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1 Introduction

Coulomb branches of three-dimensional (3d) supersymmetric gauge theories are subvari-
eties of the moduli space of supersymmetric vacua, in which vector multiplet scalars acquire
VEVs. It is not an easy task to characterise their geometry. For instance, the metric on
the Coulomb branch of non-abelian theories receives non-perturbative quantum corrections,
which are notably hard to compute. Nevertheless, significant progress has been made in
recent years for 3d theories with N = 4 supersymmetry, see [1-12] for a physics perspective
and [13-18] and references thereof for a rigourous mathematical construction. We will take
the physics perspective in this paper. The majority of these results have utilised the de-
scription of the Coulomb branch as a complex algebraic variety, hence bypassing difficulties
related to the metric. The key players in this description are chiral operators, including
standard Casimir invariant operators, and also importantly monopole operators [19]. The
VEVs of these chiral operators parametrise the Coulomb branch and the algebraic relations
that they satisfy give the chiral ring relations. Although there is always an infinite number
of monopole operators, it is believed (but not proved) that the Coulomb branch is finitely
generated, namely that every Coulomb branch admits a finite basis of generators, which
are constrained by some algebraic relations. The goal then becomes to isolate such a basis
and to extract the relations.

One can go a step further. The coordinate ring C[C] of the Coulomb branch C has the
structure of a Poisson algebra and admits a deformation quantization C.[C] [5, 14, 20], with
parameter €, which is an associative, non-commutative algebra.! This is referred to as the
“quantized Coulomb branch”. It is a richer object compared to the simple Coulomb branch,
and thus it is desirable to study. In particular, obtaining the deformed Coulomb branch
relations is a useful task. Several methods have been proposed to study the quantized
Coulomb branch and we will briefly review some of these proposals in section 2.

In this paper we study the quantized Coulomb branch of 3d N = 4 SQCD theories
by leveraging inputs from supersymmetric localization and brane constructions [21]. Our
setup allows us in principle to compute any correlator of monopole and Casimir operators
on R x R?, where R? is the Omega background with deformation parameter €, and the
operators are inserted along the line at the origin of R? as in [5]. These correlators are
topological in the sense that they depend only on the ordering of the insertions along this
line, but not on their actual positions. We find (following [5]) that they are expressed as
rational functions of abelian coordinate VEVs, which are the VEVs of Cartan scalars and
dual photons in the vector multiplet.? The knowledge of these correlators can be used
to extract a monopole basis and reconstruct the quantized Coulomb branch relations. In
practice however, we will only be able to give explicit expressions for correlators of certain
monopole operators of low magnetic charges. As we will explain, more general correlators
are obtained by computing certain matrix models, whose precise contour of integration

'In the mathematics literature the quantization parameter is denoted i, not to be confused with the
Planck constant of the three-dimensional quantum field theory.

2As we will explain in the core of the paper, the correct abelian variables are actually abelian monopole
VEVs and complex scalar VEVs.



remains to be studied. For SQCD theories it turns out that these low charge monopoles
contain a basis of generators and thus we are still able to describe the quantized Coulomb
branch. We will devote this paper only to the study and computation of such correlators.

First, we exploit the power of supersymmetric localization, recycling the computations
of 't Hooft loops in 4d from [22] and performing the dimensional reduction to 3d, to extract
an expression for a monopole operator VEV and then a correlator of monopole operators,
written in terms of a sum over monopole bubbling sectors. These are the sectors of the
path integral where the magnetic charge of the defect is screened by the magnetic charge of
a smooth 't Hooft-Polyakov monopole [23]. A given bubbling sector contribution contains
a product of several factors. All of these factors are well understood, apart from a rational
function of the abelian VEVs, Zgyvw, which is the partition function of an N = (0,4)
Super-Matrix-Model, a 0d supersymmetric gauge theory.® Here lies the difficulty in the
computation. First, it is not obvious to determine what these SMM are, and it is certainly
not obvious how to evaluate them.

To solve these issues we rely on a realisation of monopole insertions in a type IIB
brane setup (see [29] for a first study of this setup in abelian theories). We are able to
map each bubbling (and non-bubbling) contribution in the monopole VEV expansion, or
in the correlator expansion, to a corresponding brane setup. We then read off the SMM as
the theory living on the D1 strings. These are gauged quiver SMM with (bi)fundamental
hypermultiplets and Fermi multiplets. Once the SMM is known, it remains to determine
a contour of integration for the eigenvalues of the matrix model Zgyy. For SMM that
appear in generic correlators, this is a difficult problem that we do not address in this
paper. It is related to the fact that these SMM have vanishing Fayet-Iliopoulos (FI) pa-
rameters. However, for correlators of non-bubbling monopoles, the contour is given by the
Jeffrey-Kirwan (JK) residue prescription [30] and we are able to give the final evaluation
of such correlators.

We apply our method in several examples and provide some general results in the
U(N) SQCD theory. Since we study the quantized Coulomb branch, we find non-
commuting monopole operators and we compute their commutators. Interestingly, the
non-commutativity is tied to a wall-crossing phenomenon in the gauged SMM, which is
similar to an observation in [31] for gauged SQM related to non-commutative 't Hooft loop
operators. The choice in the ordering of the monopole insertions along the line in R x R? is
directly related to a choice in the signs of the FI parameters in the gauged SMM. When we
reverse the order of two insertions, we cross a codimension one hyperplane — a wall — in
the FI parameter space and the JK contour changes, instructing us to pick contributions
at different poles, and the partition function of the SMM may change. In simple cases, the
commutators are simply related to the residues of poles at infinity in the matrix models.
We provide several examples of this wall-crossing phenomenon. Beyond pedagogical exam-
ples, we give explicit results for arbitrary correlators of “minimal” bare monopole operators
(non-bubbling bare monopoles), whose magnetic charges are highest weights of minuscule

3The same factor appears in the computation of supersymmetric 't Hooft loops in 4d A = 2 theories,
except that it is a partition function of a SQM theory, rather than SMM theory. The computation of such
a factor can be quite subtle, as has been demonstrated recently in [24-27] (see also [28]).



representations. We prove that all positively charged (or all negatively charged) monopole
operators commute among themselves. On the other hand, we show that positively and
negatively charged monopole operators generically do not commute.

Another important feature is the observation that the non-commutative product of
monopole operators can be effectively computed as a Moyal (star) product. This can be
inferred from the localization results in 4d, and imported to 3d. A similar property was
also central in the bootstrap approach in [12]. The explicit results that we obtain using
the brane construction are all in agreement with this Moyal product representation.

This paper is organised as follows. In section 2 we review some results in the literature
on Coulomb branches and we extract the 3d localization formulae from the reduction of the
4d ones. We also introduce and discuss the non-commutative product and the Moyal prod-
uct formulae. In section 3 we propose a type IIB brane setup for realising bare monopole
operators in U(N) SQCD theories. We relate brane setups to monopole bubbling contri-
butions in the localization formula and explain how to read the SMM and compute Zsym
(at non-zero FI parameters). We then illustrate the method by providing several examples
of computations of two and three-point functions in U(2) SQCD. In section 4 we use our
brane construction to provide a closed formula for correlation functions of non-bubbling
bare monopole operators in U(N) SQCD. We also study various examples of correlators
containing bare monopole operators of minimal positive and negative charge, investigating
the wall-crossing phenomenon and making connection with the Moyal product. Along the
way we outline a correspondence between the data of our brane construction and the ge-
ometry of the affine Grassmannian, which plays a key role in the mathematical definition
of the Coulomb branch, although we do not rely on this correspondence for any of our com-
putations. In section 5 we extend the discussion to include Casimir operators and dressed
monopoles. We propose a brane realisation for those operators and compute some simple
correlators. Finally, in section 6 we conclude by discussing the remaining issues and possible
future work. In particular, the analysis carried out in this paper using brane constructions
has the potential to be extended to gauge theories with A/ < 4 supersymmetry, where a
mathematical description along the lines of [13, 14] has not been developed. We collect
several details of the computations of SMM partition functions in various appendices.

Note: during the completion of this paper we became aware of an independent related
work by T. Okuda and Y. Yoshida [32]. We are grateful to them for agreeing to a coordi-
nated submission.

2 Quantized Coulomb branches and Localization formulae

2.1 The Coulomb branch in 3d N = 4 theories

In this paper we consider 3d N' = 4 gauge theories. The Lagrangian theory is fixed by the
choice of a gauge group G, which comes with an N' = 4 vector multiplet, and a pseudo-real
representation Rp_, of G, under which matter multiplets transform. We will consider only
matter hypermultiplets that come in pairs of chiral multiplets transforming in complex
conjugate representations, namely R, = R & R*.



The space of vacua is a union of intersecting branches. Generically there are two
distinguished branches: the Higgs branch #, on which only the SU(2)¢ R-symmetry does
not act, and the Coulomb branch C, on which only the SU(2)y R-symmetry does not
act. The remaining mixed branches are products of subspaces of the Higgs and Coulomb
branches, on which the full R-symmetry SU(2) g x SU(2)¢ acts non-trivially.

The Higgs branch is parameterised by VEVs of scalar fields in hypermultiplets, subject
to the D- and F-term constraints. It is elegantly described as a hyperkahler quotient
R4 4m7R /// /G [33] and is protected against quantum corrections [34].

In this paper we focus instead on the Coulomb branch, which is parameterised by the
VEVs of scalar fields in vector multiplets, which take values in the Lie algebra g of the
gauge group G, and of dual photons. The potentials in the action impose that only scalars
valued in a Cartan subalgebra t C g can take VEV. The Coulomb branch moduli are thus
captured by complex scalars ¢,, real scalars o, and dual photons ~,, which arise from
the dualization of Cartan gauge fields, with @ = 1,...,rk(G). Dual photons are compact
scalars, which we normalise to have periodicity 27. These combine with the non-compact
real scalars o, to form the single-valued chiral VEVs

eXa = gt et (2.1)
where g2 is the Yang-Mills coupling (of the relevant gauge group factor).

This leads to the “classical” Coulomb branch, which is parameterised by the Cartan
VEVs ¢, and eX* modulo residual gauge transformation in the Weyl group W:

Cclassical = (C X (C*)rk(G)/W . (22)

The classical Coulomb branch receives quantum corrections, which, roughly speaking, en-
code the fact that the dualization that defines the dual photons , is valid at generic points
on the Coulomb branch but fails at loci where matters fields or W-bosons become massless.
Along these subspaces of C, the radii of the circles parameterised by some dual photons
shrink to zero or diverge, and therefore the eX* are not good coordinates on the full Coulomb
branch. Instead, there should be combinations of ¢, and eXe that are well-defined every-
where and parametrize C. In general, C will be described as a complex algebraic variety,
with the “good coordinates” as generators and relations between them.

Deformation quantization. Before discussing approaches describing the “quantized”
Coulomb branch, it is important to mention that, as a hyperkdhler manifold, C has a
holomorphic symplectic structure which defines a Poisson bracket. Thus, the coordinate
ring of holomorphic functions on C, which is physically realised in terms of the VEVs
of Coulomb operators, also has the structure of a Poisson algebra. It admits a natural
quantization, where the VEVs of Coulomb operators are replaced by operators and the
Poisson bracket is replaced by a Lie bracket, or commutator, with quantization parameter
e. Equivalently, the coordinate ring C[C] of C admits a deformation quantization which gives
it the structure of an associative, non-commutative algebra, with deformation parameter
e.* We will denote the non-commutative product between VEVs by a star %, and the

deformed coordinate algebra by C.[C].

“See [20] and references therein for more background on deformation quantization.



Abelianization approach. In the physics literature indirect methods have been pro-
posed to compute the quantum corrected Coulomb branch.? In [5] it was proposed that one
should work in the complement of the loci where W-bosons and hypermultiplets respectively
become massless and use abelian variables w,, with integer vectors v = (v*)q=1,..N, Te-
placing all the combinations e?X := e2=a¥"Xa  and consider first the “abelianized” Coulomb
branch Cupelian parameterised by the w,, subject to a set of quantum relations. The wu,
are understood as the VEVs of abelian monopole operators and are labelled by magnetic

charges v € Acochar, the cocharacter lattice of G. The precise conjectured relations are®

[T [Huwer, (w® . — mk)h(w(’“)wl,vg)

Maecla@)eve)

; (2.3)

Uyy Uy = Upy vy

where o € G denotes the non-zero roots a of the gauge algebra and w*) € R, denotes the
weights w®) of the representation Rj. The relations also depend on complex masses my,
of the hypermultiplets in the theory. Finally we have

1
h(U,’Ul,’l)z) = 5(’0.2)1’ + |0’.’UQ| — |0’.(’01 + ’1)2)|) € Zzo. (2.4)

The exact Coulomb branch C should then be described as the quotient of Capelian DY
the Weyl group, Capelian/ W, extended to the loci which support massless W-bosons. The
final description contains the generators ®,, and Vp ), the VEVs of Casimir invariant
operators (Weyl invariants of the ¢,) and the VEVs of non-abelian monopoles operators
(Weyl invariants of the u, and ¢,) labelled by magnetic charges B € Acochar/VV (dominant
cocharacters), respectively, and a dressing polynomial p(y), which is an invariant of Wp,
the stabiliser of B in W. These generators are subject to complex algebraic relations
which follow from the abelian relations (2.3). In all the cases that we know of, most of
the Vp are generated and the final description of C is in terms of finitely many generators
and relations.”

The same construction generalises to the quantized Coulomb branch, where the abelian
relations become abelian operator relations.

While this description has passed many consistency tests, it was still observed, for
instance in [9], that some ingredients in the construction are missing. In particular, one
should allow certain rational functions of the ¢, (instead of only polynomial functions) in
the construction of the monopole generators Vp. This is tied to ambiguities of the extension
of Cabelian/ WV to the loci where massless W-bosons arise.

A refined construction was put forward in [11], based on mathematical works, where
one includes a few simple rational functions of the ¢, in the form of BGG-Demazure
operators before performing the Weyl quotient. Precisely, the space constructed there is

SHere we are referring to the standard quantum corrections in the gauge theory that are weighted by
Planck’s constant A, and not by the deformation quantization parameter €, which instead physically controls
an Omega deformation.

5These relations can be seen as quantum corrections of the classical relations .y, Uy, = Uy, +v, for the
classical abelian monopole operators u, = e” X® .

Tt is expected that Coulomb branches of 3d A = 4 theories are affine varieties and therefore that their
coordinate rings are finitely generated, but to the best of our knowledge this has not been proven.



a subspace of C[C] and it is believed to be exactly C[C], at least in quiver theories (it
was shown in linear quiver theories). We refer to the paper for details and references on
this approach.

It would be interesting to justify this construction by direct computations. One draw-
back of this approach is that the physics of monopole bubbling is not manifest.

Localization-bootstrap approach. Another construction was developed in the pa-
pers [8, 12].8 The sphere partition function with BPS monopole singularities inserted
at the two poles of S® was computed using supersymmetric localization. An essential
ingredient in the construction is a certain overlap (o, B|¥}), computing the hemisphere
partition function with a BPS monopole defect of magnetic charge b inserted at the pole of
the hemisphere and BPS boundary conditions at the S? boundary, imposing (in particular)
a magnetic flux B and a constant vector multiplet scalar o. The sphere partition function
is then obtained by a gluing formula, which includes a sum over Weyl transformations and
a sum over monopole bubbling sectors, which we will explain in a moment. The results
are completely known for abelian gauge theories, which have no bubbling sectors, but it is
still unknown how to compute directly the bubbling contributions in non-abelian theories.
The authors of [12] bypass this issue by bootstrapping the form of these terms.

First, they consider the algebra of (dressed) monopole and Casimir operators acting
on the hemisphere partition function, introducing the corresponding operator insertion at
the pole. They then observe that the bubbling terms can be absorbed as abelian bubbling
operators into the monopole operators. The exact form of these bubbling operators is
fixed, up to ambiguities, by requiring operator products, acting on the hemisphere parti-
tion function, to be polynomials of a chosen basis of operators. The ambiguities can be
understood as operator mixings and fixing such ambiguities is synonymous with choosing
a basis of (dressed) monopole operators.

In this construction the algebra of monopole operators is associative but not com-
mutative, with the inverse radius of the three-sphere ¢ = r~! playing the role of the
non-commutative parameter. The algebra is thus a quantization of C and the undeformed
Coulomb branch chiral ring is obtained by taking the limit ¢ — 0. In this limit the opera-
tor product becomes commutative and taking the VEV of the operator relations yields the
description of C as an algebraic variety. The mixing ambiguities discussed above disappear
in this limit, since they arise from operators multiplied by positive powers of .

This construction is very general. It can be applied to any Lagrangian gauge theory
and it reproduces the abelian relations (2.3). We refer to [12] for details and examples.
The main drawback of this approach is that the computations involved are case-by-case
and become rapidly involved as the rank of the gauge group increases. Moreover, monopole
operators in this approach are considered up to operator mixings, whereas one might want
to select a distinguished basis of monopole operators, which are those defined by BPS
monopole singuarities in the path integral. Such a preferred basis cannot be found from
this method. It would also be desirable to find a direct method for computing monopole
bubbling factors, compared to a bootstrap approach. Finally, one might prefer to compute
correlators of monopoles on R x R? rather than on S3, studying directly C.[C].

8See [35] for earlier work on localization results and the Higgs branch.



A first principle approach. In this paper we propose a new approach to the quan-
tized Coulomb branch C.[C], using results from localization computations on R x R? with
monopole insertions along the R line, which we parametrize by a Euclidean time coordinate
2V, The R? directions stand for the Omega background [36] with parameter e. Mathemati-
cally, this amounts to working equivariantly with respect to rotations in the R? plane, with
equivariant parameter €. The insertion of a BPS monopole of charge B € Acochar/WV is
defined by requiring in the path integral the singular BPS profile
B 1 B

F:_Q*d<r)’ o= (2.5)
in the vicinity of the insertion point (with r the radial distance). Due to the Weyl average,
Weyl equivalent profiles (B — w(B), for w € W) are also allowed and summed over.
Strictly speaking (2.5) is valid at e = 0. When € # 0 the Omega background localizes the
flux to the line at the origin of the Omega plane, with a discontinuity at the insertion point.

The background with Coulomb operators O; inserted at the origin of R? and
0 9

at arbitrary but different positions z; preserves two supercharges.” The correlators
(O1(29)O2(29) - - -) computed in this way are topological, in the sense that they do not
depend on the actual positions a:?, except (possibly) for their ordering along R.

For a single insertion, the VEV is simply independent of the position and we define
O := (0(2")). (2.6)

The VEVs O of Coulomb operators define elements of the ring C[C].
For two local operator insertions, the correlators define an associative but non-
commutative product, with

O1 % Oy := (01 (2" +0)O0z(2° = 6)) , §>0. (2.7)

The right hand side is independent of §, as long as § > 0, and the limit § — 0T yields
the VEV of a local chiral operator. It therefore belongs to C¢[C]. Thus the star product
is an associative non-commutative product on C.[C]. The Omega background parameter e
is interpreted as the deformation parameter, as anticipated in the notation. In the limit
e — 0, we obtain Coulomb operator insertions on flat R?, which are independent of the
positions in R3. There is no ordering anymore and the star product becomes the usual
commutative product between holomorphic functions on C.

From the localization results, one can determine the quantized Coulomb branch
(namely C[C]), since localization provides exact computations for correlators, such as
O1 * O, and allows us to determine the (deformed) Coulomb branch relations. In addi-
tion, one may want to characterise the commutators [O1, Oz, for any O1,O2. Our first
objective will be to compute correlators of monopole operators in SQCD theories, using
localization and some insights from brane constructions. As we will see, the results from
localization on R x R? will be closely related to the abelianization approach that appeared
in previous works.

9The 3d N' = 4 theory preserves eight Poincaré supercharges. The insertion of half-BPS Coulomb
operators breaks supersymmetry by a half, and the Omega background on R? by another half. The resulting
two supercharges generate a 0d N = 2 supersymmetry algebra.



2.2 Localization formulae

The localization of Coulomb operators in the R x R? background has not been performed to
our knowledge. This is a long computation that would deserve a paper in itself. Fortunately
a closely related computation has been performed. In [22] the VEV of 't Hooft lines of 4d
N = 2 theories on R x R? x 1,10 wrapping S! and inserted at points on R, were computed
using supersymmetric localization. Upon reduction along S*, *t Hooft loops become local 't
Hooft monopole operator insertions. Thus, the 3d localization results can be inferred from
the 4d results by taking an appropriate limit, which truncates the Kaluza-Klein towers on
S1 to their zero modes.

The 4d localization result. The result of the computation in [22] can be recast as
follows (in the spirit of [12]). The VEV of a 't Hooft loop Lp of magnetic charge B €
Acochar /W takes the form'!

(L) = ’ o Z Bz, loop (€, @, m; BY)
WEW
v (2.8)
+ Z Wl Z Z1 100p(€; @, m;0Y) Zpup (€, a, m; BY, 0%)
|v|<\B\ wew

where the first sum is over the Weyl group and carries the contributions of the non-bubbling
abelian magnetic sectors BY. The second sum is over monopole bubbling sectors labelled
by v, which are the dominant weights (other than B) appearing in the representation of
highest weight B of the dual gauge group GV (this is symbolised by the notation |v| < |B|).
This implies B — v € A, the coroot lattice of G. The electric chemical potentials ag,
with a = 1,..., rk(G), are the VEVs of the real parts of the eigenvalues of the adjoint
complex scalars in the 4d N = 2 vector multiplet, complexified by the holonomies of their
photon superpartners. Similarly, the magnetic chemical potentials b, are the VEVs of
the imaginary parts of the eigenvalues of the adjoint complex scalars, complexified by the
holonomies of the dual photons (which are gauge bosons in four dimensions). The masses
my, are analogues of a, for flavour symmetries. Finally, Wg is the stabiliser of B in WV and
|[Wp| is its order.

