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Abstract

We study N = 2 theories on four-dimensional manifolds that admit a Killing vector v
with isolated fixed points. It is possible to deform these theories by coupling position-
dependent background fields to the flavor current multiplet. The partition function of
the deformed theory only depends on the value of the background scalar fields at the
fixed points of v. For a single adjoint hypermultiplet, the partition function becomes
independent of the supergravity as well as the flavor background if the scalars attain
special values at the fixed points. For these special values, supersymmetry at the fixed
points enhances from the Donaldson-Witten twist to the Marcus twist or the Vafa-Witten
twist of A/ = 4 SYM. Our results explain the recently observed squashing independence
of N/ = 2* theory on the squashed sphere and provide a new squashing independent
point. Interpreted through the AGT-correspondence, this implies the b-independence of
torus one-point functions of certain local operators in Liouville/Toda CFT. The position-
dependent deformations imply relations between correlators of partially integrated op-
erators in any N = 2 SCFT with flavor symmetries.
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1 Introduction and summary

A fruitful way to study a QFT is to introduce position-dependent couplings for various opera-
tors in the theory. The theory has some enhanced symmetry when couplings vanish!. Non-zero
couplings break the symmetry. Position-dependent couplings can restore the enhanced sym-
metry if we assign to them judicious transformation rules under the symmetry transformations.
Observables of the theory obtained after path-integrating over the dynamical fields must then
be consistent with the enhanced symmetry. This idea has been used to obtain powerful results
in QFT, for example, the non-perturbative -function [1], non-renormalization theorems [2]
in supersymmetric gauge theories and constraints on the RG flow in generic 4d quantum field
theories [3,4].

Since every QFT has a stress tensor, one can always deform by coupling the stress tensor to
a background metric. For generic QFTs the partition function is a scheme-dependent, non-local
functional of the background metric and can only be computed in very special circumstances.
The situation improves for supersymmetric theories. The supersymmetric Lagrangian with a
background metric can be obtained by taking the rigid limit of an appropriate supergravity
theory [5]. This corresponds to deforming the flat space theory by coupling operators in the
stress tensor multiplet to the background fields. Moreover, the restrictions on supersymmetric
counter terms make the finite part of the free energy meaningful [6,7]. This program, starting
from the seminal work of [8], has led to a great deal of insights into the dynamics of strongly
coupled theories (see [9] for a nice review of these developments).

In this paper we focus on 4d N = 2 theories. Supersymmetric background and partition
function for these theories were studied in [10-12]. It was shown that the partition function
depends on the supersymmetric background only through the Killing vector v which is a bi-
linear of Killing spinors. To be explicit, v has fixed points where either the anti-chiral or the
chiral spinor vanishes — referred to as plus and minus fixed points respectively. Near its fixed
points, v defines a T2-action with two parameters and the partition function only depends on

10r are tuned to some special value.
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these so-called equivariant parameters.

ZZZ({Ti},{sx,s;},{Ey,s;}) , (1.1)

where 7, is the complexified coupling constant for each semi-simple factor in the gauge group,
(sx, 5;) are the equivariant parameters around the plus fixed points x and (sy, 8;) are the
equivariant parameters around the minus fixed points y.

In the presence of matter, the theory has a flavor symmetry F. We study the flavor defor-
mations of A = 2 theories on the curved space by introducing position-dependent background
fields for F. This can be done in a supersymmetric way by coupling the flavor current multiplet
with a background vector multiplet. We show that the supersymmetry requires all the back-
ground fields to be constant along v. Moreover, the background gauge and auxiliary fields are
determined in terms of the background scalars m, and m, where a = 1,2,--- ,rank(F). The
partition function of the deformed theory only depends on the value of the scalars at the fixed
points of v,

Z=Z({r} {ech {ey b imayd, (g }) - (1.2)

For constant m, = m,, this reduces to turning on the usual mass terms for matter multiplets.
Smooth deformations of m, and m,, which do not change their values at the fixed points, do
not change the partition function.

A remarkable situation arises if the background couplings for various operators are cor-
related in such a way that the generating functional is independent of some of them. It was
found in [7,13] that the free energy of certain mass-deformed theories on the squashed sphere
S‘; (d = 3,4) becomes squashing-independent when the mass is tuned to i% (b — b_l). Here
we find a remarkable generalization of this result for the flavor deformed A = 4 theory on
any curved 4d background. We show that if m, = :l:%(sx—s;) and m, = :l:% (sy +£;,)
then the perturbative and non-perturbative contributions simplify at each fixed point and the
partition function becomes independent of the equivariant parameters for the supergravity
background. We also show that a similar simplification happens for m, = :I:% (Ex + 8;) and
m, = +1 (ey — 8;)

We are then naturally led to search for the underlying mechanism for this remarkable
simplification. For squashed three-sphere, the relevant study was done in [14]. It was shown,
based on earlier results [15,16], that the supersymmetry enhancement at the special values of
the masses leads to the simplification of the free energy. Since the supersymmetric partition
function of 4d N = 2 theories only receives contributions from the fixed points of v it suffices
to focus on the structure of the theory near the fixed points. The general theory near a plus
(minus) fixed point corresponds to the Donaldson-Witten [17] or half twist of the A' = 4 SYM
which has two supercharges of positive (negative) chirality. We show that for special values
of the masses the supersymmetry enhances. For the first set of masses, the theory around the
fixed point corresponds to the Marcus twist [18] of N' = 4 SYM which has two additional
supercharges of negative (positive) chirality. For the second simplification, the theory around
the fixed point corresponds to the Vafa-Witten twist [19] of the ' = 4 SYM which has two
additional supercharges of positive (negative) chirality.

After understanding the simplification at special masses we turn to several interesting ap-
plications of our results. First, these explain the recently observed squashing independence of
the free energy of ' = 2* and also provide another squashing independent point when the
mass is tuned to :I:%(b + b_l). Second, using the AGT correspondence [20], our results imply
that the torus one-point functions of certain local operators in the Liouville/Toda field theory
are independent of b. These operators do not correspond to normalizable states in the spec-
trum of the theory. Finally, independence of the free energy from the profile of the background
scalar can be leveraged to obtain an infinite number of relations between correlation functions


https://scipost.org
https://scipost.org/SciPostPhys.13.3.058

Scil SciPost Phys. 13, 058 (2022)

of partially integrated operators in any N’ = 2 SCFT with flavor symmetries. This generalizes
earlier results [7,21-24] in the literature on relations between integrated correlators of \' = 4
SYM.

The rest of the paper is organized as follows. In section 2 we review general aspects of
N = 2 theories on curved space and study their localized partition functions. In section 3 we
introduce the position dependent deformation for the flavor current multiplet and show that
the partition function only depends on the values of the background scalar at the fixed point
of v. Specializing to the N’ = 2* theory, we show that for special values of the background
scalar the free energy becomes independent of the equivariant parameters. We then show
in section 4 that the reason for this simplification is the symmetry enhancement that happens
near the fixed points of v for special masses. Finally we discuss various applications of our
results in section 5.

2 N =2 supersymmetric theories on curved space

In this section we review the general aspects of N/ = 2 supersymmetric theories on curved
manifolds following [10,12].

