 + 62) ,

ex: ia(op) + a(m) (3 -3

2¢1 — 1 2¢ —
=2 top: ia(op) + a(m) (1 + 613 62) ex: ia(op) + a(m) <3 + 613 62) , (5.28)

9, _ 12—
[ =3 top: ia(og) + a(m) (1+ 623 €1> ex: ia(og) + a(m) <3 + 623 61).
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Equations (5.26) and (5.27) are the main results of this paper as we are able to derive
the factorized perturbative partition function on CP? at all flux sectors for both N' = 2
topologically twisted SYM and Pestun-like theories. This confirms the conjecture of [3]
regarding the m-dependence at non trivial flux sectors. A more careful analysis would
require also the study of instantons, which we hope to address in future work.

So far we have expressed the perturbative partition function as a super-determinant
originating from the Gaussian integral around the localization locus:

det = [T w; ™, (5.29)

where ¢ captures all the eigenvalues under the transformations generated by the square of
the fermionic generator. The corresponding eigenvalue is w; and the integers b; count the
degeneracies in the modes at fixed eigenvalue. To connect with the results in [3] we take the
equivalent approach of computing the equivariant indices associated to the topologically
twisted and exotic complexes.' In general the index takes the form:

ind =) " bie ™. (5.30)

Hence, with some computations, we can use the relation between (5.29) and (5.30) to
rewrite (5.26) and (5.27) as

It +1 A
ind = — wc(m) a(m) 5 a(m) Xadj(em(g))’ (5'31)
where:
( 51+€2> eia(m) (2613—62 ) eia(m) (2623—61 )
top: I+( m) = . , + . —
a (1 _ 67‘51)(1 _ ezeg) (1 _ 6—161)(1 _ 67,(62—61)) (1 _ 62(61—62))(1 _ 6—162)
( 61+62> eia(m) (261;62) eia(m) <262;61 )
ex: IT = + - . + 4 —
a(m) (1 _ 6161)(1 _ 67,62) (1 _ 6“1)(1 _ 61(62761)) (1 _ 61(61762))(1 _ ezeg)
(5.32)
. e1+e . 2€1—e€ . 2e9—€
- - ez(a(m)fi’)) <fsz) N ez(a(m)—?,) (ITQ) . ez(a(m)fi’y) (%)
P Lam) = (1—ce) (1 —eie2) ' (1—eta)(l—eil—)) ' (1 — eilcr—e2))(1 — e—iez)’
= Ija(m)(_eh _62)7
. e1+e . 2€1—e€ . 2e9—€
e ez(a(m)fS) (*172) . ela(m) (1T2) i N 6'Loz(m) (%) i
X dam) = (1—ce)(l—eie) = (1—ea)(l—ella—a)) ' (I — ela—e))(1 — eiez)’
= Ija(m)(_eh _62)-

(5.33)

19We refer to [3, 4] for details on the topic.
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An important step in the previous computation is the regularization of I;r(m) for topologi-

cally twisted theories and exotic theories (respectively F):

117 1] 1 >
i I _ 3T i),
1 — eter 1 — ete2 | (1 _ ezel)( ezeg =0
L1 L L _ 3 GG )
1 — eFie1 1 — eilea—e1) - (1 _ e:Fiq)(]_ eilea—e1) !
- 3,k=0
L R N T 1 _ i pili(e1—e)— (k+1)(Fe))
1— ei(el—eg) 1— e?iEQ - (1 _ ei(61—€2))<1 _ e:Fiez) - .
/ Jk=0

(5.34)
We recall that the regularization for the topologically twisted and exotic theories is the
same even if some local equivariant parameters do not come with the same sign. For both
cases I;(m)(el,eg) = Iira(m)(—el, —e€2) and it is enough to switch regularization and e o-
dependence in (5.34). Then as final result we find, at trivial flux sector, for topologically
twisted and exotic theories:

1 + 1 + 1 - 1 - 1 + 1 _
top: [1 — etel [1 — ele2 + 1— e—iq:| |:1 _ ei(€2—€1):| + |:1 — ei(q—ez)] 1 e_i€2:| +c.c.
1 + 1 + 1 - 1 - 1 + 1 _
ex: [1 — i€l [1 — eie2 + 1 eiq} {1 — ei(erq)} + {1 e o) T 6“2} +c.c.
(5.35)
20

These equations match with the results in [3] for topologically twisted and flip theories
after identifying e’! = s and €2 = t. Notice that the for the topologically twisted theory
we are computing the index for an elliptic operator and consistently we find that all terms
cancel except 2e(0c1t0e2) — 9,
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A Properties of multiple sine functions
We define:
w=(w,...,wr)=14ay,...,1+a), wy,...,wr €R. (A.1)
We define the multiple zeta function as:
> 1

CT(372|w): Z (n1w1+"'+nrwr+z)8’

ni,...,nr=0

(A.2)

201 [3] flip and flip’ theories are related by €1,2 — —e€1,2.
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where z € C and Res > r. The series can be analytically continued to the complex plane,
due to holomorphicity in the domain. Thus we can introduce the multiple gamma function:

D@MF%@(&@@%MFJ, (A.3)

as a building block of the multiple sine function:

Sp(z|w) = Dy (2]w) T (wior — 2|w) Y. (A.4)
The multiple sine function can alternatively be expressed in the following ways:
. T .z LW - Wy
Sy (z|w) = e(7V" 51 Brr(zlw) H (627”%‘; ezm“ﬁ, oV ,ezmwz)
= (A.5)

) r . 2 LW ; wr
= (DT Brr(zlw) H (ezmwz‘;e%zé, Vi, 627”%').
i=1
Where the B, is the Bernoulli polynomial, defined by the following generating function:
trezt 0 tn
_ = Brp(zlw)—. A6
;f:l(ewj _ 1) HZ:O r,n( | )n| ( )

We also carry the following definitions of the g-Pochhammer symbols:

(-1)k )
0o
=1 —i—1 7 . |ql‘>1 ].S’Lékf
(Z§Q17~-';Qkan+17~--7(1r) = H (1*2(]1 7 qk]k q']?rllqg_r> R )
J1yeesfir=0 lgil <1 k<i<r.

(A.7)
For proofs of above mentioned identities and conventions used we refer to [38].

Let us consider the perturbative part of the partition function of a vector multiplet
coupled to matter in a representation R of the gauge group G. For both S and S® the one-
loop determinant can be written in terms of multiple sine functions modulo o-independent
factors:

2r—1 __ HaEroots ST(Za(U)|w) (A 8)
1-loop — . Whot . .
oer Sr (in(0) + 25t|w)
Open Access. This article is distributed under the terms of the Creative Commons
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