The one-loop contribution is given by a product of contributions from the vector mul-
tiplet and hypermultiplets,

|aw|—1

-1/2
oop(®) = TT TI sh| = (@) + (Jae] = 24)¢]
zi%; =0 (2 9)
Jw.v|—1 1/2 '
?yrfoop H H Sh[wa—m+(|wv|—1—2j)] ,
weR j=0

with sh(z) := 2sinh(3) and f(z £y) := f(z +y)f(z —y).

10What we denote schematically as R? x S is more precisely an S* fibration over R?, where the periodicity
conditions on the circle are twisted by a rotation in the plane.
"For a vector = (z1,...,n), we define 2% = (Ty(1), ..., Tw(n)) for w € W, n = rk(G).



The factor Zpu,(B,v), on the other hand, arises physically from the modes living
on the defect when a screening smooth monopole collapses onto the 't Hooft loop. It is
computed as the Witten index of a specific N' = (0, 2) deformation of an ADHM N = (0,4)
supersymmetric quantum mechanics (SQM). The A/ = (0,2) deformation, which we may
call N' = (0,2)* borrowing a common terminology in related contexts, is constructed by
selecting an N' = (0,2) subalgebra of the N' = (0,4) supersymmetry algebra and turning
on a constant background proportional to € for the Cartan generator of the R-symmetry
of the N/ = (0,4) supersymmetry algebra, which commutes with the selected N' = (0, 2)
subalgebra. The computation of this Witten index can be rather subtle [27, 28].

From 4d to 3d. In the above formulae, the S! radius R has been set to one. We can
re-introduce it by rescaling the dimensionful parameters by R to build the dimensionless
quantities: a, — Rag, mg — Rmy, € — Re. The 3d limit is then obtained by taking R — 0,
keeping a4, my, € and b, fixed, and renormalising the leading order term by an appropriate
power of R that is fixed by dimensional analysis to obtain a finite result. After a change of
complex structure,'? the complex scalars a, and b, can be identified with the 3d complex
scalars ¢, and x, = g%aa + 47,4, respectively.

In this limit the form of the result as a sum over monopole bubbling configurations is
preserved and the one-loop determinants simplify from trigonometric to rational functions,
which can alternatively be obtained by truncating the Kaluza-Klein towers on the circle
to their zero-modes. We obtain the following 3d localization formulae. The VEV of a bare
monopole operator Vp of magnetic charge Acocnar/W is given by

Z € Zl—loop(67 2z BW)
WEW

(2.10)
Z Z1—100p(67 ©,m;v") Zpub (€, ¢, m; BY, v%),
\v|<|B| WGW
and the one-loop contributions are
|ovv|—1 _1/2
Zi/ecloop ;v H H |: (‘Oé U’ - 2]) :|
acG =0
@>0 (2.11)
|w.v]—1 1/2
h
2 w0 =11 II [Wp m+(\wv\—1—2;)] .
weR j7=0

The factors Zpup(; B,v) now refer to the 3d bubbling factors, each of which is computed
by the partition function of an N' = 2 deformation of an N' = (0,4) SMM (Super-Matrix-
Model) ADHM-like theory. This theory can be read off from brane constructions for
theories with classical gauge groups. We will discuss it further in section 3.

12The purely three-dimensional N’ = 4 theory (with no Kaluza-Klein states) has three equivalent complex
structures in a triplet of the SU(2)¢ R-symmetry that acts on its hyperkdhler Coulomb branch, so this
change of complex structure is inconsequential.



We notice that the one-loop factors are square roots and as such have sign ambiguities.
It is not clear to us how the localization computation should be modified to lift these sign
ambiguities. We will make a proposal for how to resolve this issue shortly.

Dressed monopoles. As already mentioned, a monopole insertion with magnetic charge
B can be dressed with the extra insertion of a polynomial p(¢) that is invariant under Wp,
the stabiliser of B in the Weyl group. This means that in the path integral, the sector with
monopole singularity BY, for w € W/Wpg, carries the insertion of p(gow_l) at the same
point in space. This defines the dressed monopole Vg ). For a given B, there are always
only a finite number of independent dressed monopoles Vp .y [1].

The localization argument in the presence of the polynomial insertion p(yp) goes
through without modification and the result is simply the same as before, with only two
differences: the non-bubbling terms carry the factors p(¢) and the SMM computing the
monopole bubbling terms may be modified. This last point is visible from the brane picture
that we will develop in the next section.?

The localization result thus takes the form

VBp(e) = \W | Z W‘XZl_loop(e,SO,m; BY)
WGW
2.12
vv.x W oW w1 ( )
+ Z |W| Ze Z1-100p (€0, m;vY) Zpup (€, @, m; BY, 0™, p% ).
|v|<|B| wew

Abelian variables. In the localization result (2.10), one immediately identifies the
abelian monopole VEVs discussed in [5],

Macr [ e = m o+ (o~ 1 2j>e1>” o
Moca T log + (ool = 24)d

In terms of the abelian monopole variables u,, the localization formula for bare monopole
VEVs takes the simpler form

Vg = ’W ‘ Z Upw + Z Z Uqgyw Zbub(f ©w,m; BW W) (2.14)

wew v \<\B| ”‘ wew

Uy = €"XZ1 1o0p(p3v) = €” (

reminiscent of the formulae in [12]. The formula for dressed monopoles simplifies similarly.

Now we notice that the sign ambiguities, due to the square roots in the formulae, have
been absorbed into the definition of the abelian variables u,, which we regard as single
valued (lifting sign ambiguities).

Comment on the action of PT. An important consistency check of our results will
be related to the action of the spacetime symmetry PT on monopole operators, where we
define PT to act as a reflection on Euclidean time 2° — —z° and one coordinate ! — —z!,

which is nothing but a rotation by = in the 01 plane. The reflection leaves invariant a

13A more uniform way to look at the localization expression is to understand the dressing terms p(p)
also as SMM factors, as will stem from the brane discussion.
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monopole operator sitting at the origin (the reflection P or T alone would instead reverse
the magnetic flux). On R x R? the P symmetry can be implemented as the reversal of the
Omega background parameter ¢ — —e¢, while the T" action simply reverses the locations of
insertion points on the R axis.
For a single monopole operator sitting at the origin, this symmetry implies that the
exact VEVs obey the property
Vi(e) = Vp(—e¢). (2.15)

For the insertion of two monopoles, that are brought to the origin, the T' action reverses
their ordering, therefore we have the relation

VB, * VB, (€) = Vp, * Vg, (—¢€) . (2.16)

Other identities in the same vein hold for higher point functions. Similar observations were
made in [20].

Examining the various terms in the localization formula (2.10), we observe that the
one-loop contributions are invariant under ¢ — —e. The relation (2.15) then implies that
each bubbling term has the symmetry

Zyub(€; B,v) = Zpup(—€; B,v) . (2.17)

In addition, we observe that the abelian monopole variables u, are also invariant under
€ — —e¢, extending the property (2.15) to abelian operators VEVs.

Formula for star products/correlators. There is a variation of the localization for-
mula (2.14) that computes correlators of “minimal” monopoles, compared to the VEV of
a single monopole. Instead of considering the VEV of a single monopole, one can consider
a correlation function' ([T,(V4,)™) = (Vi)™ (Vi)™ -+ ), with n; € Zsq, where h; are
generators in the various chambers of the magnetic lattice Acoehar- We will refer to the
h; as “minimal” magnetic charges. One important property of minimal monopoles is that
they do not have bubbling sectors, so that we already know their exact VEVs.

The correlator ([ [,(Vy,)™) defines a local chiral operator (since the insertion points can
be collapsed at a single point) and it can be expanded in a linear combination of monopole
VEVs. This linear combination must involve a monopole operator of magnetic charge
B = )", njh;, which can be a dressed monopole, plus monopoles of lower magnetic charges
that arise from the bubbling sectors. Such an expansion is formally similar to (2.14). It
takes the generic form

<H(Vhi)ni>‘7 = E |Vt | Z Uyw ZéﬁM(e, o,m; BV V), 1€ Sy, (2.18)

i lv|<|B] wew

where the sum over v comprises all the weights that appear in the representation of highest
weight B, namely the bubbling and non-bubbling sectors. Each abelian monopole sector is
weighted with a Super-Matrix-Model factor ZéﬁM, which can be a factor 1, or a dressing

141n such expressions where we do not write the insertion positions z? explicitly, it is assumed that the
monopoles are already time ordered.
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term in a non-bubbling sector, or a non-trivial SMM factor in a bubbling sector. Again,
the SMM computing the various factors can be found by using the brane realisation of the
monopole correlator, when available.

This formula involves a permutation 7 € Sy, where we define N = ) .n;, which
describes the ordering of the minimal monopoles V},, in the correlator. Correspondingly,
the right hand side should depend on 7. In the next section we will argue, from the
brane realisation of monopole correlators, that the dependence of the ordering 7 is directly
connected to the chamber in which the FI parameter vector of the SMM belongs. We will
provide the explicit relation between the ordering 7 and the FI signs in examples.

As we will see, the SMM are readily evaluated when the FI parameters are away from
certains walls (hyperplanes in FI space), allowing us to compute correlators of minimal
monopoles with (2.18) efficiently. We will thus relate the non-commutativity in monopole
correlators to a wall-crossing phenomenon in the matrix models.

On the other hand, the evaluation of matrix models on the FI space walls, which is
necessary to evaluate VEVs of higher charge monopoles with (2.14), is a more challenging
task and we will postpone it to a future work.

2.3 Star product as a Moyal product and abelian relations

Another nice input from the 4d analysis in [22] is the explicit definition of the non-
commutative star product as a Moyal product,

(f % 9)(p, x) := " Zal@uPea=009%a) (5 1) g (!, X') (2.19)

@
X

e
X

The star product between two VEVs can be computed via the following formula. With the
VEV of a monopole operator V' given by the expansion

V= Z "X Zv (p;v) = Z Zv ot (@, X3 ) (2.20)
v v
we have
<V1V2> =Vi*x Vo= Z Z Zvl,tot (90 + €V, X; UI)ZVQ,tOt ((p — €V1, X; 1)2)
vl U2
(2.21)
= Z Z 6(1}1+U2)'XZV1 ((p + 61}2; UI)ZVQ ((p — €v1; v2) .
vl U2

This formula will prove very useful in our analysis.
Computing the star product of two abelian monopole variables we find the general
abelian relations

h™ (w,vq,v9)—1
[Loer Hj B Z,(MWMQ)A [w.gp—m—sgn(w.vlg)hﬂw,Ul,Ug)e+2jwe]
w—" " 9

uvl * uUQ — u’U1+U2 )

~(ayvq,v9)—1

h
[loecIT o (eegiy gt [a.p—sgn(a.vig)ht (o, v1,v2)€e + (2ja + 1)e]
Ja=— "2
(2.22)
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with

W (0, o1, va) 1= %(\a.vl\ + o] £ [0 (o1 + 02)]) (2.23)
and v12 = v — vs. More generally
(o, [1(0)) * (U f2(0)) = (U * Uny) f1( + v2€) fo(p — v1€) (2.24)
and in particular
Uy x f(@) =up - flo—ve),  flo)xuy =uy- fp+ve) . (2.25)

These are the “quantized” abelian relations. They nicely reduce to the abelian rela-
tions (2.3) conjectured in [5] in the commutative limit ¢ — 0.

Since the star product is a product on C.[C], it can be used to generate monopole
operators with higher magnetic charge from products of monopole operators with lower
magnetic charges, or dressed monopoles from products of bare monopoles and Casimir op-
erators. However, to identify the precise operators that appear in a product, one first needs
to know the explicit expression (2.14) for monopole operators in terms of abelian variables.

2.4 Some applications in U(N) SQCD

To close this section we would like to put this machinery to use for the SQCD theory with
gauge group U(N) and N; flavours of hypermultiplets in the fundamental representation,
which is the main focus in this paper.

The cocharacter lattice allows for non-abelian magnetic charges B € Z¥ /Sy. The bare
monopoles of smallest charge are V(; gv-1y and V{gn-1 _y). The coroot lattice is generated
by the simple coroots o) = (0"~ %, 1,—-1,0¥="71) for n = 1,..., N — 1, and the above
monopoles have no bubbling sector. Their VEVs are simply

N
Vigrov-1) = Z Ute, (2.26)

a=1
where e, := (0°7!,1,0N=%). Explicitly, the abelian monopole operators of minimal

charge are
Ny 1/2
4y [1;2: (P — ™)

Ute, = € . 2.27
‘ (Hb;éa(:t‘voab +e) (220)

These obey the star product relations

N
_1)N-1 Hk:f1(‘10a —mg — €)

u @ *u_ @ - ( ) - 17 . 7N7
’ ’ [p20 Pab(Pab — 2€)
N
U * U = (_1)N*1Hk:f1(90(l_mk+€) 1 N
—eq €q — , ... N,
[Tt Pab(@ab + 2€)
Uey * U—e, = U—gy ¥ Uey = Ueg—ey s A F D, (2.28)
1
u * U = — ,
€q €p Spab(@ab _ 26) eqtep
1

U—e, ¥ U—g, = —eq—€p

R —/
@ab(ﬁpab + 26)

(U:I:ea)*n = Utnpe, , N> O,
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where we have explicitly

Ny 1/2
U + — eXa+Xb Hk‘:l(gpa - mk)(@b - mk)
o Hc?ﬁa,b(igpac + 6)(:]:(pr + 6) ’

Ny 1/2
_ oXab [1;.21(pa — mi) (06 — mg)
u e (2.29)
ea—ey — s .
(ig@ab)(i@ab + 26) Hc;ﬁa,b(iwac + 6)(:‘:@(70 + 6)
N -1 . 1/2
wen (T2 T i — i+ (Il = 1= 24)e]
Une, = =1 - R nez.
[TozalTi=0 [Epab + (In] — 2j)e]
From these relations we compute for instance
al 1
Viion-1y*x Vi gv-1y = Ue, — U tep 5
(LOmD 7T z_: ‘ agb pab(Pap — 26) T
VY( ON 1) * VoN 1 _ Zuea eb N ! Z Hk 1 cpa Mk — 6) (230)
a;éb Hb;ﬁa (Pab Spab - 26)
H (P —my + €)
Vion=1 _1y * Vi1 on=1) = Ue, — Nl k=1
(O s 1) (1,0 ) GZ# e Eb Z Hb;,ga Soa,b Dab + 26)

where the third product is obtained from the second by reversing the sign of ¢, in agreement
with (2.16).

We would like to identify the right hand sides with combinations of monopole oper-
ators V(g gv-1y, Vg2 gv-2y, V(g on—2 _1) and Casimir operators P(p). To do this we need
to know the exact bubbling factors for these monopoles (except for V{2 gv—2y, which has
no bubbling). To compute these bubbling factors we are going to propose to use a type
IIB brane realisation of monopole operators. Unfortunately, we will not be able to extract
explicit results for the bubbling factors of non-minimal monopoles. What we will be able
to do instead is to reproduce the above formulae, by computing correlators of minimal
monopole operators, including all bubbling factors.

3 Brane constructions and monopole bubbling

In this section we explain how to realise monopole operators in brane systems and how to
read off the SMM which encodes the monopole bubbling contributions. We focus here on
U(2) SQCD with Ny flavours and generalise to U(XV) in section 4.

3.1 Brane realisation of monopoles and localization formula

The brane realisation of monopole operators in abelian 3d N' = 4 gauge theories was
introduced and studied in [29] (see also [37] for the analogue in N' = 3 Chern-Simons-
Matter theories). Here we extend the construction of [29] to non-abelian SQCD theories.

To realise the 3d theory we consider the usual Hanany-Witten brane setup with D3,
D5 and NS5’ branes oriented as the three first entries in table 1. n D3 branes stretched
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o 1 2|34 5 6|7 8 9
D3 | X X X |X
D5 | X X X X X X
NS5 | X X X X X X
D1 X X
D3’ X X X |X
NS5 XX X X X X

Table 1. Brane array for 3d NV = 4 theories and half-BPS local operators.

between two NS5’ branes realise a 3d U(n) gauge group. m D5 branes intersecting the n
D3 segments realise m fundamental hypermultiplets for this gauge group.

The D1 string, D3’ and NS5 branes that appear in table 1 realise the insertion of
Coulomb branch operators in the theory.

An important property is that the triple (NS5, D3, D1) is a Hanany-Witten triple,
which means that there is a D1 creation/annihilation effect as an NS5 and a D3 cross each
other. It also means that there is an s-rule: at most one D1 string can be stretched between
an NS5 and a D3 [21].

We can define a linking number ¢ for a D3 brane as follows:

(= %[n(NSEm) — n(NS5g)] + n(Dlg) — n(D1z). (3.1)

where n(NS5), or n(NS5R), is the number of NS5 on the left, or on the right, of the D3
brane along the 27 direction. Similarly, n(D1y), or n(D1g), is the number of D1 strings
ending on the D3 brane from the left, or from the right, along z7. For the U(2) theory we
have only two linking numbers ({1, £2) for the two D3 branes.

Similarly we can define a linking number h for an NS5 brane,

h= %[a(mfg) —#(D3L)] +A(D1,) — A(D1g), (3.2)

with similar definitions for the 7 numbers. These definitions are such that >, hy = >, lq.

We denote the two partitions of linking numbers by p = p[(hy)] and o = p[(4,)], with
p representing the operation of ordering in non-increasing fashion. In principle, Ay and ¢,
can be half-integers, but we will only consider situations where they are integers. In this
section we will only consider situations where the hy;, are already ordered, so that p = (hp).
On the other hand, the ¢, can be unordered and we define v = (£,).

In a given brane configuration, the D3 branes are taken separated, indicating that we
consider a Coulomb branch configuration where the gauge group is broken to a maximal
torus. With this point of view, we associate a given brane setup to the realisation of an
abelian monopole operator. In the above notation, the brane configuration realises the
insertion of an abelian monopole of charge v = (¢,).

In the following we will call NS5, or NS5_, an NS5 brane placed to the right, or to
the left, of all the D3 branes and D5 branes in the 27 direction. An “NS5 pair” will refer
to a pair (NS5, NS5_) of NS5 branes. We also label the D3 branes as D3,,a =1,..., N.
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To realise a configuration with partitions (p, o), we add NS5 pairs to the brane setup
and we stretch D1 strings between the D3s and the NS54. For ¢, > 0, we let £, D1s end
on the right of the a-th D3, for ¢, < 0, we let —¢, D1s end on the left of the a-th D3.
The other ends of those D1 strings terminate on the NS5 branes in agreement with their
linking numbers h,. We add as many NS5 pairs as needed for the construction and we
order the NS5 such that linking numbers h; decrease towards 27 — +00.

Brane configuration — Abelian VEV dictionary. A given brane configuration is
described by two vectors (p, o) — up to ordering of the ¢, — collecting the linking num-
bers of the NS5 branes and the D3 branes.'® In the following we will use a more conve-
nient characterization of a brane configuration in terms of two pairs of partitions (p*,o™)
and (p~,07).

The partitions p™ = (k) and p~ = (h; ) collect different linking numbers of the NS5
branes and NS5_ branes respectively, defined by ht = n(D3g) + n(D1.) —n(D1g) for an
NS5, and h™ = n(D3) + n(D1g) — n(D1y) for an NS5_.16 NS5, branes with vanishing
h* linking numbers are spectator branes (decoupled from the other branes) and we do

not include them in p*. We will always consider partitions p* ordered in non-increasing
+

i1 .

are defined more simply by the schematic split ¢ = (oF,0, —07),

fashion, namely hli >h

The partitions o+
where ot = p(£]) collects the positive D3 linking numbers £} = ¢, > 0, as defined above,
and 0~ = p(¢;) collects the negative D3 linking numbers ¢, = —¢, > 0, ordered non-
increasingly.

These definitions are such that the four partitions p*, o®

contain only strictly positive
integers, ordered non-increasingly. The partitions are simply read from the pattern of D1
strings stretched between the D3 and NS5 branes for (p*, o), and of D1 strings stretched
between the D3 and NS5_ branes for (p~,07).

We then relate a given brane configuration to a specific abelian monopole VEV. Let’s
assume for simplicity that ¢ = v, namely the linking numbers ¢, are ordered. Then we
have the relation

Brane setup (p,0) <+—  usZy0(¥), (3.3)

where u, is the abelian monopole VEV of charge v = ¢ = (07,0,—0~) and Z,, is the
matrix model that describes the low-energy theory living on the D1 strings. When o # v,
the right hand side becomes u,Z, ,(p(¢)), where p is the ordering operation o = p(v).