2.1 Lagrangians and background fields

An N = 2 theory can be placed on a curved manifold by coupling it to the A/ = 2 conformal
supergravity and then taking the rigid limit a la [5]. The field content of the supergravity
can conveniently be organized in terms of the gauge fields for the generators of the N = 2
superconformal algebra. The gauge fields for translations, dilatations, U(1)gz and SU(2)i R-
symmetries, and Q-supersymmetry are [25]

g‘u,va du: GM’ Vli]’ L, (21)

where i, j = 1,2 are SU(2)g R-symmetry indices. The gauge fields for the Lorentz transforma-
tions, special conformal transformations and S-supersymmetries are not independent fields.
The supergravity multiplet also has a set of auxiliary fields

B x' D, S(ij)» F,

- (2.2)

The supersymmetric backgrounds are then obtained by requiring that the fermionic fields
U’L, %' and their supersymmetry variations vanish. These conditions are analyzed in detail
in [10, 12] and explicit expressions for various background fields are obtained®. The super-
symmetric backgrounds are obtained by requiring that

* The metric g admits a smooth real Killing vector field v with (at-most) isolated fixed
points.

* There exist two smooth functions s and s that are constant along v, g,,v*v" = ss, and
s + 5 approaches the same constant K at every fixed point of v. We set K = 1 in this

paper.

2The fields B,, and D are related to W,,, and N of [10,12] by

(2.3)

D
w,,=8v2B,,, N= 5
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All the background fields can then be obtained in terms of g,v,s and s, albeit not uniquely.
The ambiguity is parameterized by two one-forms G,, and b, such that v#b, = 0. We have
listed all the expressions for the Killing spinors and the background fields in appendix A.

The Lagrangian of the A/ = 2 vector multiplet on a supersymmetric background then takes
the form

Lo =L +Tr [16B“"(F;v)_( +F X)) —64B""B,, X+ 64BHB_,,X>

vec

R _
—2(D— g)XX] . (2.4)

where £ 2 is obtained from the flat space Lagrangian by covariantizing all derivatives with
respect to the metric and background gauge fields for the R-symmetry, and X is the complex
scalar field of the vector multiplet. Similarly for the hypermultiplet Lagrangian one needs to
add non-minimal couplings with the background two-form, curvature and the scalar field to
preserve supersymmetry,

. — _yuy— 1 2 — —
"%hyp = Eﬁ;}‘; + IBMVTr (’l,blo'uv'l)bz —1/)10"”1,02) - Z (D - ER) Tr(lel + Z2Z2), (25)

where 1; and Z; are fermions and scalars in the hypermultiplet.

The hypermultiplet action is Q-exact while the vector-multiplet action is Q-exact except at
the fixed-points of the Killing vector v. Modulo Q-exact terms the action can be written as the
sum of local operators at fixed points of v [7,26],

—2
Tr(Xx2 Tr| X )(¥)
§=—4nit Y. r(—)/(X)—4n'iF > # (2.6)
L £xE ~— £,€
x:5(x)=0 x y:i3(y)=0 Y=y

2.2 Localization and partition functions

Using localization, the partition function of the theory can be computed in terms of a ma-
trix integral where the integrand is a product of classical, perturbative and non-perturbative
contributions.

h;
zZ= f deo ( l_[ |p(0)|2) chassicaIZNekzriclooplelljoop . (2.7)

PEA,

Z Jassical 1S Obtained by evaluating the action on the localization locus. The localization locus,
in the absence of fluxes, is parameterized by the vector-multiplet scalar which takes a constant
value o in the Cartan of the gauge group. To simplify notation we do not include fluxes in our
explicit expressions here. The generalization to backgrounds which support non-trivial fluxes
is given in appendix B.

Using eq. (2.6) we can compute the classical contribution to the partition function

167>
log Z lassical = — P Tr(az)s_ 5 (2.8)

8ym

1 1
o= D> —= > G (2.9)

£, € b
x:s(x)=0 " X"X  yi5(y)=0

where

Znek is the Nekrasov partition function which captures the contribution of localized in-
stantons or anti-instantons at the fixed-points of v. Instantons contribute at the plus fixed
points where §'= 0 and anti-instantons contribute at the minus fixed points where s = 0. Near
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the fixed-points the theory coincides with the Q-deformed theory with equivariant parameters
identified with the parameters of the T2-action of v [27]. We can express the non-perturbative
contribution as

ZNek = l_[ ijgl,_m“(lcr m,q) l_[ ZlnSt (10 m,q), (2.10)
x:s(x)=0 y:s(y)=0

2mT i@ s the vector of mass parameters for N = 2 hypermultiplets, Z™!, and

A

where g = e

Z ::‘mgl, inst are equivariant instanton and anti-instanton partition functions in the Q-background
Vs

y

[28,29].

Zi’ecloop and Z ?Xfoop are the one-loop determinants associated with the vector-multiplet and
hypermultiplets. These are computed from an index, expanded in a series and then translated
into an infinite product. This procedure needs regularization. Expressions for hypermultiplet
one-loop determinants with various regularizations are given in [12] and the same can be
done for the vector-multiplet one-loop determinants. It is unclear if there exists a preferred
regularization scheme on an arbitrary manifold 3. To keep the expressions readable, we pick a
regularization which is compatible with the S* [8,27]. We have checked that, with appropriate
modifications, our conclusions hold for any choice of regularization.

The one-loop determinant for the vector-multiplet can be written as a product over contri-
butions from each fixed point.

= |1 2% 1 z;, (). (2.11)
x:s(x)=0 y:3(y)=0

The contribution from each fixed point depends on the Coulomb branch parameter o and
equivariant parameters. The contributions are given by

1 ) 1
ze @) =[] T[] (e +m+vec+marne)t [T (ip(@)+mye,+myel)?
peadjng,ny=>0 my,my=>0
(mlme);&(O)O)

Z;’ecgl(O')— I_[ I_[ 1p(0) (ny +1g, +(n2+1)€) l_[ (ip(o')—mlgy+ng;/)

peadjng,ny,=0 mq,my=>0
(my,m3)#(0,0)

NI

(2.12)
Similarly, the hypermultiplet contribution also factorizes into contributions from the fixed
points of v.
hyp
2= 11 2% @em [ 22% 0.m), (2.13)
x:5(x)=0 yi5(y)=0

where m is the mass of the hypermultiplet. The one-loop determinant at each fixed point takes
the form

1
2

8 8,(0 m)—l_[ l_[ (lp(0)+1m+(n1+ Je, +(ny, + )s)

pPERNy,n>0

X (—ip(a)—im + (nl + %) £+ (nz + %) g;)_
w/ (o,m) = l_[ l_[ (IP(U) +im— (nl + %)sy +(ny + %)s;)

p€ERnNy,ny>0

X (—iP(U)—im— (nl + %) £, + (n2 + %) e;)_

3We thank L. Ruggeri and R. Mauch for discussions on this point.

Nl=

-

(2.14)

Nl=

l=

6
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We now simplify the vector multiplet one-loop determinant. The product over p contains
a o-independent contribution coming from each zero weight p(o) = 0. This contribution is
given in terms of

U(1)vec , 1 , 1
Zex,s; = l_[ ((n1 +1)e, + nzsx)z (nlsx + (ny + 1)£x)2 , (2.15)
ni,ny=>0
where ZSU(:,,)V“ is the one-loop determinant for a free vector multiplet. The rest of the contri-

bution is given by a product of p over the positive roots of the Lie algebra.

zy, = (ZifizveC)rG ]_[ ! l_[ (p(o)2 +((ny + ey + (ny + 1)8;)2)%

pea, PO~ 2

1
o1
x (p((r)2 +(n1e, +nge’) )2 ,
rG 1 o3 (2.16)
Z;’ffg, = (ZU(l)",ec) | | (P(G)Z + (—(n1 +1ey, +(ny + 1)5;) )
P

v\ Ty ca, PO " 20

1
!
x (p(a)2 + (—nley +n23;) )2 .