To read off the SMM living on the D1s, one has to move the D3s along z7, taking
into account Hanany-Witten string creation/annihilation effects, until no D1 ends on any
D3s anymore. This leads to configurations with D1 strings stretched between NS5 branes,
supporting unitary gauge nodes of an N = (0,4) SMM (or rather N = 2* when e #
0). D3 branes are the source of hypermultiplets in the SMM, while D5 branes are the

15Strictly speaking the positions of the D5 branes relative to the NS5 branes is also important, because
they form a Hanany-Witten triple (NS5, D5, D3’) with the D3’ brane. Here we always take the D5s to lie
between the NS5_ and NS5 branes.

16These linking numbers h* are related but not equal to the linking numbers h defined in (3.2). The
relation is h, = £(hf — N/2) for NS5. branes, respectively.
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NS5'
D5
. . . . ........ .
D5
D1
o
NS5 NS5
D3,
NS5 NS5,
X3 x8

[ NS5'
7

X X

Figure 1. Brane setup realising the insertion of the abelian monopole u.,. We depicted the setup
in the 237 plane and in the 7® plane (in this case the NS5’ branes span the whole plane).

source of Fermi mulitplets. If the configuration reached has no D1 strings left, we simply
have Z,, = 1.

Let us give a simple example. In figure 1-a we illustrate the brane setup for the U(2)
SQCD theory with Ny flavours, realised with D3, NS5’ and D5 branes. In addition, there
is an NS5 pair and a stretched D1 string realising an abelian monopole operator. Since
the string ends on the first D3, i.e. D31, the abelian magnetic charge is v = (1,0) and the
setup realises the abelian monopole ue,. The partitions for this setup are p = o = (1,0),
or pr =04 = (1) and p_ = o_ = () (empty vector). Figure 1-b represents the same setup
but in the 27 plane, which is more convenient (we will always draw configurations in this
plane henceforth). There, the NS5’ branes are not visible as they fill the whole plane.

There is no dressing term Z,, here since, after moving the D3 brane to the right (in
figure 1-b) the D1 string is annihilated, so Z,, = 1.

Non-abelian VEV. The evaluation of the VEV of a monopole operator in the non-
abelian theory is then obtained by summing over the contributions of abelian monopole
sectors, as in the localization formula (2.14).

To obtain the VEV of a non-abelian monopole Vg, one has to sum over all the brane
setups with fixed p* = pfg. This means that we sum over patterns of the D1 strings
attached to the NS5 in the specific arrangement given by the partition pp, and ending
on the D3 branes in any possible way, compatible with the s-rule. In the above notation,
we sum over all possible v. The partitions pﬁ are defined as pﬁ = Ei, where B are the
transpose of B¥ seen as Young tableaux, and B* are the partitions obtained by the split
B = (B*,0,—B"), which is shorthand for B, = Bf — By, _,.

This definition of pp is such that the abelian configurations contributing with trivial
SMM (Z,,,- = 1), i.e. the non-bubbling contributions, are those with v = B and permu-
tations, as expected. We will observe it in examples.

The (non-abelian) monopoles of smallest magnetic charge in the U(2) SQCD theory
are V(1 ) and V(o _1).
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a)
Q0 (5) QO (5)
D1
o o
D3, @ D3, ¢
D3, D3,
b)
' . ........ . . . ........ ’
D1
—@ @ D3,
D3, ® ?’
D3, D3

Figure 2. Brane setups for the two abelian contributions to a) V{; o) = te, + e, and b) V(g _1) =
U_e, + U_e,, depicted in the 2™ plane.

For V{; ) we have p* = (1) and p~ = () (empty). Thus, there is one NS5 pair with
a D1 string emanating from the NS5,. This D1 string can end on either of the two D3s,
leading to two possible abelian configurations, with v = (1,0) = e; or v = (0,1) = e2. Both
configurations correspond to o = (1) and 0~ = () (because the two v’s are identical after
reordering). These two configurations are depicted in figure 2-a. According to the previous
discussion they are associated to the abelian VEVs u., and u., with trivial dressing factor
Z = 1. Consequently, V(1 o) is then given by the sum

‘/(170) = Uey + Uey 5 (34)

reproducing the known formula.

Similarly, for V(o _1) we have p~ = (1) and p* = (). There is a single NS5_ brane
with one D1 attached. This D1 can end on either of the D3s (see figure 2-b), leading to
two abelian configurations, for u_., and u_,. We obtain

V(O,—l) = Uy T U—g, - (3'5)

Let us now consider the monopole V{; 1. We have p* = (2), p~ = (), with two DI
strings ending on the NS5, of an NS5 pair. Because of the s-rule the two D1s must end
on different D3s, leading to a single configuration with abelian charge v = (1,1) = €1 + ea.
This is shown in figure 3-a. If we move the D3s to the right, both D1s disappear, leaving
a configuration without D1s, so that the dressing is again trivial Z = 1. We obtain

‘/(1,1) = Uey+eq - (36)

A more elaborate example is the computation of V(g ). We have p* = (1,1), p~ = ().
There are two NS5, each with a D1 ending on it. The two D1s can end on the two D3s
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‘ ----- ‘ (i) ‘ ----- ‘ (ii) ‘ ----- .
D3, [ — D3, Y D3, [ —
D3, D3, D3,
(iii) [OESN0)] @ (5} .
2
| A— —> [ )
D3, @&— o (W
D3,
Figure 3. Setup realising abelian contributions: a) A single contribution for V{1 1) = e, 4e,; b)

Three contributions for Vi20) = uae; + U2e, + Uey +e,41- The bubbling factor Z; is computed as the
SMM described by the quiver in figure (iii).

in three ways, as shown in figure 3-b. Both D1s can end on D31, or on D3s, leading to the
undressed abelian VEVs ug., and uge,, respectively. The third possibility is to have one
D1 ending on each D3, realising u,ye,. In this third case we observe (see figure 3-b) that
after moving the D3s to the right, there is a D1 string remaining, stretched between the
two NS5.. This configuration is associated to the N' = (0,4) SMM with a U(1) gauge node
and two hypermulitplets (from the D3-D1 modes) with masses ¢ and @2 (the distances
between D1 and D3s along 28%%). Therefore, there is a non-trivial dressing by a factor
ZsmM = Z1 equal to the matrix model of this SMM. We obtain

‘/(2,0) = U2eq + U2ey + Uei+eq Zl . (37)

Finally, let us look at V{; _;), which has pT = p~ = (1). Tt is realised with a single
NS5 pair, with one D1 string attached to the NS5, and another one attached to the NS5_.
The D1s can either end on different D3s, leading to abelian VEVS ¢, —¢, O U_¢, 4¢,, OF
alternatively they can reconnect, leaving the D3s unconnected. In that case we have a single
configuration with a D1 string stretched all the way from the NS5_ to the NS5,. There
is no monopole charge, but only the dressing factor Zgy := Za given by the N = (0,4)
SMM living on the D1s. This is a U(1) theory with two hypermultiplets, with mass ¢q=1 2
from the D1-D3 modes and Ny Fermi multiplets with mass Mk=1,. N, from the D1-D5
modes. This is illustrated in figure 4. We obtain

‘/(1,—1) = Uey—eqy + U—eq1+e2 + Z2 . (38)

The hypermultiplet masses ¢, are identified with the Coulomb parameters of the 3d theory
and the Fermi masses my are identified with the 3d hypermultiplet masses. This is read
from the brane picture. It indicates that there are couplings between 0d and 3d fields
at the location of the defect, which identify the 0d flavour symmetries with 3d gauge or
flavour symmetries. These results reproduce the structure of the localization formula (2.14),
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Figure 4. The three configurations contributing to V(i _1). a) te, ¢y, b) U_c,4e,, ) Za.

supporting our proposal for the brane realisation of monopoles. In principle, we have all the
ingredients to write down the exact VEVs of monopole operators in the U(2) SQCD theory.

To complete the computation one would like to evaluate the matrix models Zgyny that
appear in the bubbling terms. Unfortunately, a complication arises. As we will explain
shortly, these SMM can be readily evaluated from the Jeffrey-Kirwan recipe when the FI
parameters are non-vanishing. The FI parameters of the SMM are read from the brane
configurations as the separations between the NS5 branes in the z° direction. In the
realisation of a given monopole Vg, the NS5 branes sit at the same position in 2% and the
FI parameters of the SMM for the bubbling terms are all vanishing. This is the precise
situation when we do not know how to evaluate the matrix models from standard recipes.
We therefore cannot at the moment provide more explicit formulae, for the VEVs Vg, than
those in terms of the SMM factor Zgymm.

On the other hand, we know how to evaluate the SMM at non-zero FI, which means
when NS5 branes are separated along x°. These situations correspond to the insertion of
multiple “minimal” monopoles, here V(4 gy and Vi (q 1), at different positions on 20, Each
NS5 pair is responsible for the insertion of one monopole. This means that we can evaluate
explicitly correlators of these monopoles. We will focus on these computations in the rest
of the paper.

We will now pause to explain how to compute SMM at non-zero FI and then we will
explicitly compute some monopole correlators in the U(2) SQCD theory.

3.2 Bubbling SMM

The Super-Matrix-Model (SMM) multiplets and Lagrangian in the ¢ — 0 limit can be
viewed as the dimensional reduction of 2d N' = (0,4) multiplets and Lagrangian (see [38,
39] for reviews) down to zero dimensions. The Omega deformation further breaks (the
dimensional reduction of) A" = (0,4) supersymmetry down to (the dimensional reduction
of) N = (0,2) supersymmetry as will be discussed below.!”

We will follow the conventions of [38] for 2d N' = (0,2) and N = (0,4) Minkowski
supersymmetry. The R-symmetry automorphism of the 2d N' = (0,4) SUSY algebra is
SU(2)1 x SU(2)2, under which the right-moving supercharges @5 , transform as (2,2).
Here o = 4+ and 3 = 4 are doublet indices for SU(2); and SU(2), respectively, whereas

'"The dimensional reduction of 2d N = (0,2) supersymmetry to 0d A/ = 2 was described in [40]. See
also [41] for N'=1 SMM details.
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the Lorentz spin + indicates that the supercharges are right-moving. We then select an
N = (0, 2) subalgebra of the V' = (0, 4) superalgebra, with U(1) g R-symmetry generated by
R = Jél) + JéQ), the diagonal combination of the Cartan generators of SU(2); and SU(2)s.
The N = (0,2) supercharges are Q1 = Q_- , and Q, = Q4 4, which carry charges
—1 and +1 under the U(1)gr R-symmetry and are invariant under a flavour symmetry
generated by F' = 2(J?E1) — §2)). The Omega deformation with parameter € breaks SUSY
to N = (0,2) by turning on a background for the U(1)r flavour symmetry: N = (0,2)
multiplets with flavour charge F' acquire a mass Fe.

We then Wick rotate to Euclidean signature, after which we use a tilde to denote what
was Hermitian conjugation in Minkowski space, and finally we dimensionally reduce to zero
dimensions. The resulting 0d theories gain an extra U(1), R-symmetry arising from the 2d
Lorentz group, which we normalise to have integer charges. Thus, the R-symmetry of a 0d
N = (0,4) theory is SU(2)1 x SU(2)2 x U(1),, under which the supercharges @, ; transform
as (2,2)1.'® In the brane construction we identify SU(2); ~ SO(3)o12, SU(2)2 ~ SO(3)456
and U(1), ~ SO(2)gg. The Omega background breaks 0d N' = (0, 4) supersymmetry to an
N = 2 subalgebra, which is the dimensional reduction of 2d N' = (0,2) supersymmetry,
with a U(1)g x U(1), R-symmetry under which the supercharges Q@ = Q_ -, @ = Q, i have
charges (R,r) = (—1,1) and (R, r) = (1,1). In addition, there is a U(1) p flavour symmetry
under which the supercharges are neutral. Following common conventions, we denote the
supersymmetry of the deformed model in zero dimensions by A = 2*.

Next, we describe the content of the relevant N' = 2 and N/ = (0,4) supermultiplets
in zero dimensions. The N = 2 multiplets are:

o Gauge multiplet (in Wess-Zumino (WZ) gauge): a complex scalar &, fermions ¢ and ¢
and an auxiliary field D in Adj(G) representation. A second (SUSY singlet) complex

scalar o is needed to write an action.'?

e Chiral multiplet: a complex scalar ¢ and a complex fermion .

o Fermi multiplet: a complex fermion A and a complex auxiliary field G.
The N = (0,4) multiplets that arise from string excitations in our brane setups are:

e Gauge multiplet: an N = 2 gauge superfield U with charges (R, F) = (0,0) and an
N = 2 Fermi superfield © with charges (R, F') = (0, —2) in Adj(G) representation. It
arises from D1-D1 string modes, with the D1 stretched between NS5 branes in both
the 22 and z” directions.

e Hypermultiplet: two N = 2 chiral superfield ®, ® with charges (R, F) = (%, 1)
in conjugate representations of G. A fundamental hypermultiplet arises from D1-D3
string modes; a bifundamental hypermultiplet arises from D1-D1’ string modes across
an NS5 brane.

18We denote by N = (0,4) the supersymmetry of the 0d theory, even though there is no notion of chirality
in 0d. This refers to the R-symmetry and multiplet content of the theory obtained by dimensional reduction
from 2d N = (0,4), which differs from, for instance, the reduction from 2d N = (2,2).

19¢ and C~ are not Hermitian conjugates. The ug — u; component of the 2d Minkowski gauge field wu,

gives rise to —& in 0d. The uo + w1 component is a SUSY singlet in WZ gauge and becomes o in 0d.
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e Fermi multiplet: a single N' = 2 Fermi superfield A with charges (R, F)) = (0,0) [38].
This is sometimes called an N/ = (0, 4) half-Fermi multiplet [42]. It arises from D1-
D5 string modes, or from strings stretched between two D1s across an NS5 brane, or
from D3-D3’ intersections.

The components of the AV = (0,4) multiplets transform as follows under the SU(2); x
SU(2)2 x U(1), R-symmetry:?°

N = (0,4) Multiplet Components SU(2)1 x SU(2)2 x U(1),
GaU-ge (6-7)‘045‘7D(04a’);0-> (17 1)727 (272>7la (3> 1)01 (17 1)2
Hyper (Qmiﬁg) (27 1)0; (132)1
Fermi N G) (1,1)_1, (1,1)0

In terms of the A/ = 2 subalgebra, its U(1)g x U(1), R-symmetry and the U(1)p flavour
symmetry, the charges are:

N = 2 Multiplet | Components Ul)r xU1), xU(1)p
Gauge U (5.¢,C,D;0) | (0,—2,0), (1,—1,0), (—1,—1,0), (0,0,0); (0,2,0)
Fermi © (9, 9) (0,-1,-2), (-1,0,-2)
Chiral ® (¢, ) (1,0,1), (-3,1,1)
Chiral ® (6, 1) (3,0,1), (=%,1,1)
Fermi A A\ G) (0,-1,0), (~1,0,0)

The action for the NV = (0,4) SMM is easily obtained from [38] upon Wick rotation and
dimensional reduction, so we omit the details. An important deformation term in our

analysis is the FI term
Spr = ¢Tr (D), (3.9)

with real parameter ¢ and D is the auxiliary field in the A/ = 2 gauge multiplet. This FI
term breaks the SU(2); R-symmetry to U(1) ~ SO(2);2.

Contributions to the matrix model. The resulting supersymmetric matrix model can
be localized using the N = 2 actions that descend from 2d kinetic terms. This type of
computation is by now standard and even easier in our zero dimensional setup, so we will
be schematic.?! Localizing the gauge multiplet first leads to a BPS locus parameterised
by commuting o and & (all other fields vanish). They can therefore be diagonalized simul-
taneously by a complexified gauge transformation, reducing to an integral over a Cartan
subalgebra of the gauge group, modulo the action of the Weyl group. Supersymmetry
ensures that the dependence on & drops out, so the partition function is computed by a
holomorphic contour integral in z,, the eigenvalues of o.

The determination of the contour of integration for the resulting integral is subtle
and can be worked out by carefully analysing the matrix model when integrating out the
auxiliary field D (see for instance [47] in the context of SQM). The outcome of such a careful

20See [43] for details on the 2d parent theories and [44] for a thorough discussion of Fermi multiplets.
2Gee [45-48] for related localization computations in higher dimensions.
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analysis is the Jeffrey-Kirwan (JK) prescription [30]. We refer to [46] for a review of the JK
prescription. In the following we identify the unphysical JK parameter with the physical
FI parameter £ in (3.9), which ensures that the integration cycle has no contributions at
infinity. The multi-dimensional poles that are encircled by the JK integration cycle are
then in one-to-one correspondence with the Higgs vacua of the theory. When the vector
of FI parameters £ is generic (that is, it lies is in the interior of a chamber in FI space,
where the Higgs vacua are isolated), the prescription is simple: the choice of contour only
depends on the chamber that £ belongs to. When ¢ lies on a wall separating two different
chambers, the contour integral is more subtle to determine and we will not attempt such
computations in this paper.
At generic non-zero FI parameters, the matrix model takes the form

1 dzg
Z = — —— Zgause Lhvoer LF -
SMM(&) ‘W| 7§K(§) 1;[ 2mri gauge £hyper &4F (310)

The integral is over z, taking values in a complexified Cartan subalgebra of the gauge
group G and |WW| denotes the order of the Weyl group of G. The precise contour JK(§) is
given by the JK prescription with JK parameter identified with the FI parameter &.

The integrand factors come from integrating out the fields of the corresponding N =
(0,4) multiplets near the BPS locus. Alternatively, one may simply borrow the results
of SQM matrix models and take the 1d — 0d limit, replacing trigonometric functions by
rational functions (of the complex masses). For G = U(k), we find

Gauge : Zgauge = (2e)k H Zab(Zap + 2€) ,
a#b
u 1
Fundamental hyper : Zhyper = H m ,
_ a
! ) (3.11)
Bifundamental hyper :  Zy,_pyper = H -
a,b i<za o Zb) te
k
Fundamental Fermi : Zy = H(za —m),
a=1

where zq == 24 — 2, (£Fx +y) == (v + y)(—x + y) and m is the complex mass of the
multiplet (we will not need masses for bifundamental hypermultiplets).??

Computing Z; and Zs at £ # 0. As an example we compute the SMM Z; and Zs
that appeared as bubbling factors in (3.7) and (3.8), but at non-zero FI parameters. As
explained, these are not the actual bubbling factors of V(5 ) and V(; _;), which would be
the SMM at zero FI parameter, instead they are factors in monopole correlators, as we
explain in the next subsection.

22There are sign ambiguities in the one-loop determinants, which are counterparts of sign ambiguities in
the definition of abelian monopoles. We picked a convention compatible with the star product structure. The
signs in the one-loop determinants above follow from the action in [38] using the convention [ dijdnnn =1
for integrals of Grassann variables 7, 7 if the Fermi multiplets A are actually anti-fundamentals. We will
nevertheless call them fundamentals in the following.
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The SMM for Z; is the U(1) theory with two fundamental hypermultiplets of respective
masses 1 and 9. The matrix model is thus

dz 2¢
al) = fim@ omi [l oz —pa) 1 o (3.12)

The JK prescription for an FI parameter & > 0 is to pick the residues at z = ¢, — €, for
a = 1,2, while at £ < 0 we pick the residues at z = ¢, + €. After simplification, this leads
to the same result in both cases:

2

A = —

£40. (3.13)

Although it may be tempting to conjecture that this is also the result at £ = 0, we will
not do so since we have no evidence for it. In fact, we suspect that the result at £ = 0 is
different.?

For Z3 the SMM has Ny extra Fermi multiplets with masses my,

_ dz 2 ngf1(z —my)
“(0) = fgm 2mi [y otz —pa) £ (3.14)

The JK prescription is the same as before. We now obtain two different results, depending
on the sign of &:
Ny
—1\P1 —m —¢€
R )i orgm), €30
P12(p12 — 2€)
Z& =1 (3.15)
[[21 (o1 —mu + )
—=== + ~ , <0.
8012(9012 n 26) ((101 802) 5

We will see examples of non-abelian SMMs in later sections.

3.3 Monopole correlators and Wall-Crossing

We will now focus on correlators of the “minimal” monopoles V(; o), V(o —1), V(1,1), and
Vi1,—1) in the U(2) SQCD theory, which are the generators of the chambers in the magnetic
weight lattice and are the non-bubbling monopoles in the theory. Their VEVs, expressed
in terms of abelian monopoles, are

V(1,0) = Uey + Uey V(O,fl) =U—e; T Uy, (3.16)
‘/(1,1) = Ueq+ez s ‘/(_1’_1) = U—gy—eqy -

We can evaluate any correlator of these monopoles inserted along the 20 line, at the origin
of the Omega background R?, using the tools developed in the previous sections.

The method starts by considering the brane realisation of the monopole correlator. The
correlator is then given by a sum of contributions associated to each allowed pattern of
D1 strings in the brane configuration. To each pattern of D1s corresponds a given abelian

Z3We thank D. Dorigoni for instructive discussions on this point.
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Figure 5. Brane patterns for two-point correlators in the U(2) SQCD theory and associated SMM.
a) <V(Zlvl)>’ b) <V(1»0)V(171)>v c) <‘/(171)‘/(0,—1)>a d) <V(1,1)V(—1,—1)>~

monopole VEV u, and a dressing factor Zgy equal to the matrix model (or partition
function) of the SMM theory living on the D1 strings. The resulting contribution to the
correlator is u, Zsy. We have already showed that the simple expressions (3.16), which
are one-point correlators, can be derived from this perspective.

This leads to the same structure for the VEVs of correlators as that of arbitrary
monopole operators (2.18) derived from localization, except that the dressing factors Zgnm
cannot easily be interpreted as “bubbling” contributions. Importantly, the matrix models
ZsnvmM that appear in correlators of minimal monopoles will have non-vanishing FI param-
eters, which will allow us to evaluate them.

Let us start with two-point correlators. We will look at <V(21,0)>7 <V(21,1)>7 VoV
Va,oVio—1))s (Va,nVio,—1y), and (Vi1,1yV(—1,-1)), with both orderings when relevant. We
do not write the insertion points x? of the operators, assuming they are time-ordered.

(‘/(21’0)): the brane realisation is the same as for V(3 gy. There are two NS5 pairs, with one
D1 emanating from each NS5, (and the NS5_s are spectators). The difference with the
V(2,0 configuration is that the NS5 sit at different positions along 2. Here the ordering
along ¥ should not matter since we are inserting the same monopole Vi1,0) twice. The
two D1s can end on the D3s in three different patterns, leading to three contributions to
<V(21,0)>. This is all the same as for V{9 (see figure 3-b and (3.7)). The only difference is
the matrix model factor Z;(§) should be evaluated at £ > 0 or £ < 0, as in (3.13) (instead
of £ = 0). Consequently, we obtain

<V(21,0)> = Uge, + Uney + Uey+e, Z1(§ > 0)
(3.17)

= U2e; + U2e, + Ueqdes -

+p12 + 2¢

(V(21 1)): the brane configuration has two NS5 pairs (one for each V{; ;) insertion) with
two D1s emanating from each NS5. Because of the s-rule, there is no choice in the pattern

— 95—



of D1s ending on D3s: each D3 has two Dls ending on it (see figure 5-a). The abelian
monopole is uge, +2¢, and the dressing factor is trivial (since all the D1s disappear after
moving the D3s to the right of the NS54s). Consequently, we obtain

<Vv(2171)> = U2e;+2e5 - (318)

(V1,00V(1,1)): the brane configuration has two NS5 pairs with two D1s attached to the
left-most NS5 and one D1 attached to the right-most NS5 (the ordering of NS5, along
2" is non-increasing in linking numbers, as discussed). There are two possible D1 patterns:
two D1s end on D3; and one on D3y, or vice versa (see figure 5-b). They correspond to
the abelian monopoles ug¢, 4¢, and e, 12¢,. After moving the D3 branes, we see that the

dressing factors are trivial, since there are no D1s left. We thus obtain

<V(1,0)V(1,1)> = U2eq+ey T Uey+2e; - (3.19)

Reversing the order of the insertions does not change the argument, so we conclude that
the two operators commute

VanVae) = VaoVa) - (3.20)

(V1,00V(0,—1)): the brane configuration necessitates only a single NS5 pair,?* with one
D1 emanating from the NS5, and one emanating from the NS5_. This is the same as
for the monopole V(; _y), except that the NS5, and NS5_ sit at different positions along
¥ (each NS5 inserts one monopole operator). As in the case of V{; 1) and (3.8), there
are three patterns of D1s (see figure 4) and the correlator is given by the right hand side

of (3.8). The difference is that the FI parameter £ is positive:
<V(1,0)V(0,—1)> = Uej—ey T U—eytep T+ Z2(€ > 0)

N
[T,0(p1 — mi —€)
p12(p12 — 2¢€)

(3.21)

= Ueq—en + U—e14es — + (901 A 902) .

We used our evaluation of Z5(¢ > 0) in (3.15). Exchanging the ordering of the insertions
corresponds to having ¢ < 0 in the matrix model and we get instead

Vo,—)V(1,0)) = Uer—es + Uity + Z2(§ < 0)

Hgiﬂ@l —mg + 6) (3-22)

p12(p12 + 2¢€)

= Uey—eg T U—eifes — + (‘Pl A SOQ) .

We observe that in this case the two operators do not manifestly commute. A closer
inspection, with the help of Mathematica, reveals that the two expressions are actually
equal for Ny = 0,1, 2, but start to differ for Ny > 3, with the difference being a polynomial

24To be consistent we should always introduce one pair of NS5 brane per minimal monopole inserted,
with the two NS5 of a pair sitting at the same z° position. Among each pair, one NS5 is a spectator.
Here this results in having a spectator NS54 and a spectator NS5_, which we simply suppress. But the
remaining NS5, and NS5_ sit at different positions in z°.
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in ¢, and €, symmetric in ¢,. Thus, it is a combination of Casimir operator VEVs. This
is a non-trivial result. For small Ny we have

(V1,0 Vo~

=0, Ny e {0,1,2},
= 2e, Ny =3,

4
=2€<ka2@12<ﬂ2), Ny=4,

k=1

2
:e[4e2+ <2¢%+2¢§—Zm2) + (2901+2902—ka> ] . Np=
k k
(3.23)

This is our first encounter with a wall-crossing phenomenon in SMM: as the FI parameter
crosses the £ = 0 wall, the SMM changes with contributions coming from residues at
different poles. This is the 0d analogue of having a change in the spectrum of BPS states
in SQM. As a result, the two monopole operators do not commute.

(V(1,1)V(0,—1)>= the brane configuration has two NS5 pairs with two D1s emanating from
the left-most NS5, and one D1 emanating from the right-most NS5_. There are two D1
patterns, each with two D1s reconnecting and one D1 ending on D31 or on D39 from the
right (see figure 5-c). We get

<‘/(1,1)‘/(0,—1)> = Uey Z3(g023£ > 0) + u€2Z3(<,01,£ > 0) ) (324)

where Z3 is the SMM living on the D1 strings. It is a U(1) theory with a hypermultiplet of
mass * = ¢z or x = 1, and Ny fundamental Fermi multiplets of masses mj. The matrix

model is N
Ty, &) = 7{ dz 26][p2 (s —mx) (3.25)
’ JK(e) 2T F(2 —x) +e

With € > 0, we pick the residue at z = x — ¢, leading to

Ny
Z3(x, &> 0) = [[(z—mr—e), (3.26)
k=1
and
Ny Ny
<Vv(1,1)v(0,71)> = Uey H(‘PQ —mg — 6) + Ue, H(‘Pl - Mg — 6) : (327)
k=1 k=1

Permuting the order of the operator insertions changes the sign of the FI parameter in the
SMM (¢ < 0) and we must pick the poles at z = x + ¢ instead. This leads to the same
result with e reversed, as expected:

Ny Ny
Vo—n)Viu1) = e, [ [ (02 = mn + €) + ue, [J (01 — ma +6) . (3.28)
k=1 k=1

—97 —



As soon as Ny > 1, we observe a wall-crossing phenomenon, meaning a non-trivial commu-
tator <[V(171), V(O’,l)]> # 0. This commutator is manifestly a polynomial in ¢, €, symmetric
in g, i.e. it is a combination of (VEVs of) Casimir operators.

(V1,1)V(=1,—1)): the brane configuration has two NS5 pairs with two D1s emanating
from the left-most NS5, and two D1s emanating from the right-most NS5_. There is a
single D1 pattern, with each D3 having a D1 ending on its left and another on its right (see
figure 5-d). This corresponds to the setup where the D1s fully reconnect and the abelian
magnetic charge vanishes. We obtain

VayVii,-1) = Z4(€ > 0), (3.29)

where Z; is the SMM living on the D1 strings. It is a U(2) theory with two hypermultiplets
of masses ¢1, p2, and Ny fundamental Fermi multiplets of masses my. The matrix model is

o dudn 1207 (En) (Eae + 20 [T T - mo)
Z4( 75) - jéK(ﬁ) (27.”')2 2 Ha HZ(:E(ZZ — Spa) + E) .

In the evaluation of Z3 at £ > 0, the only poles contributing are at (21, 22) = (¢1 —¢€, p2 —€)

(3.30)

and the permutation z1 <> zo. After simplification, we obtain

Zy(x, & >0) = H H((pa —my — €), (3.31)

and so

Ny
VanVier-) = [ [I(wa—mr—e). (3.32)
a:1,2 k=1
For the commuted correlator, we compute Z4({ < 0) and find the same result with e — —e
as expected,

Ny
(V(—1,—1)V(1,1)> = H H(S% —my +e€). (3.33)
a=12k=1
Again, the two monopoles do not commute and we observe wall-crossing, as soon as Ny > 1.
The commutator is a well-defined Casimir operator.
Finally, to extend a little the range of examples that are meant to illustrate the gen-
eral procedure, we are going to compute two random instances of three-point correlators:

<V(21,0)V(1,1)> and (V1,0)Vi1,1)Vio,-1))-

(V(zl,O)V(l,l)): the brane configuration has three NS5 pairs, one for each minimal
monopole inserted, with two D1s emanating from the left-most NS5, and one D1 em-
anating from the two other NS5,. There are three D1 patterns, where the numbers of D1
strings ending on (D31,D32) are given by (3, 1), (2,2) and (1, 3) respectively (see figure 6-a).
We obtain
<V(21,0)V(1,1)> = U3e,+ey T Uer+3es T Uzer+2e521(€ > 0)
2 (3.34)

= U3e;+es + Ueq43eq + uQel-‘rQegm )
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Figure 6. Brane patterns for three-point correlators in the U(2) SQCD theory and associated
SMM. a) (V3 o,Vii,1))s b) (Via,0)Via,1)Vio,-1))-

where Z; is the SMM with gauge group U(1) theory and two hypermultiplets of mass
1, P2, that we encountered before.

Changing the order of the insertions of the operators does not affect the final result.
This is because, as found earlier, V(; gy and V{1 ;) commute as operators.

(V'(I’O)V'(l,l)v(o’_l)): the brane realisation has three NS5 pairs, with two D1s emanating
from the left-most NS5 and one D1 emanating from the middle NS5, and right-most
NS5_. The remaining NS5 branes are spectators. In the language of partitions this is
p+ = (2,1), p— = (1). There are three patterns of D1s, with a D1 reconnection always
across the D3s and the remaining D1s ending on the D3s, with either two D1s ending on
a single D3 (o = (2)), or one D1 ending on each D3 (¢ = (1,1)) — see figure 6-b. The
correlator is thus

Vo Va,nVio,-1)) = u2e, Z3(p2,€ > 0) + u2e, Z3(01,€ > 0) + Uey 46, Z5(&1,2 > 0), (3.35)
where Z3 is the SMM that already appeared in the two-point correlator <V(1,1)V(0,—1)> and
Z5 is the SMM described by the right-most quiver in figure 6-b. The quiver SMM Zj5 is
computed by

Z5(§) = — . (3.36)

2mi 2mi [£(2 — 2) + €] [[ =1 o[F(Z — pa) + €

There are two FI parameters £ := (£, &2), one for each gauge node. In the case when they

]{ dz d3 (262 T (2 — my)
JK(E)

are both positive, we pick residues at z = 2 — € and 2 = ¢, — €, for a = 1,2. This gives

N
B [T.2, (1 — mi — 2¢)
P12(p12 — 2¢€)

Z5(&12>0) = + (1 <> p2) . (3.37)

In fine, we have

VoVanVo,—1)) =uze, P(p2 — €) + uze, P(1 — €)

P(gp1 — 2€) (3.38)

— U, + — ,
e1+e2 9012(4,012 — 26) (‘Pl ‘P2)
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$1

SVanVanVe-1 > <VaoVanVe-v >

<VanVe-vVaoe >

$2

<VanVe-nVayn >

<Vo-vVanVae > <Vo-vVaoVan >

Figure 7. This figure illustrates the six distinct chambers in FI space. Each chamber corresponds
to a specific ordering of the monopole operators V(y o), V(1,1) and V(o _1).

with
Ny

P(z) = [J (= = mx) . (3.39)
k=1

The other operator orderings in the correlator are given by the same computation
but with FI parameters in different chambers. There are six possible orderings of these
monopole operators, which we illustrate in figure 7. Here £; is both the single FI parameter
of Z3 and the left node FI parameter of Zs5, while &5 is only the FI parameter of the right
node in Zs. Exchanging V(i) and V(q 1) corresponds to crossing the § = 0 axis. In
addition, exchanging V(1) and V(g 1) corresponds to crossing the {o = 0 axis. Finally,
exchanging V(y o) and V{g,_1) corresponds to crossing the §; + &2 = 0 line.

This is all worked out from the brane setup. Each SMM node corresponds to D1
strings stretched between two NSbs. These two NSbs are associated to two monopole
operator insertions and their positions along z° determine the FI parameter of the node
&= a:?ight — x?eft. By looking at the ordering in the operator insertions in the correlator,
we can determine the chamber in FI space.

We leave the computation of the SMM is these various cases as an exercise to the
enthusiastic reader. In the end, there is wall-crossing when V(g _1) is commuted with either
Vi) (wall at & + &2 = 0) or V{y p) (wall at & = 0).

Star product. To conclude this section, we want to show that the above results are
compatible with the Moyal product structure on the quantized Coulomb branch, which we
derived from the dimensional reduction of 4d to 3d.

In section 2.3 we described the Moyal, or star, product structure that should exist on
the Coulomb branch. The explicit formula (2.21) allows us to compute the star product

— 30 —



between any two monopole operators, and, by iteration, the star product of any number
of operators. The star product is supposed to compute correlators (see (2.7)), therefore we
can check whether it agrees with the computations presented above, based on the brane
contructions.

Remember that in order to use the formula (2.21), one needs to first express the abelian
monopoles u, in terms of the abelian variables xq, ¢4, with (2.13).

In section 2.4 we already computed some star products in the U(N) SQCD theory,

which we can evaluate for N = 2:
2 2
Vit,0) * Vi1,0) = u2e, + uge, + Ue1+e2m = <V(1,0)> ’

P ) + (1 & <P2)] = (VaoVo-n)

Vv(l,O) * ‘/(0771) = Uegy—eqg T U—eydey — [W

P(g1 +¢) ]
Vio—1) * Vi10) = Uey—eo + Uity — | ————2— + > = Vo1V :
(0,—1) * V(1,0) = Uey—e; + U—e;+es [%2(%2 2 (g1 > ¥2) Vo,-nyVi1,0))
(3.40)
We find agreement in all cases.
Let us show some other examples.
P(p) )“2 ]
Vi Vi = [eXt | ——— +( ...
(Lo * Vi [6 (im e (o1 2)
* [ (P(p1) P2)) 2]
P(p1+ )P(p1 — ¢ P(g2) ) i
— 2x1tx2
= + (.10 ...
‘ ( tp12 +€ (o1 2)
= U2e;+ep T+ Uey+2e - (3'41)
P(p1 +€)P(p1 — OP(p2) |
— |e2xatx2
‘/(1,0) * ‘/(1,1) * ‘/v(O,,l) |:€ < j:(p12 T e + ( PSR A .2)

* [e—m (13(901)>1/2 +(.q¢ ...2)}

tp1o+e
_ gt (Pm)Pm - 2e>2P<¢2>>“ ’
Pla(p12 — 2€)?

oy [ Plpr +€)P(p1 — €)P(p2 — €)? 1/2
e ( (£p12 + 2¢€)(£p12) ) + (1. 2)

P(p1 — 2e)
= — _— >
Ueq +e9 |:(P12(§012 — 26) + (901 802)
+ Uge, P2 — €) + e, P01 — €) . (3.42)

This is in perfect agreement once again. It is easy to check that the other correlators com-
puted through the star product formula all agree with the computations based on branes.
This is a strong consistency check of both our brane method and the star product formula.

Now that we have a clear procedure for computing monopole correlators in SQCD
theories, we derive in the next section general formulae for arbitrary correlators of minimal
monopoles in the U(N) SQCD theory, from brane constructions and SMM computations.
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4 U(N) SQCD theories

In this section we use the brane construction from section 3 to write down the topological
correlator of bare monopole operators for U(N) SQCD in terms of abelian monopole oper-
ators and the bubbling terms associated to gauged SMMs. We also discuss how branes en-
code the relevant aspects of the geometry of the affine Grassmannian. We then present the
general result for correlators containing bare monopole operators of positive and negative
charges. Finally, we study some examples of such correlators focusing on their wall-crossing

behaviour.2®

4.1 SMDMs for a general bare monopole correlator

In this section we use the type I[IB brane construction to derive the SMMs whose partition
functions encode the coefficients (valued in the field of rational functions of ¢) in the
expansion of the VEV of a product of non-abelian bare monopole operators in terms of
abelian monopole operator VEVs. We will consider the insertion at separated points of bare
monopole operators. These generate the chambers in the magnetic charge lattice, which
are domains of linearity of the R-charge formula for monopole operators. The location of
the operators along the line transverse to the 2d Omega background is specified by the
FI parameters of the SMM. The partition function of the SMM is a piecewise constant
function of the FI parameters, which is constant in the chambers of FI space and jumps
at codimension-one walls where a 0d Coulomb branch opens up, corresponding to two
operators crossing each other along the line. Generic monopole operators can in principle
be obtained by colliding multiple monopole generators in a given chamber. The associated
bubbling factors are on-the-wall partition functions of the relevant SMMs, which we cannot
compute using the Jeffrey-Kirwan prescription (but see [27] for the analogous computation
in one dimension higher).

The bare monopole operators. Before we discuss the brane construction, let us briefly
recall that the R-charge of a bare monopole operator is a piecewise linear function of
the magnetic charge B = (B,), whose domains of linearity define subchambers of the
positive Weyl chamber in the cocharacter lattice.? For U(N) SQCD with N; fundamental
hypermultiplets, the R-charge

N

N

BBl ==L 1B = Y |Ba— By (4.1)
a=1 1<a<b<N

is linear in N + 1 subchambers of the positive Weyl chamber

Cr={(B1,....,BN) €Z" | By > By >+ > DB, > 0> Byy1 > -+ > By} (4.2)

#5See [49] for a detailed mathematical analysis of the Coulomb branch of the related 3d N = 4 SQCD
theory with a massive adjoint hypermultiplet.

26We are interested in gauge invariant monopole operators, so we restrict to the positive Weyl chamber
in the cocharacter lattice (the R-charge formula is gauge invariant). The discussion can be easily extended
to abelian monopole operators with charge in the full cocharacter lattice.

~32 -



labelled by £ = 0,1,..., N. The k-th subchamber is generated by the N lattice vectors
(12,0¥=9) and (0N=°, (=1)?) witha =1,...,kand b=1,..., N — k, respectively.?” These
are the magnetic charges of the N bare monopole generators for chamber Cj}, referred to
above. If we consider instead the union of all subchambers, we need a total of 2NV bare
monopole generators, N with positive charges and N with negative charges:

U;_ = ‘/v(1a70N7a) (a:1,...,N),

Ub_ = Vv(ON—b7(_1)b) (b = 1, ce ,N) .

We remark that these are “generators” only within the sector of bare monopole operators

(4.3)

that we are discussing so far. When dressed monopole operators and Casimir invariants
are included, only the operators UljE among (4.3) are actual generators [1, 5].

In this section we will be general and consider the insertion of bare monopole opera-
tors (4.3) along the 2° line transverse to the Omega deformed plane, rather than restricting
to a specific subchamber (4.2). We will therefore consider VEVs of operators which are
words in the letters (4.3), made of n/ letters U, and n, letters U, :

N N
<T <H<Ua+>”cT [Tw)m ) > , (4.4)
a=1 b=1

where T denotes the time ordering of the operators along z° (and we have suppressed the
insertion points of the operators along z° to ease the notation).

We would like to express (4.4) as a linear combination of abelian variables wu,. The
coeflicients in this linear combination are specific rational functions of ¢4, my and €, which
are given by the partition function of SMMs that we will identify using a brane construction.

The brane construction. U(N) SQCD with fundamental hypermultiplets is realised
by a brane construction with N D3 branes and Ny D5 branes suspended between two
NS5’ branes, see table 1 [21]. To insert a gauge invariant bare monopole operator (4.3) in
the three-dimensional SQCD theory, we introduce an NS5 pair in this brane construction.
An NS5 pair with linking numbers (h~,h") = (0,a) inserts a gauge invariant monopole
operator U, = V(ja gn-a), whereas an NS5 pair with linking numbers (h~,h") = (b,0)
inserts a gauge invariant monopole operator U,~ = V(Ozvfb’(,l)b).% In our convention, we
will always keep the NS5 (respectively NS5_) branes to the right (resp. left) of all the
D3 and D5 branes along the x7 direction. Therefore, an NS5, (resp. NS5_) brane with
linking number h™ = a (resp. h™ = a) has a D1 strings attached to its left (resp. right).
In a departure from the previous section, we will not necessarily order the NS5, with non-
increasing linking numbers as we move towards z7 — +00. We collect the NS5, linking
numbers in two integer vectors p* = (pf) = (h;t) representing unordered partitions.

We can then rewrite the topological correlator (4.4) by making the insertion points

<T ( HUp_;(xO_i)HU;} <mgi)>> . (4.5)

*"We use 2 to denote z, ..., (repeated a times).
280ne of the two NS5 branes in each pair is a spectator. We introduce it to ensure that h* are integers,

manifest:

but it plays no role in the following.
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We identify the insertion points x?_Li of the monopole operators with the positions of the
i-th NS5 branes in the z° direction. (Note that in this convention there is no z insertion
point and that the spectator NS5 branes trivially insert the identity operator.)