We can also rewrite the hypermultiplet determinants by splitting the product over p € R.
For p in the zero-weight space of the representation R we get a o-independent contribution
which can be written in terms of

e, +e )\
g(i,)hyp( )= l_l (m2+(nlsx+n2€;+ x2 x)) , (2.17)

ny,ny=0

Nl=

where ]_[ denotes that we have omitted the term a,_ ,, from the product if a, , = 0. Com-
bining with the rest of the contribution, we find

1
2

7N\ 2

PER\R, n1,12=0

IRyl —ey, te, :
E_y ¢ (O‘ m) = ( Eg(l):l/yp( )) l_[ l_[ ((p(o’)+m) +(—n18 +n2£ + 5 )) s

PER\R, 11,1520
(2.18)

where |Ry| is the dimension of the zero weight space Ry of the representation R.

3 Position-dependent flavor deformations

Supersymmetric theories can be placed on a curved space by coupling the stress tensor multi-
plet to the appropriate background fields and taking the rigid limit. This can be refined further
by coupling conserved current multiplets, other than the stress tensor multiplet, to background
fields. Indeed, this is how the mass terms can be introduced systematically for matter mul-
tiplets on a curved space. Generically one turns on a constant scalar, which plays the role
of mass, in the background vector multiplet. To preserve the supersymmetry other fields in
the background multiplet are fixed in terms of the mass to obtain the deformed theory. In
this section, we generalize this and show that it is possible to turn on position-dependent fla-
vor deformations while respecting the symmetries of the theory. We then study the effect of


https://scipost.org
https://scipost.org/SciPostPhys.13.3.058

Scil SciPost Phys. 13, 058 (2022)

these deformations on the supersymmetric partition functions and observe that for the mass-
deformed N = 4 SYM the partition functions simplify considerably if the deformations are
tuned appropriately.

3.1 Background fields for flavor deformations

We restrict ourselves to deformations in the Cartan of the flavor symmetry. To this end it suf-
fices to focus on a single conserved current multiplet with bosonic components ( iz, Z,BU)

and couple it to the background multiplet (Aw m,m, D;;, Ai,ii). The general deformation in
the Cartan of the flavor symmetry is then just given by a rank(F)-tuple of the U(1)-deformations.

To preserve the supersymmetry we require that all the fermions of the background multi-
plet Ai,Ii and their supersymmetry variations vanish. It is most convenient to use the coho-
mological formulation of A/ = 2 theory which we review in appendix A.1. The components of
the vector multiplet fermion can be decomposed into a scalar part 7, a one-form part ¥, and

a two-form part y,,. In terms of the cohomological fields these constraints read

0=6n=1L,p, (3.1)
0=56¥=,F+id¢, (3.2)
0=5y=H, (3.3)
where ¢ = —i(m—m) and ¢ = sm + sm are two scalar combinations, F = dA is the field

strength of the background gauge field and H is a two-form given in eq. (A.24). The last of
these conditions fixes the auxiliary field D;; in terms of all the other background fields,

~2 —_—
2452 o, m+m
e} .
—1i—— (3, vy — v
(p;\ s+§(p)L V)

2 5 s s
y o .S i . .S
+S 13 oAy % ((D5 21G5 1S +§b5) m (D5 + 21G5 13 +§b5) m)) B (34)

where (:)Z.}L is a bilinear defined in eq. (A.28). Next, we combine the explicit expressions
p =i(m—m), ¢ =sm+sm with the first two constraints and use that s,s are constant along
the flow of v to see that m and m are also constant along v. Similarly taking the exterior
derivative of the second constraint one finds that F is also constant along v.
Let us now analyze the second constraint in detail. Locally F = dA so that we can rewrite
the constraint as*
idp =—L,A+d(1,A) . (3.5)

Assuming A is constant along v, we can integrate the above equation to get
L A=1i(¢p —c). (3.6)

for a constant c. If A stays finite at a fixed point x, of v then we necessarily have ¢ = ¢(x,). A
solution for the background gauge field is then
p—c

SS

A=+

V. (3.7)

This is constant along v. This expression for A is valid in a patch which contains only the
fixed point x,. In a patch containing some other fixed point the above expression might not
be well defined. Transitioning between patches we can however do a gauge transformation,

“We use that for every vector field X and every differential form w the relation Ly w = tydew + diy w holds.

8
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A — A+ dA. In (3.6) this adds a term t,dA. As ¢ is gauge invariant this corresponds to a
change in c,

Ac =i, dA. (3.8)

Away from the zeros of v this equation can be integrated so that arbitrary values of ¢ are
possible in different patches. Specifically this means that for every ¢ we choose we can find
a finite gauge field configuration that satisfies our constraint equations. We conclude that it is
possible to introduce position-dependent flavor deformations where all background fields are
constant along v and the background gauge and auxiliary fields are determined in terms of
the background scalar field. Moreover, as we show in appendix C, there is enough freedom to
tune the background scalar at every fixed point of v to whatever value we desire.

3.2 Partition function with a position-dependent deformation

We now discuss the partition functions for theories with a position-dependent flavor deforma-
tion. When the hypermultiplet couples to a background vector multiplet the relevant combi-
nation that appears in the one-loop determinants is [12,30]

it,A+ ¢ (3.9)

evaluated at the fixed points. This adds a shift to the term p (o) that appears in the one-loop
determinants in egs. (2.14) and (2.18). Since A is finite, this combination evaluates to® m, at
the plus fixed point x and to m,, at the minus fixed point y. The one-loop determinants for the
hypermultiplet at a fixed point are thus the ones in egs. (2.14) and (2.18) with the constant
m now replaced by m, and m,, at the fixed points x and y respectively.

If the hypermultiplet transforms in the representation Ry of the flavor symmetry group
then the complete one-loop determinant picks up a product over the weights pp of Ry with
m, and m,, replaced by pp(m,) or pp(m,).

3.3 N =2* with special masses at the fixed points

We now specialize to the flavor deformed theory with a single adjoint hypermultiplet. This is
the N/ = 2* theory with a position-dependent mass. Using our results from the previous section
we show that when the mass is tuned to special values at the fixed points of v, the perturbative
and the non-perturbative contributions to the partition function simplify considerably. In the
next section we investigate the underlying reason for this simplification.

For the adjoint hypermultiplet we can split the one-loop determinant in terms of a product
over the positive roots which takes the form

1
2\ "2
h U(Dh TG exte,
Zsﬁ;(c,mx)=(28x(,€z yp(mx)) I | | | (p(0)2+(n18x+nze;+ x2 x+1mx))

p€A+ nl,TIzZO

/ 2
2 / gx+8x .
x| p(o)*+| nye, +nye, + —im,
/

1
2

2

2
v m,)= Vhyp (7 o 2 / —Ey +£y —
Zey,e;(o'; my) - (Z_Sy’e; my ) l_[ l_[ p(O') + —n; e, + n2€y + T + im,

PEA, ny,ny=0

1
/ 2\ "2
—e, +¢
x| p(@)? +| —nye, +n 8’+&—iﬁ
P 1€y 2%y 2 y .

(3.10)

3

ol

SWe use subscripts to denote value of m and m at the fixed points of v.

9
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We now explore the simplifications that happen when m, and m, are tuned to special values.

3.3.1 The Marcus point

Let us now focus on the plus fixed point and tune the hypermultiplet mass to be

/
Ex—E,

=l

m, =+m (3.11)

sx,—s)’(
We refer to this as the Marcus point because, as we show in section 4, the theory near the
fixed point corresponds to the Marcus twist of the N’ = 4 SYM. For these values, the one-
loop determinants of vector multiplets cancel exactly against the one-loop determinants of the
hypermultiplet. Moreover the instanton contribution also becomes trivial [18] for any gauge
group hence we have that

hyp
ZnekZ1 So0pZ1-100p = 1 (3.12)

and the partition function becomes

Z= f deo ( l_[ lo (o) |2> exp (—167125_ Tr(az)) . (3.13)
&

2
pEA, YM

For any gauge group G this matrix model can be easily solved giving the partition function

|G

Z=1,7, (3.14)

up to a coupling-independent overall constant and |G| is the dimension of the gauge group.
This is precisely the partition function of the theory on the round S*. It is interesting to analyze
the behavior of the partition function under the duality transformations. While it is invariant
under the T-duality it is not invariant under the S-duality. In fact log Z is proportional to
the Kéhler potential and is not a single-valued function on the conformal manifold. It can,
however, be made single-valued on the extended conformal manifold by introducing couplings
to counter-terms [31]. This is equivalent to restoring the modular invariance of the partition
function by adding a suitable counter-term.

3.3.2 The Vafa-Witten point

Another special value is when the mass at the plus fixed point is tuned to +m? _, and at the

x>€x

minus fixed point it is tuned to =m; __,. We call this the Vafa-Witten point because, as we
Yy %y

show in section 4, the theory near the fixed point corresponds to the Vafa-Witten twist of N’ = 4

SYM. A short calculation shows that the contribution of the vector multiplet and the adjoint

hypermultiplet cancels almost entirely at that fixed point giving

vec hyp * _ 1
Zax,a; (O-)ng,a; (U’:l:msx,s)’() - l_[ |p((7)| .
PEAL

(3.15)

The k-instanton contribution also becomes very simple and is equal to the Euler character of
the moduli space of instantons on the Q-deformed flat space [8,19,32]. The full instanton
contribution is then just the Vafa-Witten partition function on the Q-background which we
denote by Z\?W for the gauge group G. For example, for the U(N) gauge group the complete
instanton partition function for this value of hypermultiplet mass becomes

oo N
zYN (1) = LI ( 1 ) : (3.16)
o g 1-g""  \q =n(r)
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Analogous simplifications occur at the minus fixed point if the mass is tuned to +m* _, giving
YTy

vec hyp £ ) _ 1
Zgy,e‘g, (O-)Zey,e; (0, m—gy,ggl l_[ |p(0_)| 5 (3.17)
PEA,

. o =G ,_. _ T o~
and the non-perturbative contribution is simply Z, ., (7) = Z\ﬁ w (7).
The full partition function for this special assignment of masses becomes

n, (= n_ 16 2 _
Z:(Z\?W) +(Z$.w) Jera exp (— gz S Tr(az)) l_[ |p(a)|2_”+_”—, (3.18)

YM PEA,

where n_(n_) is the number of plus (minus) fixed points. It is interesting to see that the
non-pertubative part above factorizes and the perturbative contribution is o-dependent. The
coupling dependence of the above matrix integral can be computed exactly and the partition
function becomes

gl (uen)(Girg)

_ o
Z2= (Zg.w)m (Z\C/;.W)n T, T, ) (3.19)

up to an overall coupling-independent constant.
Let us now analyze the behavior of the partition function under modular transformation.
We specialize to G = U(N).

q2l4 n, N 6%4 n.N N2 NON-D)(ng4n)
Z= T ? Ty T, : (3.20)

This is invariant under T — 7 + 1 but not under 7 — —%. On the topological sphere,

n, = n_ = 1, one can use the Euler-density as a counter term [8] to obtain a modular in-

variant partition function (nﬁm)_N. This can be generalized to the generic case. The
relevant counter terms that can change the finite part of the partition function are (super-
symmetrizations of) the Euler density, the Weyl-squared term, the Pontryagin density [7] and
the mass-squared term® [33,34]. We do not consider the Weyl-squared term further as the
partition function only depends on the topological data while the Weyl-squared term is not
topological. Similarly, we do not consider the flavor background term further as the partition
function is independent of the flavor background. We now rewrite the partition function as

l_z%t n+42rn_ N . 1 n+;n, N
Z= a*q9= (Tz)NT(ern__l) | 2N (3.21)
p— T )
va To q24/r’

separating the norm |Z| and a pure phase by the multiplication sign. We can make both |Z]|
and the phase modular invariant by using the Euler and Pontryagin-density counter terms
respectively. The modular invariant partition function is then

N(N-1)(nq+n_) N2

(nmy/73) 2 . (3.22)

4 Symmetry enhancement for A/ = 2* near the fixed points

There are two key insights one obtains from the computation of the localized partition function
using the index theorem. First, they factorize into contributions from the different fixed points

%We thank Yifan Wang for pointing out the supersymmetric flavor background counter-terms and their impor-
tance for the AGT correspondence.
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of the Killing vector v, and second, these localized contributions only depend on the supersym-
metry at the corresponding fixed points. It can be shown [27] that to first order around the
fixed point the supersymmetry background approaches the Q-background” which is obtained
by twisting the R-symmetry of the theory with an SU(2) factor of the Lorentz group. For the
N = 2* theory with arbitrary mass parameter this twist corresponds to the Donaldson-Witten
twist [17], also known as the half-twist of N' = 4. This twisted theory has two supercharges
of the same chirality. We show that the special values of the mass correspond to the two other
twists of the N' =4 SYM each with two additional supercharges [18,19,35]. This supersym-
metry enhancement helps explain the simplification of the free energy observed in previous
sections. See also [36-38] for a discussion of mass-parameter and twists of A' =4 SYM.

4.1 Q-deformation from dimensional reduction

In order to understand the symmetry enhancement we take the classical view of the Q-defor-
mation [28]. We start with a 5d theory which upon dimensional reduction with twisted bound-
ary conditions gives the four-dimensional theory on the Q-background. We systematically
analyze this construction to obtain the metric on the four-dimensional space as well as the
generalized Killing spinor equations which are satisfied by the 4d spinors corresponding to
conserved supercharges.

The five dimensional geometry which upon dimensional reduction yields the 2-background
with equivariant parameters €1, €, is specified by

ds? = 5,,,dx"dx"” + d9?, (4.1)

with the identification
() ~ (R, (B)x”, 0+ ), (4.2)

B is the circumference of the compact direction but is otherwise an arbitrary constant. R* ,(6)
is the matrix which rotates the (x!,x?)-plane by an angle ;0 and the (x°,x*)-plane by an
angle £,6.

cose, 0 sing 0 0 0
u _ —sing; 0 cosg 0 0 0
R%,(0) 0 0 cose,f  singy6 (4.3)
0 0 —sing,0 cose,0

We now do a coordinate change so that the four-dimensional space is independent of the
periodicity conditions imposed on ¥. The periodicity conditions for the new set of coordinates
(x’“,f)) = (R, (—%) x",0) are

(x#,0) ~ (x™™, 9+ B) . (4.4)
The metric in the new coordinates becomes, after dropping the primes
ds? = (dx* +v*d9)* + (d9)?, (4.5)

where v, =Q,,,x"” and
Q= sldxl Adx? + szdx?’ Adx?*. (4.6)

The non-zero components of the torsionless spin-connection in the obvious frame

E% =dx® +v%d?0, E> =df?, 4.7)

7 [27] analyzed the case of a topological sphere which has two fixed points of v but the generalization to a
manifold with many fixed points is straightforward
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are 1
(,()ﬂab = EEauEbv (avV’u — auvv) . (48)
The indices a, b =1,2,--- ,4 are the local frame indices. It is possible to turn on a background

field for the SU(2)z R-symmetry along the compact direction. The preserved Killing spinors
then satisfy the 5d generalized Killing spinor equations

V=0,  VeE' +id & =0, (4.9)

where A! ; is the component of the SU(2)g background field along the circle. The first con-
dition is trivial to satisfy. Only the Killing spinors independent of { are compatible with the
dimensional reduction. Then, the second condition relates a Lorentz rotation of the spinors to
an R-symmetry rotation

1 . o
;ﬁuvvF‘”&l +iAl;&/ =0, (4.10)

In our conventions for the gamma matrices (given in appendix A.1), the matrix %EMV,,F’” is
a diagonal matrix with entries 5 (e, — €1, €] —€,—€1 — €5, €1 + &5). If now we turn on the
Wilson line

| ‘
Alj = 5(81 +82)(T3)lj (4.11)

then the following spinors of positive chirality are preserved.
£,=(0,0,1,00",  £5=(0,0,0,1)". (4.12)

This amounts to twisting the SU(2), € Spin(4) with the R-symmetry group so that the new
Lorentz group is SU(2); x [SU(2), x SU(Z)R]diag. This is the Donaldson-Witten twist of ' = 2
theories [17].