The D1 strings emanating from the NS5 branes are not allowed to extend to 27 = +o0,
so they must either end on other NS5 branes or on D3 branes, in a way consist with the
s-rule. 'We sum over all configurations with fixed linking numbers for the NS5 branes.
D1 strings stretched between NS5 and D3 branes realise abelian monopole operators wu,
in the effective abelian 3d gauge theory on the Coulomb branch. The vector of linking
numbers (¢,) of the D3 branes, which encodes how the D1 strings end on the N D3
branes, determines the magnetic charge v = (¢,) of the abelian monopole operator .
On the one hand, it turns out to be convenient to separate the N D3 branes into three
sets with positive, vanishing and negative linking numbers, respectively. We collect the
positive D3 brane linking numbers ¢ = ¢, > 0 in an unordered partition v* = (£}) and a
corresponding ordered partition o = (o;7) = p(v*), and similarly the absolute values of
the negative D3 brane linking numbers ¢, = —/¢, > 0 in an unordered partition v~ = ({)
and a corresponding ordered partition 0~ = (0; ) = p(v~). By construction, the sum of
the lengths of o™ and ¢~ must be less than or equal to N.

We remark that the partitions o+ and p* (and similarly 0~ and p~) do not necessarily
have the same magnitude (the magnitude of a partition u is || := Y, pux). Rather |oF] <
|p*, as will become clearer below. There is however a constraint

™| = o~ | =|p*| = o7, (4.6)
which arises from requiring that all D1 strings end on NS5 or D3 branes on both sides.

Finally, we introduce an alternative notation for the brane configuration that we will
use in the upcoming computations. In this notation, we drop all spectator NS5 branes and
label the brane configuration by the linking numbers of all D3 branes, the linking numbers
of all (active) NS5 branes, and an extra integer L that specifies the NS5 brane interval in
which the D5 branes lie. We choose not to move the D5 branes across the NS5 branes to
avoid creating D3’ branes, so the D5 branes still separate the NS5_ from the NS5, branes.
Therefore, the Ny D5 branes lie in the interval between the L-th and (L + 1)-th NS5 along
2", where

L=1t(p”) (4.7)

is the length (i.e. the number of non-zero entries) of p~, namely the number of active NS5_
branes. Analogously, R = {(p*) is the number of active NS5, branes.

For future convenience, we redefine the linking numbers asymmetrically as follows:

D3: ¢ :=n(NS5.) +n(Dlg) —n(D1) =¢+ L,
(4.8)
NS5: I :=n(D3g) +A(Dly) — A(D1g) = h+ N/2 .

These linking numbers can be read off by moving all the D3 branes across all the NS5_
branes, so that they lie to the left of all the NS5 branes, and counting the net number of
D1 strings ending on the D3 branes from the right and on the NS5 branes from the left.
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The D3 brane linking numbers are v = (¢,) = v+ L = ({,+ L). The corresponding ordered
partition is

o =p(') = (oF + L, LN o7 1), (4.9)

where we use the shorthand notation —p := (—pg, ..., —p1) and k+p := (k+u1, ..., k+pup)
for a partition g = (u1,..., ue) and an integer k.

Similarly, we label NS5 branes with increasing =’ by an integer I = 1,...,L + R (s0
x} 11> :v;) and we collect their linking numbers in an unordered partition®’

pr=)=N-p"p"). (4.10)
Using the constraint (4.6), we see that ¢’ and p’ are partitions of the same number n:
0’| = NL+|o"| —|o"|=NL+[p"|—|p"| = || =n. (4.11)

From now on we will always use this second notation to describe the brane configurations
and we will omit the primes from the notation.

The gauged SMM. The prefactor that multiplies the VEV of the abelian monopole
operator u, in the expansion of the topological correlation function (4.5) is the partition
function of the gauged N/ = 2* SMM, which describes the low-energy physics on the
worldvolume of the D1 strings. We denote the generic SMM by 77, [SU(n)] where o
and p are given by (4.9) and (4.10), respectively (with primes omitted). When no Fermi
fundamentals are present we use the standard notation 7 [SU(n)].

To read off the gauge group and matter content of the gauged SMM, we move D3
branes along the z” direction, crossing NS5 branes until they no longer have any D1 strings
attached, following the philosophy of [21]. We then count the number of D1 strings (which
contribute vector multiplets from D1-D1 strings), D3 branes (which contribute fundamental
hypermultiplets from D3-D1 strings) and D5 branes (which contribute fundamental Fermi
multiplets from D5-D1 strings) in each interval between two adjacent NS5 branes. The NS5
branes themselves contribute bifundamental hypermultiplets for adjacent gauge groups,
from D1;—D1;4; strings.

The gauge and flavour nodes are labelled by a non-negative integer I = 1,..., L+ R—1,
corresponding to the interval between the I-th and the (I + 1)-th NS5 branes along .
The SMM quiver is then the same as for T7[SU(n)] [50], reduced to zero dimensions and
further decorated by Ny extra fundamental Fermi multiplets attached to the L-th gauge
node.?’ The number of flavours of fundamental hypermultiplets M, the ranks N7, and the

2Note that NS5, branes with At = a and NS5_ branes with h~ = N — a have the same linking numbers
h’ = a with D3 branes. They are however distinguished by their linking numbers with D5 branes (for the
(NS5, D5, D3’) Hanany-Witten triple), which differ by Ny.

3%We relax the requirement that p is ordered, which would make the undecorated quiver good. The
formulae for the ranks in the quiver apply nonetheless.
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Figure 8. Quiver diagram for a generic gauged SMM from the brane construction.

FI parameters &7 of the I-th gauge node (I =1,...,L 4+ R — 1) are given by

Mr=o0r—o0r141,

Ni=)> px— )Y 0k, (4.12)

K>I K>I
&1 =Tr41 — 271,

where x1 = x(} is the position of the I-th NS5 brane along 2° and a hat denotes the dual (or
transposed) partition. The FI parameters of the gauge nodes are related to the insertion
points of the monopole operators along the line in the correlator (4.5).

We encode the field content of the gauged SMM in a quiver, as depicted in figure 8, or
equivalently in the matrix notation by

My My ... My My Mpyq ... Mpyp—o Mpir—

: (4.13)
Ny Ny ... Np-1 Ny Npyi ..o Noyp—2 Npygpa

where the underline indicates the presence of Ny extra fundamental Fermi multiplets.
To avoid violating the s-rule and breaking supersymmetry [21], the NS5 brane partition
p and the D3 brane partition o must satisfy the inequalities3!

dplp)k =Y Gk VI, (o) < N, (4.14)
K>I K>1

otherwise the SMM partition function vanishes. The relevant D3 partitions o, which appear

for a given NS5 partition p, can be obtained by starting from the Young tableau associated
to p(p) and consecutively moving boxes in ¢ down to the next row or column.

The partition function of the SMM T7 [SU(n)]. The partition function of
T7,[SU(n)] is a meromorphic function of the complex masses (or equivariant parameters)
for the global symmetries:

31Recall, p(p)x denotes the ordered partition associated to px.
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o m = {ma}gil for the U(Ny) flavour symmetry acting on the fundamental Fermi
multiplets charged under the L-th gauge group;

e o =A{¢ KT}iW:}i for the U(M) flavour symmetry acting on the fundamental hyper-
multiplets of the K-th gauge group. We gather all the ¢k in a vector ¢ = (P ).

e ¢ for the R-symmetry of the ' = (0,4) superalgebra which commutes with the N' = 2
subalgebra preserved by the N' = 2* theory.

With this notation and conventions, the partition function of 77, [SU(n)] is computed by
the integral

Zye sum) (e, m; € &)

Ng

d KZK
f H 271'1, NKN (26)NK H ZK,IJ(ZK,IJ + 26)
K I£]

10— 1 (4.15)

& TI0 [ I ek — 2r0) + O TS ((2k0 — i) + 6))}

where the products over gauge groups in the first and second line run from K = 1 to
K = L+ R—1, and the ¢ variables are related to the ¢ variables as above. The three lines
in the r.h.s. of (4.15) account for the contributions of 0d vector multiplets, hypermultiplets
and Fermi multiplets, respectively. The integral is over the Jeffrey-Kirwan cycle determined
by the vector of FI parameters £ = ({x). It is a piecewise constant function of &, which is
constant in the interior of the chambers in FI space, but might jump at codimension-one
walls separating different chambers, where the JK integral is ill-defined and a 0d Coulomb
branch opens up.

The abelian expansion of the topological correlator (4.5). We are now ready
to write down the expansion of the topological correlator (4.5) in the abelian monopole
operators u,, where the abelian magnetic charge v is encoded in the D3 brane linking
numbers of the brane configuration. The brane construction described above shows that the
0d field theory that dresses the abelian variable u, in the expansion of the correlator (4.5)
is the SMM T [SU(n)] with L = £(p™), 0 = p(v) + L, p= (N — p~, p*), complex masses
p(¢), m, € and FI parameters {. We therefore deduce that

L R

<T< U2 [0 )> Syt s P m ) . (410
i=1 i=1 Tv=p=urt)L

The sum over the abelian magnetic charges v is equivalent to the sum over ordered par-

titions ¢ and their permutations as described above. Although the distinction between

non-bubbling and bubbling sectors is not well-motivated when computing monopole corre-

lators, we can still recognise the non-bubbling terms as those with trivial SMM (Z = 1).
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They arise from the initial partitions & = p(p). The bubbling contributions will arise from
all the other partitions o (with non-vanishing contribution). The piecewise constant de-
pendence of the SMM partition functions on the FI parameters in the r.h.s. reflects the
topological nature of the correlation function in the Lh.s. .

4.2 Affine Grassmannian, monopole operators and branes

Before we explicitly calculate correlation functions of 't Hooft monopole operators in the
next subsection, we now take a detour to outline how the brane construction that we have
introduced to engineer these correlation functions is related to the geometry of the affine
Grassmannian, which is exploited in the mathematical definition of Coulomb branches of
3d N = 4 gauge theories of [14, 15]. The relationship between the brane construction
and the affine Grassmannian is not needed for any of the calculations that we perform in
this paper, so readers who are more interested in the physics of the problem than in its
mathematical interpretation may skip this subsection.

The affine Grassmannian is an infinite-dimensional complex algebraic variety which
describes the moduli space of all Hecke modifications of GG-bundles, which are implemented
by the insertion of monopole operators for a gauge group G. We start by recalling some
basic facts about the affine Grassmannian and monopole operators. We refer the reader
to [23] for a physicist-friendly introduction to the affine Grassmannian and a detailed
explanation of the correspondence between 't Hooft operators and Hecke modifications.
At the end of the subsection we will discuss the brane realisation of the main geometrical
ingredients.

The basic setup involves solutions with pointlike singularities of the Bogomol’'nyi equa-
tions on the product of a Riemann surface C' with complex coordinate z and a line (or an
interval with suitable boundary conditions) with real coordinate y. In our case, the Rie-
mann surface is the Omega-deformed complex plane C. with coordinate z = z! + 22, and
the transverse line is the Euclidean time 3y = x° of the three-dimensional field theory. In
the absence of singularities, the holomorphic type of the G-bundle on the Riemann surface
Cy = C x {y} does not depend on y. If a monopole operator singularity is inserted at
(20,90), the holomorphic G-bundle on Cy jumps at y = yo in a way that is trivial away
from the insertion point zy. For gauge group G = U(N), we can describe the modification
of the G-bundle in terms of its action on the fundamental representation V', which defines
an N-dimensional vector bundle E. Given a local decomposition of E into a sum of N line
bundles @;L;, the insertion of a monopole operator of magnetic charge B = (By, ..., By)
at zg twists the line bundles as

L = L;® O(Z())Bi , (4.17)

where O(zp) is a singular line bundle with unit curvature localized at z = zp. This twist is
called a Hecke modification of type B at zj.

The holomorphic perspective taken above is very natural in the context of the Omega
deformation, where the physical configurations are holomorphic, monopole operators are
forced to lie on the line {z = 0} x R C C, x R transverse to the origin of the Omega
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deformation plane, and the magnetic flux emanating from monopole operators is confined
to this line [5, 6, 22].

Since the Hecke modification is local, we can take C' = C and put the singularity
at z = 0. In terms of a basis of N holomorphic sections s;(z) of £; which are linearly
independent at z = 0, a general section of E transforms locally as

s(z) = Z gi(2)si(z) = §'(2) = Z gi(2)si(2)z7 B, (4.18)

under the Hecke modification, where g;(z) are N locally holomorphic functions. We can
assume without loss of generality that E is trivial before the modification, so that the
section s(z) is holomorphic. Then the Hecke modification introduces a polar part to s'(2),
where the magnetic charges B; control the change in the orders of the poles. The polar
part of s'(2) modulo holomorphic redefinitions of {g;(z)} parametrizes the moduli space
Y(B) of Hecke modifications of type B. It is a finite-dimensional subvariety of complex
dimension
dimY(B) = |B; — Bj| (4.19)
i<j

of the infinite-dimensional affine Grassmannian Gry, which is a union of strata Y (B) for
all integer tuples By > By > -+ > By .32 The strata of the affine Grassmannian, which
are interpreted as spaces of Hecke modifications ) (B), are called Schubert cells.

Unless B is the highest weight of a minuscule representation of the Langlands dual
group (for us, G¥ = U(N)), Schubert cells Y(B) are not compact, but they admit a natural
compactification in terms of their closures

Y(B)=| |y, (4.20)

v<B

which in addition to Y(B) contain lower-dimensional strata ) (v) for every dominant weight
v in the irreducible representation of G¥ with highest weight B. The closure (4.20) of
a Schubert cell is called a Schubert cycle. The lower-dimensional Schubert cells Y(v)
are obtained by suitable scaling limits towards the boundaries of the top-dimensional cell
Y(B). One says that the G-bundle associated to Hecke modifications of type B is unstable
towards becoming a G-bundle associated to Hecke modifications of type v. The process
continues until a stable bundle is reached, corresponding to a v which is the highest weight
of a minuscule representation. The physical interpretation of this process is monopole
bubbling, whereby dynamical pointlike monopoles screen the ’t Hooft monopole operator,
thus reducing its charge. In our physical setup of 3d NV = 4 SQCD with gauge group
G = U(N) on C. x R, the stratification (4.20) of the Schubert cycle into several Schubert
cells manifests itself in the decomposition (2.10) of the VEV of a bare monopole operator

32To be more precise, the space of Hecke modification is unaffected if E is tensored with O(zo)k, which is
invertible. This corresponds to an extra insertion of the 't Hooft operator V(Ii Ny, which shifts B; -+ B; + k
for all ¢. For the purpose of studying Hecke modifications we may set By = 0 without loss of generality:
this leads to the affine Grassmannian Gry of PGL(N).
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of charge B. The bubbling contribution Zy,,(B,v) is associated to the slice transverse to

Y(v) inside Y(B).

In the compactification (4.20), the lower-dimensional strata )(v) appear as singular

loci of Y(B). The singularities of Y(B) can be resolved or deformed by splitting the single
insertion of a monopole operator of charge B into the insertion at separated points of sev-
eral constituent monopole operators of lower charges BW ... B®) gsuch that Z§:1 BU),
This configuration then computes a correlation function of £ monopole operators. Separat-
ing the insertion points along C' is a complex structure deformation, which is obstructed in
the case of interest to us, where C is replaced by the Omega-background C.. We can how-
ever separate the constituent monopole operators along the transverse R, where different
orderings lead to (in principle) different resolutions.

The singularities in (4.20) are what makes it difficult to compute the VEV (2.10) and
similarly correlation functions involving non-minuscule monopole operators. In terms of
the SMM encoding the bubbling contributions, we are on a wall in FI space. However, if
the monopole operator of charge B is split into separate constituent monopole operators
with charges B() which are all highest weights of minuscule representations, then we are

at a generic point in the Kéhler moduli space of Y(B) and the singularity is completely
resolved. Correspondingly, the SMM is in the interior of a maximal-dimensional chamber
in FI space and we can compute the correlation function (4.16) using the Jeffrey-Kirwan
prescription in the SMM.

Now that we have introduced all the necessary ingredients in the geometrical descrip-
tion of the affine Grassmannian, we can relate them to their counterparts in the brane
construction that we have introduced in sections 3 and 4.1. To keep the discussion simple,
we will only consider positive magnetic charges and therefore NS5 branes, which also al-
lows us to neglect the D5 branes. This assumption can be relaxed and we leave the general
case as an exercise to the reader. We will also omit the + subscript for NS5 branes in
the following.

The Schubert cycle Y(B) in the left hand side of (4.20) is associated to a configuration
of NS5-branes with (ordered) linking numbers p. Viewed as partitions, B and p are related
by transposition: B = p. We then consider all possible D3-D1-NS5 supersymmetric brane
configurations with such NS5 brane linking numbers. The Schubert cells ))(v) in the right
hand side of (4.20) are associated to the configurations with D3 brane linking numbers o
equal to v up to permutations. The requirement that v < B, or equivalently o < p, is
nothing but the s-rule. Interestingly, the dimension (4.19) of the Schubert cell Y(v) can be
interpreted in terms of branes as

dimY(v) =) |v; —v;| = > #(NS5 between D3; and D3;), (4.21)
1<j 1<j

where the number of NS5 branes between a pair of D3 branes in the right hand side is
counted once the D3 branes have undergone sufficient Hanany-Witten transitions so that
none of them have D1 strings attached. Finally, we can think of the affine Grassmannian
Gry in terms of branes as describing all the possible D3-D1-NS5 brane configurations
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compatible with the s-rule, for a fized number N of D3 branes and an arbitrary number of
NS5 branes and D1 strings.

A complete resolution of the singular Schubert cycle Y(B) is achieved by separating the
0

%

NS5 branes in the ¥ direction. Then NS5 branes with linking number p; located at 2° = «
insert minuscule monopole operators V(lpivowfpi)(:c?). As we mentioned above, the effect of
monopole bubbling in the resulting correlation function of monopole operators is controlled
by the slice transverse to the Schubert cell Y(v) in Y(B). In the brane interpretation, the
degrees of freedom of the transverse slice are the open strings that start or end on the D1

branes in the resulting intersecting D3-D1-NS5 brane system, which in the IR describes our
zero-dimensional bubbling SMM. The Higgs branch of this SMM, which can be visualised
by the motions of D1 branes along the D3 branes, is the slice transverse to the Schubert cell

Y(v) in Y(B), and the monopole bubbling contribution Zyu,(B,v) is the partition function
of this SMM.33

Finally, we note that the well-known fact that the space of Hecke modifications is
independent of tensoring the vector bundle E with a power of O(zy) also has a natural
brane interpretation: it corresponds to inserting an extra NS5 brane with linking number N.
After a Hanany-Witten transition across all N D3 branes, this NS5 brane is disconnected
from the active part of the brane configuration and plays no role in the bubbling SMM.

4.3 Results for U(IN) SQCD

In this section we discuss our results for SQCD theory with gauge group U(NN) and Ny
flavours of hypermultiplets in the fundamental representation. We first evaluate correlators
of bare monopole operators of positive charge and then generalise to correlators of monopole
operators of positive and negative charges. We then analyse in more detail some examples
involving the products of bare monopole operators of minimal positive and negative charge.
We evaluate the bubbling factors using the JK prescription, and our results are verified
by comparison with the vacuum expectation values found using the star product from
section 2. Finally, we discuss wall-crossing phenomena, which are related to the exchange
of operators in the VEV.

4.3.1 A warm-up: powers of the Uf_ bare monopole operator

Let us start by computing the VEV of the product of n identical operators Viiov-1y = U1+ ,
which corresponds to having p = p* = (1) and empty p~. In the brane construction we
can neglect the NS5_ branes and the D5 branes, which are spectators. The active branes
consist of n D1 strings stretched between n NS5, branes and N D3 branes, as encoded by

an ordered partition ¢ = o of n and permutations thereof (o~ is empty).
A configuration in which the N D3 branes have v = (v,)Y_; D1 branes attached realises

the abelian monopole u, with 25:1 vy, = n. The SMM whose partition function dresses

33If a combination of positively and negatively charged monopole operators are inserted then we also
need to include NS5_ branes in the construction and the D5 branes are no longer spectators. The extra
D5-D1 strings add fermionic degrees of freedom, which do not change the Higgs branch of the SMM but
affect the SMM partition function, making it dependent on the chamber in FI space or equivalently on the

specific resolution of Y(B).
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w, is the 0d N = 2* version of the TP(")[SU(n)] theory of [50], with complex masses p(i)
for the flavour symmetry acting on the fundamental hypermultiplets and e for F'. There
are no Fermi multiplets, so the masses m do not appear. We therefore deduce that

n

<T(H U1+($z'))> = Zroosuey (P(9): 6€) - e (4.22)
=1 v

where the sum is over unordered partitions of n with at most N parts. As we show

in appendix A.l, the partition functions in the r.h.s. are the same in the interior of all

chambers, in agreement with the fact that the operators in the 1.h.s. commute.