If the theory has a flavor symmetry F then masses for the matter multiplets can be intro-
duced by turning on the component Ay of the flavor background field along the circle which
takes values in the Cartan of F

F
Ap = 12 m;H; (4.13)
i=1

where H; are the generators of the Cartan of E This construction also holds for the partition
function of the 4d theory. The partition function is obtained from the § — 0 limit of the index
of the five dimensional theory with appropriate fugacities turned on [28].

Let us now specialize to N’ = 4 SYM and show the existence of additional Killing spinors
at special values of mass parameters. We decompose the representation 4 of SU(4)y into
U(1) x SO(4)g = U(1) x SU(2)g x SU(2)y as

4=(2, 1)% + (1,2)_% . (4.14)

(&1, &2) then transform as the 2 of SU(2)g € SO(4)g which we identify with the N’ = 2 R-
symmetry and (§ 3 ?;'4) transform as the 2 of SU(2)r € SO(4)g which we identify with the
flavor symmetry of the theory. The Wilson line for the flavor symmetry is

AF = imT3 . (4.15)

In addition to &2 the spinors, £3% will be preserved if they are independent of the four-
dimensional coordinates and satisfy

1
Zauvvrwg&“ Fm&>* =0. (4.16)
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Table 1:
straint eq. (4.16).

The mass parameters and additional Killing spinors that solve the con-

3 4

m £ 3
+1(e1—&y) | (0,1,0,0)" | (1,0,0,0)"
—1(e1—¢&y) | (1,0,0,0)" | (0,1,0,0)"
+1 (g1 +¢) | (0,0,0,1)" | (0,0,1,0)"
—2(e1+¢&5) | (0,0,1,0)" | (0,0,0,1)"

The list of non-trivial solutions to this constraint is given in table 1.
For m = +i“.52 two additional spinors of opposite chirality as compared to &' are pre-
served. This corresponds to twisting the SU(2); c Spin(4) with the flavor symmetry so the

full Lorentz group now is

[SU(2); X SU(2)r Jaiag X [SU(2), X SU2g Litag - (4.17)

This is the Marcus twist of N' = 4 SYM [18].

For m = ii@ two additional spinors of the same chirality as £1? are preserved. After
the choice of this special mass, we have essentially identified SU(2), € Spin(4) with the
SU(2)g x SU(2)F so that the new Lorentz group is

SU(2); x [SU(2), x SU(2)g X SU(2)r lgiag - (4.18)

This is the Vafa-Witten twist of N' =4 SYM [19].

4.2 The four dimensional perspective and embedding in the A = 4 supergravity

The analysis of the previous section nicely explains the symmetry enhancement for special
masses but it does not give an inherently four-dimensional perspective. This is because the
frame we used mixes the compact direction and the four-dimensions. We now rewrite the
metric as

) oy ) v, dx* 2
ds? = (5W—mv“vv)dx dx”+(1+v?)( do + ] (4.19)
After dimensional reduction, the four-dimensional space has the metric
AL
w2 (4.20)
The frame best suited to this split is
~ 1 1 ~ Vadx?
Ef=dx'—=|1— vav,dx*, E5=\/1+v2(dﬁ+ 2 ) 4.21
vz( «/1+v2) K 1+v2 (4.21)

This is related to our earlier frame by a local rotation implemented by the matrix with com-
ponents

1 1 v,
M =5a——(1— )vav, —M%% =M’ = e M= . (4.22)
b b2 V142 b ° ¢ VI+2 *T /I2

The spinor transformation matrix can be computed from this and it can be shown to take

the form .

1—v? 2 #
M= 1— v, [Ts | .
(1+v2 1+v2H 5)
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Note that the Killing spinor equations do not change under this local frame rotation. The trans-
formed spinors £f = ME f) continue to satisfy eq. (4.9) but the spin-connection has changed.
To facilitate the dimensional reduction we use the coordinate 9 such that dd = V1 + v2d¥.
The spin-connection is

Vu]
Q,sp=¢"0 (—M ),
web = P v
Q1§,ab =—e"[5Qy 547 (4.24)

v
u
Quab = Opab — ﬁev[bgv&z] .

The Killing spinors satisfy a constraint which follows from the 5-component of the Killing
spinor equation

Qq5pPE = (e + 82)(T3)ij5j- (4.25)

2i
v1+4v2
Using this in the y-component of eq. (4.9) we obtain the following four-dimensional equation
satisfied by the Killing spinors

1(81+82)
2(1+v2) Vi

i(e; +52)
441 +v2 i

Comparing the above with the generalized Killing spinor equation that arises from setting the
variation of the gravitino to zero in the N’ = 2 conformal supergravity, eqs. (A.4) and (A.5),
we can read off the N/ = 2 supergravity background fields. These are given by

‘ 1 ‘
V€ — (7 3)1j51+§ga5brabrursgl_ (t3)’ Fsgl (4.26)

i &1 + 25 . —i &1 + 23] i 05 ei 1 S i
=" B, =—i} = — i =Q, 5, THTE. (4.2
u 21412 V,uTB: uv 1 u,5v > n zm(73) j 5 + ) u,5v 5 (4 7)

Let us now embed these as constraints on a supersymmetric background of N' = 4 con-
formal supergravity. The bosonic fields in the A/ = 4 Weyl multiplet are the vierbein eau, a
two-form Téi, an SU(4)g gauge field v, ' a one form b,, and scalars E;;,DY ., C. The in-
dices I,J,.. run from 1 to 4. Following [39,40] this provides a supersymmetric background
if we require the fermions of the multiplet and their SUSY transformations to vanish. The
relevant equations for us are

1
0= 6/\] =EIJ6J_§61JKLY' TKLGJ, (4.28)
0= 51/)1 =2V,e —2VIJ6 ——}f T”yuej+1yun (4.29)

Note that we are using the chiral SU(4) conventions [39], i.e. €/, 7, are chiral and €;, n’ are
anti-chiral. Also there is a second set of charge conjugate equations. It is now straightforward
to interpret eq. (4.25) and eq. (4.26) as arising from the above supersymmetric variations. For
example when only A/ = 2 supersymmetry is preserved, i.e., €2 = e* = 0, various parameters

are related as follows.

5 5 5
a2 Ll o 1D n a0 Bite 14T
2 2 Witz 2

(4.30)

1 g1+¢ g1+¢ 71 O
TR=T%=_2B, Ej=—Fp=—=>, V,=i——2y, |} :
2 BT A P 8@+v) M 0 0

Similarly the enhanced supersymmetric background can be embedded in the N' = 4 super-
gravity when € and e* are linear combinations of the Killing spinors £34.
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4.3 Linearized Q-background

Let us conclude this section by relating the Q-background we obtained to the one discussed
in [27,41]. The origin is a fixed point of v around which it generates a T2 action. To leading
order in the distance from the origin

i
Vy=0,  By= (8uvy—3,v,) - (4.31)
The linearized Killing spinor equation is

1 .
9,8 — gapvv[rm, r,]rel=o, (4.32)

which is satisfied by
. 1 .
&= (1 — 5v“rurs) Ep. (4.33)

These are precisely the equations that are referred to as the Q2-background by [27,41]. Here
we see that these arise as a linear approximation to the Q-background which is obtained by
dimensional reduction with a twist.