We can compute the SMM partition functions in several ways, finding agreement.
First, we note that the partition function of the 0d T7[SU(n)] theory is the equivariant
volume of the Higgs branch of the theory, with equivariant parameters identified with the
complex masses. The Higgs branch of T9[SU(n)] is the intersection of the Slodowy slice
Sy with the nilpotent cone N of SU(n) [51]. Its equivariant volume can be obtained by
equivariant localization similarly to the Hilbert series Hg, ar(, x), which can be found in
(3.29) of [2] (see [4] for a derivation), or by extracting the coefficient of the leading pole in

the small chemical potential expansion of the Hilbert series:3*

SoeNN)

Zro5u(m) (s €) = lim RImel Hg nn(x = e 1%t = e F) (4.23)

R—0
where the order of the pole at R = 0 is the complex dimension of S, N N
dime (S, NN) =) 67 —n. (4.24)
i

Either way, we find the result

HZ:1(2I€€)
ZTG[SU(W‘)](QO’ 6) = l(a) 5 [ n ( N B 2 - 2
im1 [ o=1[Pab + (00 + b — 20 + 2)¢]

n! 1
1 " HIG . )
Ha(i)l Ta! Hz(:al) [Li<a<t<s, [EPab + (00 + op — 20 + 2)€]

where pq, = @4 — @p. The multinomial coefficient in the second line of (4.25) arises from

(4.25)

the numerator and the a = b factors in the denominator of the first line.

We can compare the r.h.s. of (4.22) with the n-th Moyal star product of the VEV (2.26)
of the bare monopole operator U;". First, we insert our result (4.25) and the definition of
the abelian variables (2.13) into the r.h.s. of (4.22). This can be massaged into the form

N wvg—1 . 1/2
~ nl T P(pa + (v — 1 — 2i4)e€)
(U = N : (4.26)
! v17-§v>0 Ha V! al;[l i}_‘[o Hb;&a[i@ab + (va + vp — 2ig)e)]
o Va=n
One can then prove by induction that (4.26) equals the n-th star power (U;")™. In-

deed (4.26) reduces to (2.26) for n = 1. Using (2.21), one can compute (U;" )™ % (U;").

34We rescale t — t* in [2] to have integer powers of t.
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This can be shown to equal (4.26) with n — n + 1 with the help of the identity

i H( ) va (4.27)

a=1  b#a

Y —

for all y = (y,) and v = (vg). This identity follows from the simpler fact3?

=0 VYn>1, (4.28)
a= lb;éa

which can be proven by showing that the left hand side has no poles when y, = y, for all
b # a, as can be easily seen. Since the rational function on the left hand side is homogeneous
of degree 1 — n < 0 in y, it must vanish, which proves the desired identity.

An alternative simple method to derive the result (4.25), following the logic of [4, 52],
is to start from the partition function of the T'[SU(n)] SMM

Inseon(p.d = S 1 e
T[SU ; W (oW - T
sl weSy, [licachen Pan(Pha +26520(zab))  TlicacpenlTPab + 2¢] (4.29)

which we compute in appendix A.1 by evaluating the JK residues, and then take appropriate
residues in the flavour parameters ¢ to obtain the partition function of 77[SU(n)]. Each
residue implements the move of a single box in the Young tableaux of o, reducing the
flavour symmetry. We refer to appendix B for details of this residue calculation.

4.3.2 Bare monopole operators of positive charge

The computation of the previous subsection can be generalised to a correlator involving
only bare monopole operators of positive charge, by allowing a general unordered partition
p = pT of magnitude |p*| = n and parts smaller than or equal to N, we find that

R
<T<1_[1U;§(xi)>> Z 17U P (p(@), &) - uy, (4.30)

where the relevant SMM is the 0d N = 2* version of the T¢[SU(n)] theory of [50] with
p=pTando = ot =p(v), and R = {(p) is the length of p. The sum is effectively restricted
to positive magnetic charges v such that p/(;) > p(v). It turns out that the relevant SMM
partition functions are chamber independent, hence we omit the FI parameter £ in the
argument of the partition functions in the following.

As in the case of trivial p, the partition function of the T7[SU(n)] SMM is the equiv-
ariant volume of its Higgs branch, which is S, N Op, the intersection of the Stodowy slice
of type o with the closure of the nilpotent orbit of type p.3% See [53-55] for a discussion
of the isomorphism of S, N 55 with slices to Schubert varieties in the affine Grassmannian
of PGL,,. The equivariant volume can again be obtained directly by a fixed point formula,

35We thank Patrick Dorey for providing this proof.
36To be precise, of type p( ). We abuse notation in this paragraph for the sake of readability.
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analogously to the Hilbert series (4.2) in [4], or from the coefficient of the leading pole of
that same Hilbert series at R = 0,

Zrgsu(my)(y,€) = lim RIMETODH o (v =e Pt =), (4.31)
where the order of the pole is controlled by the complex dimension of S, N @5

dime (S, N O5) Z Zp? . (4.32)
J

The result is expressed in terms of the data of the partitions ¢ and p as follows:

(000, ),) |
Hla(i)1 oa! Hi(:gf H1§a<b§8i [£0ap + (00 + 0p — 20 + 2)€]

Zresu(n)) (9 €) = (4.33)

Here

ap(y.€) = Z H —o-y")(a-y" + 2€) H vyt =2 (4.34)

1 J weESH a€l, YEA L A

where y = (y1,...,yn), A4 is the set of positive roots of SU(n) and A, is the set of positive
roots in the Jordan blocks associated to p:

Ay ={eg—ep |1 <a<b<n}

kot k (4.35)
A, = ea—eb‘ ij—|—1§a<b§z,oj for some k » .
j=1 j=1
Finally, the first argument a, (¢, €) of g, has components
(a5 (¢, €))ahe = Pa — (0a —2he +1)e, hq=1,...,0,, a=1,...,4(0). (4.36)

Because of the sum over permutations in (4.34), the order of the components does not
matter, so a, (¢, €) is better thought of as a set rather than a vector.

As a check, note that if p = (1"), A, is empty and gy = n!, since the e-dependent
terms average out to zero. Formula (4.33) then reduces correctly to (4.25).

As in the previous subsection, the partition function (4.33) can be computed in two
steps, first calculating it for trivial o = (1") and then taking residues in the flavour fugac-
ities to obtain the result for a general o. We refer the reader to appendices A.2 and B for
details. There we show explicitly that the relevant SMM partition functions do not depend
on the chamber in FI space in which they are computed, in agreement with the (not so
obvious) field theory fact that the monopole operators in the Lh.s. of (4.30) commute, and
neither on the ordering of p.

4.3.3 General correlators of non-bubbling bare monopole operators

Finally, the general topological correlation function (4.16) of bare monopole operators of
positive and negative charges is expressed in terms of partition functions (4.15) of the
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general T, [SU(n)] SMMs, which now exhibit chamber dependence and wall-crossing due
to the extra Fermi multiplets. We compute the SMM partition functions in appendix A.3
for the case of a trivial D3 brane partition o = (1™) and we explain how to introduce a non-
trivial o by computing residues in the flavour fugacities of the SMM in appendix B. Putting
together these results, we can write the partition function of the 77, [SU(n)] SMM as

Gp,L(ao (s, €),m, € )
l(o L(o .
Ha(:i 04! Hz(:l) H1§a<b§8i [£ab + (00 + 04 — 2i + 2)€]
1

(o Oa
15T 1 P((a0 (0, €))aa — Le)

Zre  sum)(p,m, € 1) =
(4.37)

)

where ¢, 1, is defined in (A.23), a, is defined in (4.36), P(z) = Hfj:fl(a: — my) as in (3.39)
and it is understood that products over empty sets are equal to one. Note that the Fermi
factors of P in the second line all cancel against equal factors in ¢, 7 when evaluated at
as, as is clear from the original integral formula (4.15).

The SMM partition function (4.37) depends on the FI parameters £ or the insertion
points = through ¢, ;, as in the case of trivial o obtained in appendix A.3. Every time we
cross a wall at which two monopole operators of opposite charge (or equivalently an NS5
and an NS5_ brane) change order, the partition function jumps. If instead the sign of the
charge of the two monopole operators that are exchanged is the same, as in the previous
subsection, the partition function does not jump across the wall.

4.4 Examples: wall-crossing, poles at infinity and star product

To conclude our analysis of topological correlation functions of bare monopole operators, we
study a few correlators with a low number of bare monopole operators of minimal positive
and negative charge. The bubbling terms are determined by following the JK prescription
to compute the partition functions for the relevant SMMs. We focus in particular on
the relationship between the correlation functions containing a commutator of monopole
operators, the non-zero contributions to the partition functions from poles at infinity and
wall-crossing phenomena.

4.4.1 One positive and one negative minimal monopole operator

Firstly, we consider the VEV of the product of two minimal bare monopole operators of
opposite charge, Ul+ = Viyon-1y and Uy = Vign-1 _yy. Depending on the order of these
operators, we obtain two different results. To compute these results we require a setup
containing an NS5, and an NS5_ brane, from each of which emanates a D1 string, that
is pt = p~ = (1). In total, there are N(N — 1) + 1 configurations contributing to the
VEVs. There are N(N — 1) configurations with the NS5, and the NS5_ connected to
different D3 branes and the remaining N — 2 D3 branes are unconnected (o = o~ = (1)),
corresponding to an abelian magnetic charge e, —ep, with a # b. There is one configuration
where the NS5 branes are connected by the D1 strings joining and the N D3 branes remain
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unconnected, with vanishing abelian magnetic charge (¢ = o~ = ()). This tells us that

U1+U1 Z Ueq—ep + Z (907 m, 6) )
a#b

Ul Ul Z Ueq—ep +7Z (307 m, 6) )
a#b

(4.38)

where e, := (097,1,0¥N=%) and a,b =0, ..., N.

As expected, the first term in each VEV has no bubbling factor. The bubbling factors,
Z*F(p,m,e€), arise from the configuration where the D1s are connected to each other.
These are computed as the SMM described by the abelian quiver (in matrix notation)

h ] , (4.39)

whose partition function is given by (we omit unnecessary subscripts in z; and &;)

r, dz_(26) [T, [ = il
27y m, ) %K(ig>0) 2mi Hi\;l [+(z — @a) + € (4.40)

where + in Z*F corresponds to the FI chamber ¢ > 0 used in evaluating the integral,
which is directly linked to the order of the operators in the VEV (but it is unrelated to
the product over + in the integrand). The FI parameter is given by the difference in the
positions of the NS5 branes, £ = x9 — x1, where x9/x1 labels the NS5, /NS5_ position
along 2¥. This JK integral is ill-defined at the codimension-one wall corresponding to the
FI parameter & = 0, which is the situation where the NS5, and NS5_ are at the same
2¥ position and the operators Vi,ov-1y and Vign-1 _y) collide (such a configuration realises
the bare monopole Viq gv—2 _y)).

The poles contributing in FI chamber ££ > 0 are at z = ¢, F ¢, wherea =1,..., N,
and the partition function evaluates to

Zdﬂ(@ m,e€) = (_1)N,1 N HkN:fl [Pa — My F €] )
o = [Tz lab (Pab F 26)] .

As expected, the two results are related by sending € — —e (see (2.16)).
Consequently, for the product of one minimal positive operator and one minimal neg-
ative operator we find

Uy Uey—e, + N1 Hklﬁoa_ mi — €
FU) = 2 e an# s (oo 29

Spa my + 6]
(U7 U u DR ’f L
1 1 az:# €q— eb Z Hbyﬁa Lab (@ab + 26)]

(4.42)

which matches the results found previously using the star product in (2.30). These results
are our 3d analogue of the results obtained in section 3.2.2 of [31].
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The vacuum expectation value of the commutator [Ul+ U ], which is the difference
between the results computed in the two chambers, is related to the non-zero contribution
Z>(p, m, €) from evaluating the residue of the integrand in (4.40) at z = oo,

<[U1+, Uf]> =Z " (p,m,e) — Z T (p,m,€) = —Z%(p,m,€), (4.43)

where

N
2 Tz —
Z>°(p,m,€) = Res (Ne) Iz [2 = .
2= Jam1 [F(2 = @a) + €]
Therefore, to obtain the result for the partition function of the SMM in one chamber from

(4.44)

the other chamber, we add or subtract the contribution from evaluating the residue of
the pole at infinity. This corresponds to crossing the codimension-one wall where the FI
parameter is zero, which is the location where the 0d Coulomb branch opens up.

For low values of Ny, there is no pole at infinity and the two monopole operators
commute. The first non-zero contribution from the pole at infinity occurs at Ny = 2N — 1.
This gives a polynomial of degree 1 in €. In general, the contribution from evaluating
the residue of the pole at infinity will be a polynomial in ¢, m and € of total degree
Ny — 2N + 2. This follows from an R-symmetry selection rule and can be seen by Taylor
expanding the integrand of (4.40) about z = co. It is possible to express the general form
of the contribution from the pole at infinity in terms of a sum of symmetric polynomials.
However, we find this to be unilluminating. Instead, we finish this discussion by writing the
explicit contributions from the pole at infinity, which computes the monopole commutator
in (4.43), for small values of Ny,

e Ny=0,1,...,2N —2

Z%(p,m,e) =0 (4.45)
o Nj=2N -1
Z%(p,m,e) = (—1)V"1(2¢) . (4.46)
e Ny=2N
N Ny
Z®(p,m,€) = (=N 1(2e) [2) T0a =) | . (4.47)
a=1 k=1
o Ny=2N+1
2
Z>(p,m,€) = (—I)N_le[QNez + (22@3 - Zmz) + (QZLpa — ka> ] .
a k a k (4‘48)

4.4.2 Two positive and one negative minimal monopole operators

We now expand our analysis by introducing a second minimal positive operator: we com-
pute the VEV of the product of two minimal positive operators and one minimal negative
operator. In this scenario we find three different results depending on the order of the op-
erators. We require a setup containing two NS5 pairs and we sum over configurations with
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Figure 9. This figure illustrates the brane setup for the configurations contributing to the vacuum
expectation value of two minimal positive operators and one minimal negative operator. The setup
is depicted in the z7® plane, where the NS5_ /NS5, branes are drawn to the left/right of the D5
branes in each diagram. a), b) and c) are an example of one of the diagrams contributing to each
of the sums in the first, second and third term on the r.h.s. of (4.49). The other terms contributing
to these sums are given by permutations of the D3 branes.

three D1 strings, where a single string emanates from the two NS5, one string emanates
from the innermost NS5_ and the remaining NS5_ is a spectator. The configurations con-
tributing to the VEV are shown in figure 9. There are N (N — 1) configurations with both
the NS5, connected to the same D3 brane, the NS5_ connected to a different D3, and
N — 2 D3s remain unconnected. Additionally, there are N configurations where the NS5_
is connected to one of the NS5, the other NS5, is connected to a D3 and the remaining
N — 1 D3 branes are unconnected. Finally, there are N(N — 1)(N — 2)/2 configurations
where the three NS5 branes are all connected to three different D3 branes and the remain-
ing N — 3 D3s are unconnected. This tells us that the vacuum expectation value for the
product of these monopole operators is given by

(T(UPUD)) = D uea—ey + Y e Zalpma G E) + D Ueytey—e. Zan(p,my€) . (4.49)

a #£b,
a#b ab#cc

The first term on the r.h.s. in the VEV has no monopole bubbling contribution, the
partition function of the associated SMM is trivial. The third term in the VEV comes
from the cases where the NSbs are all connected to different D3s and the bubbling factor
is computed as the SMM described by the matrix notation

H , (4.50)

so the SMM is the 0d SQED theory with two hypermultiplets of masses ¢, and ¢,. The
partition function of this quiver was computed earlier in (3.13) and we simply state the
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result again,

dz 2¢ 2

Zalem = § S T AR W T G O

where a and b are the D3 branes that are connected to the two NS5 branes in the con-
struction, see figure 9-c. It is important to highlight that this result is the same regardless
of the chamber in which we compute the JK integral.

The other bubbling factor in the VEV (4.49) is computed as the SMM described by
the quiver

1 (4.52)

N—ll]

where we underline the U(1) gauge node attached to the Fermi multiplets. The partition
function of this theory is given by

I

Zo(p,m, ) :7{ dzodz1 (202 T2, (20 — )
TG = o) @mi Thywa (o — 90) + €l [£(20 — 21) + €] £ (21 — ) + 4
(4.53)
where a labels the single D3 brane that is located in the interval between the two NS5
branes and the remaining N — 1 D3s are between the innermost NS5_ and the innermost
NS5, see figure 9-b. The bubbling factors for the different orderings of the monopole op-
erators are obtained by evaluating this integral in the different FI chambers. The ordering
of the operators is linked to the order of the NS5 branes, which affects the sign of the FI
parameters and leads to the different chambers. In this case, there are two FI parameters,
which are given by

So=z1—2-1, &1 = T2 — X1, (4.54)

where 1, zo are the 2¥ coordinates of the two NS5, branes and x_; of the inner NS5_.
The outer NS5_ is a spectator and plays no role here.

By naively considering the order of these NS5 branes, one expects to find 6 chambers
from the permutations of x1,z9,x_1. However, there is a symmetry under the exchange of
x1 and x9, which tells us that (£1,&p) is equivalent to (—&1,&p + &1). Consequently, there
are only 3 distinct chambers, which are illustrated in figure 10, where:

e The + + — chamber satisfies the region & > 0,&, + & > 0.
e The — — 4 chamber satisfies the region £, < 0,&y + & < 0.

e The final chamber, + — 4, contains the remaining regions described by & > 0,& <
07§0+£1 > 0 and gl < 0750 > 07£0+£1 <0.

In general, for a VEV (T ((U;")4(U)P)) there will be % inequivalent chambers, in
correspondence to all the orderings of A U1+ operators and B U, operators.

The JK prescription tells us that the multi-dimensional poles contributing to the JK
integral in (4.53) are different in the different regions of the FI space. In table 2 we list the
poles contributing to the integral in each chamber. We apply the constructive definition
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Figure 10. This figure illustrates how the 6 regions of the FI space (separated by the solid
black lines) are grouped into 3 distinct chambers, due to the symmetry under the exchange of
the two NS5, branes. Each chamber corresponds to a different ordering of the operators in the
correlator (4.49).

of the JK residue [56], where each term in the sum of residues comes with an appropriate
+ sign, which is called v(F') in section 2.4.3 of [46], and depends on the orientation of
the ordered basis used to determine the order in which to perform the iterated residue for
each pole.

Evaluating (4.53) in each of the three chambers we find

(=DM P(pq — 2¢)

7+t =
‘ [0 [(0ab =€) (0ap — 3€)]
2(-=)N"'P(pp — )
+ b;éza (¢ab — €) (Pab + 3€) Hcﬁ&a [©pe (©pe — 2€)] (4.55)
+—+ _ P(¢a)
S [0 [£Pab + €
(=DN"'P(pp +€) .
: b;éza (¢ab =€) (@b — 3€) [Texva [Pre (Phe + 2¢)] +(e——¢) (4.56)
g+ _ _ ()Y P(pa +2¢)
‘ Hb;ea [(@ab + €) (Pap + 3€)]
2(=D)N'P(pp + )
" b#za (Qoab T 6) (Soab a 36) HCZ;’:Z“ [Qobc (<Pbc + 26)] (457)

As expected, Z T~ and Z,; T are related by € — —e while Z; T is invariant.
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Region of FI space | Chamber | Multi-dimensional Pole (zg, 1)
§o>0 (o — 26,04 — €)
& >0 + 4+ - (b — €, b — 2€)
§o+& >0 (o — € 0a — €)
& >0 (o — 26,04 — €)
&1 <0 ++ - (b — € %p)
§o+& >0 (b — € q +€)
§o <0 (PasPa —€)

& >0 + -+ (¢p — €, b — 2¢)
§o+& >0 (b + €, 0a — €)
§o>0 (¢a; Pa t+€)
£ <0 +—+ (¢b + €, pp + 2¢€)
§o+& <0 (¢p — € %0 +€)
& <0 (a + 26, 00 +€)
& <0 —++ (06 + €, 0p + 2€)
§o+6 <0 (oo + €00+ €)
& <0 (pa +2€, 00 +€)
&> 0 -+ + (b + €, 1)
§o+6 <0 (oo + €00 — €)

Table 2. Multi-dimensional poles contributing to the integral (4.53) in each chamber, where a has
a fixed valueand b=1,...,a—1,a+1,...,N.

Consequently, we find the following results for the correlator (4.49):

B B 2
(UfFUFUT) = Zu%a,eb + ZueaZ;Jr + Z ueﬁer&m ;
a#b a “lj;béc Pab
2
ST +—+
(UFUTUY =3 unepe, + 3 e, 25T+ > Ueates—ee (o 50) (4.58)
a#b a “Z;fc’c ¢
- B 2
(UTONUT) = ) oy + 3 e Za " 4 D tewrare o mg s
a#b a az;fcac Pab

where ZFT=, Z+=t and Z; 1T are given in (4.55), (4.56) and (4.57). We have checked
that these results agree with those obtained using (2.26) and the star product. These
correlation functions are our 3d analogue of the results obtained in section 4.2.2 of [31].
The correlators of two minimal negative operators and one minimal positive operator can
also be obtained from these results by sending Uf“ < U; and eq <+ e_q.