5 Applications

We now discuss various applications of our results. Some simplifications, observed in the
literature, of the free energy of four-dimensional supersymmetric theories can be explained by
our results. Using the AGT correspondence our results shed light on the torus vacuum and the
one-point function of certain local operators in Liouville/Toda CFTs. Finally, our results imply
an infinite number of constraints between correlators of operators at fixed radial distance from
the origin but integrated over the other directions. This generalizes relations obtained earlier
between integrated correlators of N' =4 SYM.

5.1 Squashing independence of the free energy

It was pointed out in [ 7] that the free energy of the mass deformed N = 4 SYM on the ellipsoid

with U(1) x U(1)-isometry is independent of the squashing parameter b = \/% if the mass of
the adjoint hypermultiplet is

m, = £ =i%(£—1—z—1). (5.1)

We now show that this value of the mass precisely corresponds to the special values which
lead to symmetry enhancement at the two poles of the squashed sphere.

The north pole of the squashed sphere is a plus fixed point characterized by equivariant
parameters % and %, so the Marcus point corresponds to mass :I:% (E_l —Z_l) =m, at the north

pole. The south pole of the sphere is a minus fixed point with equivariant parameters [12] %

and —% so the corresponding Marcus point occurs at :i:% (ﬁ_l + (—Z)_l) = m,. We see that
Marcus point at both fixed points happens to agree with the constant choice of mass at which
the simplification of the partition function was observed.

Similarly, the constant mass :I:% (6_1 +Z_1) corresponds to the Vafa-Witten point at both
fixed points. This has not been emphasized earlier in the literature. For this special value of
the mass the partition function is the same as in the case of the round sphere with mass %i [8].
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This local symmetry enhancement near the fixed points of v is enough to explain the sim-
plifications at hand. One might still wonder about a global enhancement on the squashed
sphere. However this makes matters much more complicated. First the position dependence of
the two-form field implies through (4.28) that a constant mass will no longer do the trick. This
position dependence of the mass requires additional non-trivial components of the background
vector field as we have shown in section 3.1. A similar requirement comes from integrating
the full covariant version of the gravitino equation (4.29).

5.2 AGT correspondence

In class S theories [42,43], the complex curve associated to the A/ = 2* theory is the once-
punctured torus. The AGT-correspondence [20] relates the observables of N' = 2* theory on
the squashed sphere to those of Liouville/Toda theory on torus T2 with complex structure
identified with the gauge coupling 7. For a review on class S and the AGT correspondence we
refer to [44].

For the gauge group SU(2), the AGT correspondence states that

ZNZZ*(T) u, b) = (‘7%4_1“)1[2 P (5.2)

where Q = b+ b~ . The left-hand side is the partition function of A/ = 2* theory with dimen-
sionless mass parameter u = Vv £fm on the squashed sphere, while the right hand side is the

— 2
one-point function of the vertex operator of dimension h = h = % + u? in Liouville theory
on the torus of modular parameter T. To derive this it is sufficient to compare the partition
function with the structure constants from the DOZZ formula

T(b)Y(2a,)Y(2(Q —a1))Y(2a)

T()T(Q—2a; +a)Y(2a; —Q+a)Y(Q—a)’
(5.3)
with Y(x)=[1,, n>0((mb +3)+x)((m+1)b+ 5= "H — x). Matching 2a; —Q with the Coulomb

27—Q b
Clay,Q—ay, @) = [muy (b2 ]

branch parameter —i4/ r—ZO' and a with % +iu we see that the vertex operator takes the form

~ T 92 a/b
V, = T((Z‘Q) [7r,u}f(b2)b2 2b ] e2a¢,

We are interested in the case where u is purely imaginary, which corresponds to local op-
erators but non-normalizable states [45]. For u = +i2=— we get that h = h = 1, i.e. the
one-point functions of the exactly margmal operators Vb, Vb 1 are independent of the param-

eter b. On the other hand, for yu = :|:1b+b we have h = h = 0. The vertex operators v, VQ
are proportional to the identity operator in the CFT and we conclude that the torus partition
function of the Liouville theory does not depend on b either.

The generalization to generic gauge groups involves Toda theory [46]. Following this idea,
we should compare the squashed sphere partition function with the Toda structure constant
[47],

C(a1,2Q —ay, kwy_q) (5.4)

_ [nw(bz)bz—zﬂ]‘k(g?l) (T(b))f‘]’\]—l T(k)k]_[e€A+ T{Q—aq,e))T({a; —Q,e)) 5.5)
[T T (§ + (a1 = Qhy) +{(Q—ay, hy))

5 ()™~ 1T(k) [ T({Q—ay,e))T({a; —Q,e))

T(N e€A+T(N+<a1 Q, )T( —Q,C))'
(5.6)

_ [nuy(bz)bz_%z]

Here (e, ) is the inner product on the root space, h; are the weights of fundamental repre-
sentation of SU(N), k is a constant, Q = (b + b™!)p for p the Weyl vector, a parametrizes
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a vertex operator V, = el®®) and wy—1 is last element in the basis dual to the simple roots.

Identifying a; —Q =1 f—ﬁa and ]% =b +2b " iu, the correspondence states
ZNZZ*(T: m, b) = (kaN_l>T$ 5 (57)

kon-1.9)  The dimension

— k(N—1)/(2b)
for the vertex operator Vi, = = Tl/N) [n,uy(bz)bz_%z] el

(k)
of this vertex operator is
N-—-1 k
Alkwy_1) = Tk((b+ b‘l)—ﬁ). (5.8)

With this at hand we can once again translate the squashing independence of the partition
function into CFT. For the imaginary masses u, k is real and thus the operators kaN_ ,do not
correspond to normalizable states in the spectrum of Toda theory [48,49]. Based on what we
know from Liouville theory we still expect them to be sensible local operators. The A = 2* at
E?e Marcus pE)\int implies that the one-point functions of the dimension %N (N —1) operators
VZ,NQ)N;1 egld Vh-1Nw,y_, are independent of b. The Vafa-Witten point corresponds to the oper-
ators Vo, Vonw,,_,- These two have dimension zero and are thus proportional to the identity
operator in the Toda theory. We find that their one-point function, and thus the Toda torus
partition function, does not depend on b.

5.3 Constraints on correlators

An application of the position-dependent flavor deformation we introduced in section 3 is
to obtain relations between integrated correlators in A/ = 2 SCFTs with flavor symmetries
and marginal couplings. This implies improvement on the results of [7, 21-24, 50-53] for
integrated correlators of A' = 4 SYM®. These correlators are obtained by taking derivatives
of the localized mass-deformed theory with respect to couplings and masses. The appearance
of a position-dependent mass allows one to take functional derivatives with respect to it and
refine the earlier results. A detailed study of the additional information that can in this way
be extracted is left for future work. Here we present the basic framework and an example of
how our results can be used to refine earlier constraints on integrated correlators.