We can now study the relationship between the results computed in the different
chambers and wall-crossing. The jump between chamber 4+ 4+ — and + — + is given by

(UF [UF,07]) = e, (Z51 (pomy€) = 25 (p,mye)) (4.59)
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The difference between the SMM partition functions Z, of (4.53) computed in the + + —
and + — + chambers is captured by the residue of a pole at infinity. To obtain Z}~* from
Z T there are two options. The first option involves setting &, = 0 and crossing the &
axis, see figure 10. This corresponds to adding the contribution from the pole where 27 is
finite and zy — oo,

Z It (o,m,e) — ZI T (p,m,e) = — Res  Res I,(z,p,m,€), (4.60)

20=00 Z]=@q—€

where I,(z,p,m,€) is the integrand in (4.53). The second option involves crossing the
line &y 4 & = 0, which corresponds to adding the contribution from the pole where z; —
00, zg — oo with finite z1 — 2z,

ZI (p,mye) — ZF T (p,m,e) = — Res  Res I,(z,¢,m,€) . (4.61)

Z21=00 z20=%z1—€
These two options are identical, since the contributions from the poles at infinity obey the

following relations,

Res Res I,= Res Resl,= Res Res I,=—Res Res I,. (4.62)

20=00 2]1=pq—€ Z1=@q—€ 20=00 Z1=00 20=2]—€ Z0=00 z1=20+€

Consequently, we can write

<U1Jr [Ufr,U1 Zuea Res Res I,(z,p,m,¢) ZueaZoo — €eq€,m,€),

Z0=00 Z]1=(@q—€

(4.63)
which is obtained by evaluating the residue for the pole z; = ¢, — € and then using the
definition of Z*°(¢, m,€) in (4.44). We can now link this with our discussion of the star
product by using the quantized abelian relations from section 2.3. In particular, using

Ue, = [P — €a€) = Ue, * f(¢), we find

(Ui [, 07 ) Z“ea —Z%(p,m, )] = (U;") » (U}, Uy ]) (4.64)

where the last equality is obtained using the VEV of the commutator in (4.43).
Similarly, we find that the jump between chambers + — + and — + + is

<[U1+,U1_]U1+>:Zuea(Za**Jr_Za*J#) —Z®(p,m,€) x Zuea

= (U7, Ur]) = {Uy") (4.65)
after applying the relation u, - f(¢ + €q€) = f(¢) * ue, in (2.25). Lastly,
(U ur]) = Uy [Uf, Ur]) + (U, Uy ] Uy Zuea (Za™ —2,77),  (4.66)
which involves a sum of two commutators since to obtain Z, *+ from Z T~ we must cross
two codimension-one walls.

In this discussion we have not mentioned what happens when we set £&§ = 0 and
cross the &y axis. This situation corresponds to reversing the order of two NS5, branes.
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Hence, crossing the codimension-one wall given by & = 0 is related to exchanging the
two minimal positive operators in the VEV, which does not change the result since they
obviously commute. We can also explain this by looking at the contribution from the
appropriate pole at infinity. Crossing the &y axis corresponds to adding the contribution
from the pole where zy is finite and z; — oco. Evaluating the residue of the integrand
in (4.53) at this pole, we find zero.

Consequently, this analysis is consistent with the ordering of the NS5 branes described
earlier, which explained how the 6 regions of FI space are actually grouped into only 3
inequivalent chambers, due to the symmetry under the exchange of the two NS5 branes.
The difference in the ordering of the operators in the vacuum expectation value is related
to the signs and relevant magnitudes of the FI parameters. The codimension-one wall-
crossing phenomenon is manifest when we exchange two operators of a different type, and
the contribution from evaluating the residue of the appropriate pole at infinity is non-zero.
The pole at infinity is specified entirely by crossing the codimension-one wall between the
relevant chambers. When the contribution from a particular pole at infinity is zero, the
VEV is unchanged which corresponds to the exchange of two commuting (and in this case
identical) operators.

4.4.3 Two positive and two negative minimal monopole operator

We finish our analysis by studying the VEV of the product of two minimal positive oper-
ators and two minimal negative operators, which is an example of a computation where a
bubbling term with a non-abelian unitary gauge node emerges. Depending on the order of
the operators, we obtain six different results. We require a setup containing two NS5 pairs
and we sum over configurations with four D1 strings, where a single string emanates from
each of the NS5 branes.

The VEV of the product of these monopole operators is given by

(T ((UFPUD))) = tse,—2e, + Y ze,—cp—eZpp + 3 Uzepteyrec it
a,b

7b7 7b7
a,b,c a,b,c (4.67)
+ Z Uey+-ep—ec—eq Zab,cd + Z Ue,—ey Zab(f) + Z(ﬁ) s
a,b,c,d a,b
where a,b,c,d = 1,..., N and it is understood that all indices that are summed over are

different. We have indicated explicitly the SMM partition functions that exhibit a non-
trivial dependence on the FI parameters £ and the brane configurations for these two terms
are illustrated in figure 11.

The first term on the r.h.s. in the VEV, which has no monopole bubbling factor, arises
from the configurations where one of the D3 branes is connected to both NS5, another
D3 is connected to both NS5_ and N — 2 D3s remain unconnected. The second term on
the r.h.s. in (4.67) comes from the cases where both of the NS5 are connected to the same
D3, the two NS5_ are connected to different D3s and IV — 3 branes are unconnected. The
bubbling factor is computed as the SMM described by the quiver

:
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Figure 11. This figures illustrates the brane configurations and their associated SMMs for the
chamber dependent terms that arise in the correlator (T ((U;")2(U; )?)) (4.67).

The partition function of this theory has already been computed previously and is

- _ ﬁ 2¢ _ 2
Fre = ng 2mi [£(z — wp) + €] [H(z — pe) + €] (Fppe + 2€) (4.69)

where b and ¢ are the D3 branes that are connected to the two NS5_ in the construction.
The third term in the VEV is given by a left-right mirror configuration, where both of the
NS5_ are connected to the same D3, the two NS5 are connected to different D3s and N —3
branes remain unconnected. The bubbling factor is computed as the partition function of
SMM described by the same quiver as (4.68). Its partition function is Z,; = Z,., where
now b and c represent the D3 branes that are connected to the two NS5, branes in the
construction. The next term in (4.67) arises from the cases where all of the NS5 branes are
connected to different D3s and N — 4 D3s are unconnected. The resulting bubbling term
factorises into a product of the two previous bubbling factors,

4

Z e Z+ Zﬁ -
ab,cd ab“cd (:l:(pab + 26) (:l:SDcd + 26) ’

(4.70)

where a,b (c,d) denote the D3 branes that are connected to the NS5, (NS5_).

All of the terms discussed so far are chamber independent. The different orderings of
the operators in the VEV are encoded in the last two terms of (4.67), where the bubbling
factors carry FI chamber dependence. The first term in this final line arises from the
configurations where a single NS5, and a single NS5_ are connected, and the other NS5
and NS5_ are connected to different D3s, with N — 2 D3s remaining unconnected, see
figure 11-a. The bubbling factor is computed as the SMM described by the quiver

IN-21
[1 1 1], (4.71)
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where again we underline the gauge node that is attached to the Fermi multiplets. The
partition function of this theory is given by

. dz_le()le (26)3P(20)
Zap(§) = f[SK@) @ni)? AG) (4.72)

where

A(z) = [H(z—1 — @) + e [H(z21 =) + ¢ J] FGo—2) +¢ ] [E(z0—9e) +
s==+1 c#a,b

(4.73)
where a(b) denotes the single D3 brane that is connected to the NS5, (NS5_), namely the
D3 brane that is located in the interval between the two NS5, (NS5_), after applying a
Hanany-Witten transition. Finally, there is one configuration where all of the NS5s are
connected by the D1 strings and N D3 branes remain unconnected, as shown in figure 11-
b. This gives the remaining bubbling factor, which is computed as the SMM described by

0N O
[1 ) 1] : (4.74)

the quiver

whose partition function is given by

2(6) = % dz_1dz H?Zl dzo,i (2€)* [£20,12] [£20,12 + 2¢] H?Zl P(z0;)
e 200N | T o — 20 + d T [ Goa — ) + 4

(4.75)
All of the N D3 branes are located in the interval between the innermost NS5, and
the innermost NS5_. The explicit details of the computation of the monopole bubbling
factors (4.72) and (4.75) has been relegated to appendix C.
The ordering of the NS5 branes affects the signs of the FI parameters, which leads to
the different chambers. In this case, there are three FI parameters given by

Ei=21—x_2, =21 —2_1, & =22 — 21, (4.76)

where x1, z9 are the 2° coordinates of the two NS5, branes and z_1, z_s of the two NS5_
branes. These FI parameters tell us that

fitlo=z1—22, +t&=22—21, Eat+H+a =272 (4.77)

By naively considering the order of these four NS5 branes, one expects to find 24
chambers from the permutations of z_o,x_1,21,x2. However, there is a symmetry under
the exchange of r; and z9 and another symmetry under the exchange of z_; and z_s.
Consequently, there are only 6 distinct chambers, which are given up to the aforementioned
permutations by:

e ++ —— chamber: z_9 < z_1 <z < T9.

e + — +— chamber: z_o < z1 <x_1 < Z9.
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e + — —+ chamber: 71 < 2z_9 < z_1 < T9.
e — — ++4 chamber: 21 < 29 <x_9 < T_1.
e — + —+ chamber: 71 < 2_9 < x9 < x_1.
e — + +— chamber: z_9 <21 < 29 < T_1.

For the chamber dependent SMM partition functions Zg(€) and Z(§) in (4.67), we
will denote the chamber in which the partition function is computed by a superscript, e.g.
Z;?f__ is Z, evaluated in the + + —— chamber.

We conclude our analysis by studying one example of wall-crossing between the results
for (4.67) computed in two adjacent chambers, + + —— and + — +—. Then

(UFOFUTTUD ) = teye, (Z4T " = Z5 )+ (270 —277) . (478)
a#b

Firstly, to obtain Z;?;J“* from Z;foi we cross the plane &y = 0, which corresponds to
adding the contribution from the pole where z; and z_1 are finite and zy — oo,

Ztt T —Z"t" =— Res Res Res Iy, (4.79)

20=00 Z1=@pa—€ Z_1=@p—€

where I, is the integrand in (4.72). Analogously, to obtain ZT~~ from Z+*~~ we must
also cross £y = 0. Taking into account both the gauge and flavour symmetry, we find

N
Ztt— gzttt = Z ( Res Res Res Res I+ (201 ¢ 20 2)> ,
= \z01=00 Z_1=@a—2€ z1=@Pa—2€ 20,2=Pa—€ ’ ’
(4.80)
where [ is the integrand in (4.75). Due to the gauge symmetry, we find
Res Res Res Res I = Res Res Res Res I . (4.81)

20,1=00 Z_1=(pq—2€ 21=pa—2€ 20,2=Pa—€ 20,2=00 Z_1=(@q—2€ 21=Pa—2€ 20,1=Pa—€

By evaluating the residues of the poles not at infinity and using our definition of Z*°
n (4.44), it is possible to write

WO o U ur) = Z“ea ey 25 (0 — (eq + €p)e, m, €)
i (4.82)
N-—1 B
=Y Z%(p — 2e5e,m, 6)( DN T2y [pa — mi —
a=1

Hb;ﬁa Pab (Soab - 26)

Comparing with (2.28), we see that the final term in bracket is just ue, * u—_e, and using
our quantized abelian relations from section 2.3 along with (4.43), it is easy to see that

(U U, 07 U ) = (U ) « ([UF, U )y = (U ) (4.83)

showing agreement with the result expected from the star product.
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Figure 12. Brane setup realising the insertion of the Casimir operator ®3 = > _;, ¢.s, where
the D3’ brane has two F1 strings attached. Only one pattern of strings is shown here.

5 Casimir and Dressed Monopole Operators

In this section we discuss the brane realisation of Casimir and dressed monopole operators
in the U(NN) SQCD theory and the evaluation of correlators involving them.

5.1 Brane realisations

The realisation of Casimir operators in the type IIB setup is achieved by adding D3’ branes
oriented as descibed in table 1, along #%%%7. To be more precise, there will be D3’ branes
stretched between pairs of NS5 branes with a fixed number of F1 strings (fundamental
strings) attached. This corresponds to an electric charge in the D3’ worldvolume theory
that can be measured at spatial infinity in 2%°6. In the following, we may omit mentioning
the pair of NS5 branes that (always) accompany a given D3’ brane. Unless otherwise stated
explicitly, we always insert the D3’ at 2% = 27 = 0.

For the U(N) SQCD theory, we propose that a single D3’ brane with n units of electric
flux realises the insertion of the Casimir operator

o, = Z YarPay - - - Pa, > D3’ brane with n units of flux, (5.1)
a1<az<...<an

where we assume n < V.

This is understood as follows. The n units of flux correspond to n F1 strings emanating
from the D3’ brane. These strings must end on the N D3 branes realising the SQCD theory,
however, because of the s-rule (the D3’-D3-F1 system is of Hanany-Witten type), the n F1
strings must end on different D3 branes. The lowest excitation on such a string is a complex
fermion of mass ¢,,, where a; labels the D3 brane with the ¢-th string attached. Integrating
out this fermion leads to the insertion of ¢,,. Summing over all the possible patterns of
F1s ending on D3s leads to the expression for ®,, given above. The antisymmetric index
structure in (5.1) is a consequence of the s-rule of [21] (or Pauli exclusion). The situation
when n = 2 is illustrated in figure 12.

Note that the Casimir operators ®, with 1 < n < N generate the whole ring of
Casimir operators. If n > N, the operator ®, vanishes by antisymmetry. Correspondingly,
inserting a D3’ brane with n > N units of flux leads to a violation of the s-rule.
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D3'

Figure 13. Brane setup realising the insertion of the dressed monopole U;: 4, with two D1s ema-
nating from the NS5, and two F1s emanating from the D3’. Only one pattern of strings is shown
here, with strings (D1 and F1) ending on different D3s.

For dressed monopole operators, it is natural to propose that they are realised in the
brane picture with both D1 strings emanating from NS5 branes and F1 strings emanating
from D3’ branes.

We will only provide the brane realisation of “minimal” dressed monopoles in the U(N)
SQCD theory, which are monopoles with magnetic charges generating the chambers in the
magnetic charge lattice and dressed with polynomials in ¢, of degree less than N. They
form a natural extension of the bare monopole and Casimir operators discussed so far.
Concretely we define, for 0 <m +n < N,

Unt,n = ‘/v(lm,oN—'m)’Pn(w) - Z u€al+"'+eam Z Spbl T ('an ’

a1<...<am b <...<bp
bi;ﬁaj
(5.2)
Upin = Viov=m (—1ym) Pu(@) = D) Uear—tam D, Pbr- - Dby -
a1<...<am b1 <...<bn
bi#aj

Note that U$,0 = U, with m > 0, are the bare monopoles defined in (4.3) and U(i[n =P,
with n > 0, are the Casimir operators discussed above (by convention U(fo =1).

We propose that the insertion of the dressed monopole Uﬁn is realised by the config-
uration containing a pair of NS5 branes with m D1 strings emanating from the NS5 and
with a D3’ brane stretched between the same two NS5s, with n units of flux. Schematically,
we have

Uni%n +— NS5 pair with a stretched D3’ + m D1s from NS54 + n Fl1s from D3’.
(5.3)
We provide an example in figure 13.

The argument for this proposal is the following. Because of the s-rule, the D1 strings
emanating from the NS51 must end on different D3s, so each configuration is associated
to an abelian magnetic charge +(eq, + ...+ €q,,), with a; all different. In such a setup, all
of the D3s with a D1 string attached may be pulled out of the central region, crossing the
NS5, and annihilating the D1s. There are N —m D3s remaining in the central region, on
which the n F1 strings emanating from the D3’ can terminate. Again each F1 must end
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on a different D3 (so that we need n < N — m). The resulting setup is associated to the
dressed abelian monopole

Ui (e, totean) D, Pbi--Pby - (5.4)
by<--<bp
bi#a,
Summing over all the possible patterns of strings one obtains the expression for Uﬁn.
Importantly, from this discussion, we understand that the F1 and D1 strings are not
allowed to end on the same D3 brane (although this was not a priori obvious).

The discussion so far has involved a single D3’ brane located at the origin in 289, If we
instead consider the D3’ inserted at a generic position 28 4+ iz° = w, then the Lh.s. of (5.1)
becomes

P (w) = Z (Pa; = w)(Pay = W) - . (Pa, — W) - (5.5)
a1<a2<...<an
This defines polynomials in w valued in C.[C]. In particular, the coefficients of the gener-
ating polynomial ®y(w) are the Casimir operators ®,,.
Similarly, if the D3’ in (5.3) is placed at 28 + iz” = w, then (5.2) becomes

U;i?;,n(w) = Z ueal +---+€am Z (Sobl - w) e (Sabn - w) )

a1 <...<am b1b<¥<bn
. ” (5.6)
Um,n(w) = Z u_eal_-~~_eam Z ((Pbl - w) et (gﬂbn - w) .
a1<...<am b1 <...<bn
b;#a;

as coeflicients of

We can then package all the bare and dressed monopole operators Unf,n

two generating polynomials Uri N(w).

We will not use these generating polynomials any further, but computing correlators
of such generating polynomial operators may prove very useful in finding Coulomb branch
relations efficiently, as shown in [5, 7, 9].

5.2 Correlators in U(IN) SQCD

We extend here the computations of the previous sections to correlators involving Casimir
operators and dressed monopoles, in simple examples. We will show that our computations
are compatible with the Moyal product representation of the star product on the quantized
Coulomb branch.

(U ®,,): first we consider the correlator (U; ®,) between a Casimir operator ®,, and
the bare monopole operator U, := 1+ o- The brane configuration realising this correlator
has two pairs of NSbs, one for each operator insertion. Here we have several choices of
ordering along z” for the NS5 branes. We will consider the inner pair as associated with
the ®,, insertion and the outer pair to be associated with the Ul+ insertion. In this case
there is a D3’ stretched between the inner pair of NS5s, with n F1 strings attached, and
one D1 string emanating from the outer NS5,. This is the setup of figure 14.

The D1 string can end on a D3 brane — this gives IV possibilities — which can be
moved from the central region to the region between the two NS5 (see figure 14). This
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Figure 14. A string pattern contributing to the correlator (U;"®,,) (here n = 3). The figure on
the right (after Hanany-Witten move) allows us to read the SMM on the D1 segment.

configuration allows for patterns of F1 strings ending on either the remaining N — 1 D3s
in the central region or ending on the remaining D1 segment that is stretched between the
two NS5,. Because of the s-rule we only have two sectors: either all of the n F1 strings
end on the D3s or n — 1 of them end on the D3s and the remaining string ends on the D1
segment, so that it is stretched across the inner NS5. For the case n = N, only the latter
sector is possible, since there are only N — 1 D3s in the central region.

The abelian magnetic flux is v = e,, where a labels the D3 brane that has been moved
in-between the NS5, branes. In the sector where all of the F1s end on D3s, the dressing
factor is ¢p, @p, - - - b, With by < by < ... < b, and b; # a, where the ¢y, factors arise
from the D3’-D3 fermion modes. In the sector with a F1 string stretched across the inner
NS5+, the dressing factor is ©by Pby " "anfleMM(SDa) with by < by < ... < b,—1 and
b; # a, where Zsni(pq) is the SMM living on the D1 segment. In this case the SMM has
a U(1) gauge group, one fundamental hypermultiplet of mass ¢, from the D3-D1 lowest
excitations and one fundamental Fermi multiplet of zero mass, which is the D3’-D1 lowest
excitation (from strings stretched across the left NS5, ).37 The SMM is given by the quiver
in figure 14, which we encode in matrix notation by

1
L, (5.7)
1

where now the top line denotes the number of fundamental hypers, the middle line denotes
the rank of the gauge group and the bottom line denotes the number of fundamental
Fermi multiplets. We introduced the bottom line for future convenience, departing from
the matrix notation (4.13). This is nothing but the Z3 matrix model, with Ny = 1 and
vanishing Fermi mass, computed in (3.26) for £ > 0.

We thus obtain

N
(UF®n) = e, | D @ore @t D oy oy Z3(0a, Ny = 1,€ > 0)
a=1 by <...<bn b1<...<bp_1
b;#a b; #a

3TWe deduce that this excitation is a Fermi multiplet by thinking of the same configuration but with the
D1 segment ending on a (new) D3 instead of the right NS5;. Moving the D3 past the left NS5, the D1 is
annihilated and the lowest string mode corresponds to the D3’-D3 excitation, which is a Fermi multiplet.
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N
=Y Ue| D, PPt D PP (pa—€)
a=1

b1 <...<bn b1<...<bp_1
b; #a b;#a
N
= § :’U,ea E Spbl e Sobn |<pa—)4pa—€ : (58)
a=1 b1<...<bn

Reversing the order of the insertions along x¥ affects the sign of the FI parameter in Z3
and the computation leads to

N
(@uU) = ey D b Pou Loy st - (5.9)

a=1 bi1<...<bp

This agrees very nicely with the Moyal product formula (2.21) applied to these two Coulomb
branch operators.