The position-dependent flavor deformation is introduced by coupling the flavor-current

multiplet with bosonic components ( ja,M,Za,fa,Bflj ) to the background vector multiplet

(A’;, Mgy, Mg, Da’ij) where a =1,2,---,rp. The precise coupling works out to be

TF
1 .. 1 o1 1_ = 1 —
Edef = EA‘ZJG,H + EDa,iszl] + EmaZIa + Emaza + (EA?I — 2mama) L,. (5.9)
a=1
The last, non-minimal term is the usual mass-term for hypermultiplet scalars.
In general, the masses can depend on the three directions transverse to the Killing vector v.
To simplify the following discussion we will however restrict to the round sphere S* with the
metric

ds? = r? (dp2 +sin? pd6? + sin? p sin? Od¢? + sin® p cos? dez) (5.10)
and masses that only depend on the latitudinal coordinate p. Moreover let us assume
sm, +sm, = M, is constant such that the background gauge field vanishes. Using s = sin® %,
§'=cos? £ we then get

m, =M, +isp.(p), (5.11)
ﬁa :Ma_isN(Pa(p)- (5.12)

8We thank J. A. Minahan and R. Panerai for suggesting the application of position-dependent masses to obtain
constraints on correlators.
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The partition function, which only depends on the values of m, and m,, at north and the south
poles, is independent of ¢,(p).

Before progressing to the partition function, we first discuss the functional derivatives of
the deformation action. The first such derivative has the form

10Dy,5(x)
2 5¢q(p)
—2(ismy(x) —ismy(x))6(p(x) —p)Ly(x)]. (5.13)

Due to the derivatives on the mass in (3.4) the functional derivative of D is non-trivial. We do
not evaluate it explicitly here, but we note that by integration by parts we get

B/ (x)

05 ; is is _ 'r
5%%;) :J ‘/§d4x|:55(l3(x)_P)Za(X)+55(p(x)—p)2a(x)+;

i 8Dy (x) .. o _ ’
ZJ VBB ) = f Vgt (B (BI I3 (0 () — p) + B8, B30 () — )
b=1 a

(5.14)

for some D,, D¥. This introduces the first descendant of B. The second functional derivative
of the action is

5% ~

e =—25(p —p")5s(p)5(p) f VELxLy(x, p). (5.15)
5¢q(P)o¢s(p")

With all of this at hand we are ready to look at the correlators we can get from the partition

function. The simplest relation that we obtain involves four derivatives of the partition function

with respect to ¢(p) and marginal parameters’

527
o=
T80 (p)8py(p")

We emphasize that this relation holds for any N’ = 2 SCFT with marginal parameters and
flavor symmetry. As an example we demonstrate how this works for A" = 4 SYM. The theory
has only one marginal parameters and rr = 1. Using egs. (2.6) and (5.13) to (5.15) we can
express the left hand side of eq. (5.16) in terms of various correlators of N' = 4 SYM operators.
Using the selection rule that the correlators with odd number of ¥ or X vanish the resulting
constraint can be written as

=0. (5.16)

T =0

0=—321*r*5(p —p’)ss”(p)J VAT X)X ) (7L (x, p))
—?r*s(p)s(p”) U /g g/ dx3dx"? <Tr(X2)(0)Tr()_(2)(7t)2(x, )= (x, p’)> +p e p

- - 3 \(~ ~ 9
2.4 3dx’3 —
+4m°r JJ VgV g'dx dx’ (Dij(x,p)+Di‘j~(X,P)axu)(Dij(x/’p/)+D5(X/’p/)8x’u)

(T TR ) (m)BY x, p)BU (', 1))
(5.17)

The superconformal Ward identities for the A/ = 4 stress tensor multiplet allow one to write
all of the above 4-point functions in terms of differential operators acting on a single function
T(U,V) [21,54,55], of the two conformal cross ratios U, V. The latter cross ratio only depends
on the coordinates p, p’. As a consequence it is not integrated over in contrast to the case of
constant mass. Thus, the above relation yields a differential equation for 7. We emphasize
that (5.17) is a general consequence of N = 2 supersymmetry and repackages the complicated
constraints from Ward Identities as linear relations between integrated correlation functions.

The relations with less than three derivatives have counter-term ambiguities and the relation with three deriva-
tives are trivially satisfied.
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A N =2 on four manifolds

In this Appendix we give all the important expressions for the N/ = 2 backgrounds introduced
in [10].

At the basis of the construction is a covering of the manifold with open patches such that
each patch contains at most one fixed point of v. In patches where s # 0 we can define spinors

C s s _ 1 ,_

Transitioning into other patches with s # 0, we should undo the required SU(2); transfor-
mation on ¢ by an SU(2)y transformation so that ¢ keeps the same expression. y will then
also transform correctly. To transform into a patch with a zero of s one should do besides the
SU(2); transformation the SU(2)y transformation given by

v

j_ Y
U; _1||v||0“i s (A.2)

such that in this patch we have

1 . E
Ci = _STV“O'MXI' b) Xa = _1?6;: (A-3)

This gives a globally well defined set of spinors on the four-manifold.
The Killing spinor equations read

(DH—iGH)Ci—%WJpG”){i—Ecuni =0, (A.4)
(D, +iG )7 + %w‘;pap {'— %a,mi =0, (A.5)
and the auxiliary equations are
(N— %R)yi =4i0,G, " 7" +i(V* + 2iG")W,,7 "¢ +ic" (D, +iG,)n’, (A.6)
(N — éR)Ci = —4i9,G,0""{; —i(V* = 2iG" )W 0y +ioH(D, — iG,)7'. (A.7)
The auxiliary Killing spinors take the form
ni=(Fr=wWh; =G0t 7 —S;¢7, (A.8)
' =—(F =Wy +2G,0" sy, (A.9)

where we use the notation W+ = 3W,,,0*” and W~ = 3W,,,"" and similar for F.
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With the notations
vl =dlo 7 + o7,
egi) = Z:J O',uvcl >
O =27’

the background fields take the form

2i
= ¢
(s +8)2 we

1
AP by + —0uby—viby),

i
W, :m(é’“vv—avv“)— VpG)t

4
L3, (s—35)— ——
v 2yP 3, (s —3) o

wvp
s—§
+ ——€
(s +35)2 e

9,(s—§ .
(Vu)ij o N(C(IV §J)+X(l HX]))+ i (ZG —(S—N‘)S))(@ij—@ij)v“

(s+3
N (50 +56.)"
+W »(§8;5 +56;5)"
K Ss—K
Fuw =iod (va)—iﬁv(‘ws—Nvﬂ),
s§ s§
8i s+s
Sl-j:( ~)2(® +G)l]) YO, vy (~)2 (s@ +s®l]) Y3, vy
2 s—S§ is
+—|4G,— ——b ———3 +38) |vM.
s+§( Bos+s ™™ 2 55 “(s s))vu

(A.10)
(A.11)
(A.12)

(A.13)

(A.14)

(A.15)

(A.16)

(A.17)

(A.18)

For the scalar R/6—N we refer to the original paper as it is not necessary for our computations.

A couple of necessary conventions are

O-Zd = (;L:: _1) >
The = (=7,—1),

Ev_o-vau):

ot = Z(E“UV —0,0,),

with the Pauli-matrices 7 = (t!,72,73). Note also that €;53, = €!2 = —e;, = 1, where the
former is used to define duality of tensor while the latter two are used to raise and lower SU(2)

indices.

A.1 Cohomological formulation
The cohomological fields are defined as:
n=CA+ 7 A,
¢ =—iX —X),
U, = (oA + T

¢=§X+s)_(,
s+S§ [_i_ 1
tir =2 (T = G0+ — =) )

PA| ~ii X+
sz(ch) [@ZADI-- Fpp +i N(a vy —31v,)

2i 3 —
——lNE 5VY( D5 —21G5 —1L~b5)X— (D5 +2iG5 —léb(g)X)] .
s+s s+s
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This last definition uses the notations

-3

cos(w,) = S—~ , (A.25)
s+8§

k=g(v,e), (A.26)

1 KAL
Pt =——— [ 1+cosw, x—sin? w v), A.27
@ 1+ cos2w, ( ¢ ‘K (A-27)
s 4 cos?(w./2) .. sin®(w,./2) ~;:
QY = < —0Y + ~—0ov |. A.28
7 1+ cos? w, ( s ald § g (A.28)

After this field redefinition the SUSY transformations of the vector multiplet take the form:

SA=1iV, (A.29)
SV =1, ¥ +ids¢, (A.30)
5¢ =17, (A.31)
op =in, (A.32)
&=Ly —[¢,¢], (A.33)
5y=H, (A.34)
SH=iLl% —i[¢,x]. (A.35)

B Including fluxes

The localization results we are using and by extension our results also hold on manifolds
that support non-trivial fluxes such as RP* [56]. In this appendix we give the corresponding
expressions for the one-loop determinants and the partition functions. We refer to [11] for a
detailed discussion.

Inclusion of non-trivial fluxes in the localized partition function shifts the Coulomb branch
parameter in the classical, Nekrasov and one-loop contributions to the partition function. For
the classical action this precisely gives the corresponding contribution N ({k;}) to the instanton

number

1672 9 .
IOg chassical =" Tr(o )S_ - ZNITN({ki}) P (B.1)

8ym

where the index i runs over the number of fixed points of v. For the one-loop and Nekrasov
partition functions the shift is 0 — o + k;(¢;, €/) with the function k; valued in the Cartan of
g encoding the flux contribution at the i-th fixed point. For the vector multiplet this leads to a
modification of the general expressions for the two types of fixed points, which now become

z;%, (0)= l_[ l_[ (ip(0) +ip(ky(ey, €2)) + () + e, + (ny + 1)"9;)%

peadjng,n,=>0

x [ (ip)+ip(ke(ey, ) +myey +myel)?
mq,my=>0
(my,m,)#(0,0)

DNl=

1 (B.2)
22, @) =[] [] (o) +iptk, (e, ) = (1 + e, + (n + e} )

peadjny,n,=0

1
X l_[ (ip(a)+ip(ky(ey,s;))—mlsy+m23;)2 .
mq,my=>0
(my,m3)#(0,0)
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Similarly the hypermultiplet expressions become

Nl

Z:f;,(a,mx)=l_[ l_[ (ip(0)+ip(kx(8x> g.)) +imy +(ny + )s +(ny+ = )g)

P€ERNy,Ny>0

< (<ipt)—iptkeew ey =im, + (m+ 3 Jecr (o5 )e)

E g, (o, my)—l_[ l_[ (1p(o)+1p(k (Sy,E )) +im, —(n1+;)8},+(n2+%)8§/)_

PERNy,Ny>0

P 1 1\, )
x (—ip(U) —ip(ky(ey,€)))—im, — (nl + 5) £y + (nz + 5) sy)
(B.3)

Nl

Nl

NI

The U(1) parts of these one-loop determinants are the same as in the case with no flux.

For the vector multiplet, the one-loop determinants can then be written as a product over the
positive roots of the gauge algebra.

ZZ:CS/ =( g(il)vec)rG l_[

b |p(a)+p(k ()]

D=

x [T ((olo)+plhyles, e+ ((my + Dy + (ny + 1), )°)

ny,np=0
2\3
x ((p(a)+p(kx(ex,e;)))2+(nlex+nzs;) )7,

vec __ U(l)VEC
Z £ (_Ey Sy) l_[

peh., Ip(0)+p(k (ey,€)))l

1

< 1 ((p(o)+p(ky(sy,s;)))2 +(—(ny + ey + (np + 1)8;)2)2

ny,n,>0

1

X ((p(o) + p(k,(ey, 8;)))2 + (—nlgy + nze;)z)z
(B.4)

Similarly we can rewrite the hypermuliplet determinant with a product over the non-trivial
weights R \ Ry of the representation

h U(Dh Rol
2, (0,m) =(2, " (m,)

1
| | | | + /7\N2\ "2
((p(0)+p(kx(EX’ e+ my )2+(nlsx+nz£;+ N SX) ) ,
PER\Rg 11,1120
Rol
h
ey 8’ (0 m) ( U(l) yp( y))

es’

p(o)+p(k,(g,,e’ ) +m 2-i— —Tl1€x+n28/+_€x+£; ’ _i.
l_[ l_[ ( Y Ry Ty J’) x

pER\R,O nl,n220
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For an adjoint hypermultiplet, the one-loop determinants become

2, (o,m) =2/ m))° ]

PEA,

/ 2
<[] ((p(o)+p(kx(sx,e;)))2+(nlsx+nze;+8"28"+imx))

ny,ny,=>0

/ 2
x((p(o)+p(kx(ex, €+ (nlsx+nze;+€x;€*—imx)) ,

Z, g/ ” (o, mx)_( Ue(l);yp = )

_ / 2 2
<1 T1 ((p(o)+p(kx(ax,e;)))2+(—nlsx+nzs;+ 8*2+g"+i—x))

PEA, ny,np>0

—e +e. )
x((p<a)+p(kx(ex, e + (—nlsx+nzs;+T"—imx) )
(B.6)

From these expressions it is clear that we find the simplifications at the same mass values as
in the case without fluxes. Specifically tuning the mass at all fixed points to the the Marcus
point we find that the partition function takes the from

zMarcus:Ze—mN“kf”Jera(]_[ |p(o)|2)exp( 1755 (o )), ®.7)

{k} pen, gm

where the sum is over all possible non-trivial values of the flux. Similarly at the Vafa-Witten
point we find

2= S (a5, ) (76,)
{ki}

lon (B.8)
xferUexp(— & > Tr(o? )]‘[ @) [ ] lo(o)+kier, DI,
YM

PEA, ie{f.p.}

with the last product being over all the fixed points.

C Tuning masses on four-manifolds

Here we give a formal proof that at every fixed point of the Killing vector we can tune the mass
to whatever value we want.

Pick a fixed point x, of v and a small neighborhood U of x, such that the exponential map
exp:exp L(U) C T, M — U is bijective. Assuming x, is isolated, there exists € > 0 such that
B.(0)C exp !(U)and forallY €S> C T, M the map

fy :[0,€) > M
r— [[v(exp(rY))|I?,

is strictly monotonically increasing. (This means that if we start going away from x, the norm
of v has to increase.) As a consequence, there exists an € > 0 such that

u:[0,e)x8> > M
(r,Y) = exp(fy ' (r)Y),
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parametrizes its image. It holds that ||v(u(r, Y))||? = r. Combining this with the fact that v is
a Killing vector, we see then that v(u(r, y)) € Ty y)u(r, s3).

Let’s assume that we have already put some masses m, m on M, that they satisfy the con-
straint of being constant along the flow of v but that they do not necessarily have the desired
values m,, m, at the fixed point x,. Pick 0 < €’ < ¢’ and a function h : [0,€¢”] — [0,1] such
that h(0) = 0,h(e”) = 1 and that allows a smooth extension to constant 1 above €¢” and con-
stant 0 below 0 (i.e. h is a smooth step function). Define 7 : R x S® —» R : (r,Y) — r. With all
these inputs we can then define for p € M

' (p) = h(rn(u~(p))Im(p) + (1 —h(n(u ' (p))Im,, if p €u([0,€”] x S%),
Pr= m(p), else,

7 (p) = h(n(u~(p)))m(p) + (1 —h(n(u' (p)))m,, if p €u([0,€”] x %),
Pr= m(p), else.

Note that homou™! varies only in a direction transverse to v by construction of u and therefore
m’,m’ are constant along the flow of v. Also they are smooth due to the constraints on h.
Finally we have that m’(x,) = m,,m’ (x,) = m, as desired.

After we have engineered m,m the other background fields, G, and D;; and those that
depend on them, have to be adjusted.
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