The right hand side of these correlators can be recognised as a linear combination of
the dressed monopoles U1+, o Uir »—1 and another dressed monopole that is not in the basis
discussed so far (it is generated in these products). The commutator is simply expressed as

U, ®n] = —2¢UT,_, . (5.10)

(Uf®y,): the (U ®,) computation generalises to the case (U,};®,), where we recall that
Ul = U;nF,O' The brane configuration realising this correlator again has two pairs of NSbs
and we choose the inner pair to be associated with the ®,, insertion and the outer pair as
associated with the U, insertion. This setup is identical to the one in figure 14, except
now we have m D1 strings emanating from the outermost NS5... The correlator (U, ®,,) is
computed in an identical fashion to <U1Jr <I>n> and, skipping the explicit details of the brane
configurations, we find

m
<U:;‘I’n> = Z u€a1+~~~€am Z Z @by - - Qpbnfj Zm,j . (511)

a1<...<am 7=0 b1<...<by_;
b;#ay

The bubbling term Z,, ; is given by

m

mi, (5.12)

/\j
where the Fermi multiplets transform in a single j-th antisymmetric tensor power of the
fundamental representation, A’, with j € [0, m]. The partition function of the SMM for
this bubbling term is

7 = [Tty dzi (26)™ [i<icham [F2ik (£2ik + 2€)] i Zey

’ , i Ze; - (5.13)
J JK(€) (27T@)m m! HTk:l [i(zz - gOak> + 6] wEite cj

The poles for this integral, in the positive FI chamber, are given by 21 = @4, — €,22 =
Pay — €y« y Zm = Pa,, — € plus permutations of the mass parameters for the U(m) gauge
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node. Performing the JK integral we find

m

Zmyj = Z (Pey —€) .. (gocj — e) , (5.14)

c1<...<c¢j
and combining everything we obtain the general result
(Un®n) = Y Ueqboan D oo Pbu lpuspu—e - (5.15)
a1<...<am b1<...<bp,
which agrees with the star product computation. Sending ¢ — —¢, we obtain the result for

the correlator (®,U,}), where the order of the operators has been reversed.

(Ul_’: 1 Ul—’: o): finally, we study the correlator <U1+ 1 Uff o) between the dressed minimal pos-
itive operator Uf 1 and the bare monopole operator Uf o for N = 2. Explicit computation
using the star product tells us that

2+ € 1t+€
<U1—~7_1U14:0> = U1—|7—1 * Ul—t_O = Ugey P2+ U2er P1 — Uey e ( (SO ) + (80 ) ) )

p12 (12 — 2€) @12 (P12 + 2€)
(p2 —€) (p1—¢) ) ‘

012 (12 +2€) @12 (P12 — 2¢€)
(5.16)

To compute these correlators using the brane construction, we require two pairs of
NS5 branes. There are four different options for the NS5, and NS5_ pair that the D3’
(with one F1 string attached) stretches between: inner NS5_-inner NS5, inner NS5_-
outer NS5, outer NS5_-inner NS5, and outer NSH_-outer NS5. The final result is the
same regardless of the option that we choose so we will pick the inner-inner case and leave

+ 77\ g7t + _
<U1,0U1,1> = Uy g * Uy = ue, 02 + Uze, 1 — Ue+ey <

it to the enthusiastic reader to check the validity of the other options.

For our case, we have a D1 string emanating from each of the NS5, the D3’ is stretched
between the inner NS5_ and the inner NS5, with one F1 string attached and two D3 branes
are located in this interval. There are three configurations that contribute to the VEV: two
configurations with both the D1s connected to the same D3 and one configuration where
the D1s connect to different D3s, as shown in figure 15. This tells us that

<T (Ul—i,_lUl—t_O>> = U2e P2 + U2eqyP1 + u61+e2Z2(90a Nf = 1§ €> (5'17)

where Zs is the bubbling term computed in (3.15), with Ny = 1 and vanishing Fermi mass,
whose SMM is given by
2
1] . (5.18)
1

The FI parameter is given by the difference in the z° positions of the Uir o NS5 pair and the

+ i _ .0 _ 0 0
Uy, pair, § = inO $U1Jtl. Uty
and match the result for <U1+ OUir 1)- On the other hand, computing the bubbling term in

0
Uiy

For = > mOU+ we compute Zs in the positive FI chamber
1,1

the negative FI chamber corresponds to the scenario z < $OU+ and we match the star
1,1

product result for <Ufr U f“ 0)-
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Figure 15. Two brane setups contributing to (Uffl U1JT0>-

So far we have found perfect agreement between star product computations and the
brane construction. However, we begin to run into issues when we consider combinations
of positive and negative dressed and bare monopole operators.

For example, consider the correlator <U1+ 11Uy, 0>, containing a dressed minimal positive

operator Uf’ 1 and a negatively charged bare monopole operator Uy ;, with a D3’ (with one
F1 attached) stretched between the inner NS5_ and the inner NS5, a D1 string emanating
from the inner NS5, and the outer NS5_, and N D3 branes. One of the configurations
contributing to this VEV is given by the case where the D1s are reconnected and the F1
string is attached to one of the D3s, see figure 16. This configuration is dressed by a
bubbling term, whose SMM is

[O N ] . (5.19)

11

The inner NS5_ and NS5, are connected by the D3’, which means that they share the
same ¥ position and the corresponding FI parameter for the central U(1) gauge node is
zero. Consequently, the partition function for this SMM cannot be computed using the
JK residue prescription, since it is an example of an on-the-wall partition function. This
situation arises generically, pointing again to the missing ingredient in our construction:
the computation of Zgymy on the FI walls.

The computation of this correlator using the star product hints that something is
missing in the previous analysis. Perhaps the missing ingredients could come from the 3d
theory living on the D3’ branes, which we have neglected so far according to the (naive?)
logic that higher-dimensional modes are frozen in the eyes of a lower-dimensional observer.
This deserves further investigation.
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Figure 16. One of the brane setups contributing to the correlator <Uff1U1_’0>. The partition
function of the SMM given in the quiver diagram is an example of an on-the-wall partition function,
which cannot be computed using the JK prescription, since the inner NS5_ and inner NS5, are
connected by the D3’ and thus the FI parameter for the central U(1) gauge node is zero.

6 Discussion

In this paper we have proposed a method to compute correlators of monopole (and Casimir)
operators, based on localization results and the brane realisation of these operators in type
IIB string theory. This method has various limitations. In particular, it requires a brane
realisation of the 3d gauge theory, which is only available for quiver-like theories with
classical gauge group factors. Even with a brane realisation, the method may become
tedious for long quivers. One may argue that for complicated theories, any method will
necessarily be tedious anyway. On the other hand, for simple theories, like the SQCD
theory that we have focused on, our method has several advantages. First, it is a direct
approach, computing correlators from supersymmetric localization, so it does not rely on
assumptions, unlike other methods. It can also be applied for arbitrary gauge group rank.
In addition, it provides evidence for the Moyal product realisation of the non-commutative
product. Finally, most importantly for us, it makes the physics of the results transparent.

Nevertheless there is still quite some work left to be done to complete this work. The
main point is the computation of the matrix models Zgyn at zero FI parameters, which
is the key to the final expressions for generic monopole VEVs and correlators. This is a
technical task that we believe can be accomplished in the near future. Another issue, to
complete nicely the picture that we have developed, would be to resolve the tension that
we observe in the evaluation of dressed monopole correlators using different brane setups,
as discussed at the end of section 5.

This work can be extended to study the quantized Coulomb branch of various 3d
gauge theories (with brane realisations). Furthermore, these exact results for correlators of
Coulomb branch operators should be used to address various physics questions, in particular
how to determine the quantized monopole relations and the precise map of operators under
mirror symmetry. In section 5.1 of this paper we have identified the brane realisation of
the generating polynomials of monopole operators and Casimir operators, which feature
prominently in the algebraic definition of the Coulomb branch of U(N) SQCD [5]. It would
be desirable to determine the relations that the generating polynomials satisfy and their
map under mirror symmetry directly from the brane construction, as was achieved in the
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context of abelian theories in [29]. This could then be generalised to a large class of quiver
gauge theories which can be engineered using Hanany-Witten brane setups.

Finally, while much is known on the Coulomb branch of 3d N' = 4 theories thanks to the
recent mathematical progress, a lot remains to be understood about moduli spaces of vacua,
chiral rings and their quantization in the context of non-abelian gauge theories with N' =3
or N' = 2 supersymmetry (see [57-59] for some partial results using Hilbert series). One
of the main motivations for our work was that Hanany-Witten brane constructions can be
easily generalised to configurations with lower supersymmetry [60], so it is natural to expect
that our approach to the computation of correlation functions of chiral operators can lead
to new exact results for three-dimensional theories with A" = 3 or N' = 2 supersymmetry.
We hope to address some of these questions in the future.
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A SMM partition functions for trivial o

In this appendix we compute explicitly the partition functions of the zero-dimensional
T[SU(n)], T,[SU(n)] and T, 1[SU(n)] matrix models. We show that the former two are
chamber independent, whereas the latter is not.

A.1 T[SU(n)]

Consider first the N' = 2* T[SU(n)] matrix model, the linear balanced quiver with SU(n)
flavour symmetry, which is described in matrix notation by

n 0 0O ...000 , (A1)
n—1n—-2n—-3...321

starting from node 1 on the left. The partition function of this theory is given by

) (# 5
_ f n dnkz, (26" TT7" 2his (20,07 + 2€)
kzl (27['2)”7]6(” - ) H Hn k+1( (Zk,i — Zk—l,j) + 6)
n—1 n—kn—k+1
dnF( 2€Zk) H
= H Wizei) - [T 1] H(zei — 26-14)] -
% k=1 [ 2mi)"~*(n — k)! 1<i<j<n—Fk i=1 =1

(A.2)
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where zg 4 1= ¢, are the complex hypermultiplet masses. In the second line we introduce
the shorthand notation

1

H(x) := o rc’

W(z) == (£z)(£z + 2¢) = H(z +€)7, (A.3)

for the one-loop determinants of the hypermultiplets and the W-boson pairs, respectively.

In this case it is easy to see that the integrand has no poles at infinity, which implies that
the partition function is the same in all chambers. We will however show this by calculating
the integral explicitly in all chambers, a method which is best suited for generalization.

We first identify the multi-dimensional poles that contribute to the JK residue, which
are in one-to-one correspondence with the Higgs vacua in each chamber, as collections
of one-dimensional poles. We start by discussing these poles in a chamber independent
way and we explain the chamber-dependence only afterwards. One-dimensional poles in
the integral (A.2) only arise due to the hypermultiplet factors. A one-dimensional pole
associated to a hypermultiplet factor H (zj41,, o — 2,3, ) determines the integration variable
ki, 0 terms of zgiq1;, ., . Iterating this procedure starting from the rightmost (abelian)
gauge node and moving towards the left of the quiver, we span a linear abelian subquiver of
length n, with n—1 gauge nodes and one flavour node on the left: the edges of the subquiver
are associated to the hypermultiplets responsible for the poles (or the Higgs VEV); the
nodes of the subquiver are associated to the z integration variables which are iteratively
determined in terms of the flavour mass ¢. We then repeat the procedure starting from the
leftover integration variable of the U(2) gauge node, spanning an abelian linear subquiver
of length n — 1. The two abelian linear quivers cannot overlap because the W-boson
factors in (A.2) cancel the would-be poles. Iterating this procedure, we can associate to
each multi-dimensional pole contributing to the JK residue (A.2) a collection of linear
abelian subquivers of decreasing lengths. We can therefore denote a multi-dimensional
pole diagrammatically as follows:

In—o1 _ ITn—2T2 Tn—Tn—2 _ Tn—Tn—1 _
©n Z1n—1 = Pn,1 cee in—22 = Pnn-2 Zn—-1,1 = Pn,n—-1
Tnpn—1—21 _ Tpn—1—22 Tn—1—"Tn—2 _
Pn—1 Z21n—2 = Pn-1,1 s Zn—2,1 = Pn—1n-2
xr2—T1 _
P2 21,1 = P21
$1

(A.4)
where the left column denotes the flavour nodes and the other columns denote the gauge
nodes (the expressions above the edges are for future reference). We use the invariance
under the Weyl subgroup of the gauge group to permute the z variables within each column
and we chose a particular ordering of the ¢,. Other multi-dimensional poles are obtained
by permuting the ¢,, for a total of n! multi-dimensional poles in each chamber. In terms
of branes, a linear abelian subquiver corresponds to a D1 string suspended between an
NS5 brane and a D3 brane, intersecting a subset of the other NS5 branes. The n! multi-
dimensional poles correspond to all the possible pairings of NS5 branes with D3 branes.
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We have not yet specified which of the two chiral multiplets in the hypermultiplet
associated to an edge is responsible for the pole. This depends on the chamber in FI
space and determines the precise multi-dimensional pole. It is easier to see how this comes
about if we observe that a [1] — (1) —- -+ — (1) linear abelian subquiver with n gauge nodes
decouples into n copies of SQED with a single charged hypermultiplet: the hypermultiplet
is an edge in the linear abelian subquiver, and the gauge U(1) is the diagonal combination
of the gauge U(1) factors associated to the nodes to the right of the edge in the subquiver.
We indicate the FI parameter for the relevant diagonal U(1) gauge group above each edge
of a linear abelian subquiver in (A.4), and use the third line of (4.12) to express it as a
difference x, — x; between the insertion points of two monopole operators (or the position
of two NS5 branes) along x°. It is then clear that the chambers in FI space correspond to
the orderings of the NS5 branes or monopole operators along z, in agreement with field
theory expectations.

Denoting a bifundamental chiral multiplet by an arrow using standard quiver notation,
we can therefore be more precise and replace each edge in (A.4), which represents a one-
dimensional pole due to a hypermultiplet, by an arrow representing a pole due to one of
the two chiral multiplets in the hypermultiplet as follows:

(A.5)

Ta—1; Pai—1 < Pai = Pai—1 — €, Lq > T
( Paji-1— Paji) = .

Pai—1 — Pai = Pai-1+€, Tg<T

In the first case, it is the chiral multiplet in the fundamental representation of the i-th
gauge node and antifundamental of the (i — 1)-th gauge node that is responsible for the
1d pole (or equivalently, which takes VEV). This occurs when z, — z; = Zigj <& > 0.
If instead z, — x; < 0, it is the oppositely charged chiral that is responsible for the pole.
The multi-dimensional pole associated to the trivial (identity) permutation of the ¢, is
therefore encoded by a collection of abelian subquivers of increasing lengths as in (A.4),
together with the assignment of an arrow to each edge, the orientation of which is deter-
mined by the chamber in FI space as in (A.5). We can therefore summarise the chamber
dependence of the value of the gauge parameters at the multi-dimensional pole encoded by
the diagram (A.4) using

i
Zia—i = Pai = Pa + € Z sgn(x; — xq) - (A.6)
j=1

Next, we compute the residue at the pole (A.6). Let us consider a pair of rows (or
abelian subquivers) in (A.4), starting from ¢, and @, respectively. The pair contributes
various factors to the multi-dimensional residue due to the massive W-bosons (which we can
picture as vertical links between the two rows) and massive bifundamental hypermultiplets
(diagonal links between two entries in different rows and adjacent columns). Due to the
fundamental relation W (x) = H(x 4+ ¢)~! in (A.3), the one-loop determinants of massive
W-bosons and hypermultiplets charged under the two abelian subquivers give telescopic
products that largely cancel out, leaving an overall factor of H (@, — €sgn(zqp)) for each
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pair (a,b) of rows in (A.4). Taking into account all pairs and summing over the n! multi-
dimensional poles labelled by the permutations of the ., we obtain the result

Zrisum) (p, 6&) = Z H H gy — €sgn(zap))

weSy 1<a<b<n
1
[Ti<a<v<n Pup(epy + 26580 (740p))
n!

= A) hizachon(Ew + 26) (A7)

1 w w
LS T+ 2esmiea)
" wesS, 1<a<b<n
n!

- H1§a<b§n(i<ﬁab +2¢)’

where o(w) is the signature of the permutation w. The average over the permutations in

wESH

the third line reproduces the Vandermonde determinant A(y) = [[,.; @ab: the e (and z-)
dependent terms average out to zero for symmetry reasons. The final result is therefore
independent of x or £, showing explicitly that the partition function of T[SU(n)] is chamber
independent, as expected from the commutativity of the monopole operators inserted in
the correlation function.

A2 T,[SU(n)]

We now generalise to the T,[SU(n)] matrix models, which are described in matrix nota-

n 0 0 ... 0 0 (A.8)
N1 No N3 ... Nl(p),g Nl(p)fl ’ ’

tion by

with N, = > .., pi and n = Ny = |p|. Their partition functions are given by

ZT,, [SU(n)] (907 € é)

_7{ O gy, (26)™ T 21 (2,05 + 2€)
K o | @) NEN! TN ;yzlgil(:t(Zk’i—Zk_17j)+€) (A.9)
Lp)-1 T N Nj, Ng-1
d™k(2ezy,)
— I |5 W (zas) - [ T H(zhi — 201 ')]
Ny N H ) i’ J
ng(ﬁ) i (@) N 1<i<j<Nj i=1 j=1

It turns out again that these partition functions are the same in all FI chambers,
in agreement with the field theory fact that bare monopole operators of positive charge
U;F mutually commute. We will show this by explicit computation of the partition func-
tion (A.9), since some intermediate results will be useful later when we consider the more
general 777/ [SU(n)] SMM. We will also derive the related result that the partition func-
tion (A.9) does not depend on how the parts of p are ordered.

The multi-dimensional poles can again be encoded by a collection of linear subquivers,
which are now generically non-abelian. Let p = (p1, p2, ..., pr), with R = ¢(p). We then
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associate to each part py of p a linear subquiver [pa] — (pa) — - — (pa) with A— 1 unitary
gauge nodes and a single unitary flavour node, all of equal rank p4. This linear subquiver
is realised on the worldvolume of the p4 D1 strings suspended between the A-th NS5 brane
and p4 different D3 branes, intersecting A—1 other NS5 branes along the way. Analogously
to the abelian case, once the mass parameters for the U(p4) flavour node are specified,
the partition function of the linear subquiver is computed by a single multi-dimensional
residue in each chamber, corresponding to the fact that the subquiver has a single Higgs
vacuum. The pole can be determined by starting from the rightmost gauge node, which has
effectively as many flavours as colours, and iterating the procedure as one moves towards
the left in the quiver. Putting together the linear subquivers associated to the different
NS5 branes, we can therefore specify a multi-dimensional pole diagrammatically as follows:

TR—T1 TR—T2 TR—TR-2 TR—TR—1
Ppi++pr ° ° ° ° °
TR—T1 TR—T2 TR—TR-2 TR—TR—-1
Ppoi1+-+pr_1+1 i b e b hd
TR—1—1 TR_1—T2 LTR—1—TR-2
SOPI+"'+PR71 [ ] [} . [} E— [ ]
TR—-1—7T1 TR—-1—%2 TR—1—ZTR-2
SOP1+"'+PR—2+1 [ ] L] e [ ] E— [ ]
r3—T1 T3—T2 Alo
Pp1+p2+p3 ° . ( )
xr3—x] xr3—IT2
Pp1+pa+1 o
r2—T1
Pp1+p2 i
ro—I1
Pp1+1 .
9001
¥1

We replace the gauge variables z by bullets for brevity: they are determined in each
chamber as in (A.5). We also pick a particular ordering of the flavour parameters ¢,
for definiteness. Other multi-dimensional poles are obtained by permuting the ¢,, except
that permutations within each block of size p4 can be undone by a Weyl transformation
in the gauge group. Multi-dimensional poles (or Higgs vacua) are therefore in one-to-one
correspondence with elements of S,/ x4 S,,. This is manifest in the brane construction,
where we are partitioning the n D3 branes in parts of pa, each of which is paired with a
different NS5 brane.
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In view of the block (or strip) structure associated to the linear subquivers, which is
visible in (A.10), it is useful to introduce a shorthand block notation. Let

SA:{KGN‘Z[)J<KSZIOJ} (A.11)

J<A J<A

be the set of integer labels in each block, and
¢, =1¢a | a€Sa} (A.12)

be the set of associated ¢, mass parameters, for the ordering chosen in (A.10). We can
then rewrite (A.10) more simply as

TR—T1 TR—T2 TR—TR-2 TR—TR-1

fR ° ° ) °
TR—1—21 TR—1—%2 LTR—1—TR-2
° [ [ °
Pr-1
(A.13)

T3—T1 T3—T2
P °

r2—T1
¥
¥

It is straightforward to compute the residue at the multi-dimensional pole (A.10) or
equivalently (A.13). The linear subquivers have unit partition functions, so the only con-
tribution comes from massive hypermultiplets and W-bosons connecting different linear
subquivers. After cancellations, we find that each pair (A, B) of subquivers in (A.13)
contributes the factor

H(p,, —esen(ap)) = [ H(pw — esgn(zan)) (A.14)

a€S
beSp

to the SMM partition function. Summing over all such pairs and over all multi-dimensional
poles, labelled by elements of S, / X 4 Sp,, we obtain the partition function

> Il H(e%, —esen(zan)), (A.15)

weS, 1<A<B<n

Z1,[sU(n) (¢ € @) HA o

where the permutation w acts on the n-tuple (¢1,...,¢n).

Note that the SMM partition function (A.15) is manifestly invariant under a common
permutation of (pa), (za) and (¢ ,), which corresponds to permuting the NS5 branes.
So the T,[SU(n)] SMM is invariant under naive Seiberg duality (naive because the Higgs
branches agree only for generic FI parameters, as in [7]). We can also see that the partition
function is chamber independent, due to the average over permutations w. This is perhaps
more manifest if we rewrite the partition function as

ZT,,[SU(n)}(‘Pvex HApA'Z H H( P(AYP(B) +€), (A.16)

weS, 1<A<B<n

with the permutation P € Sg defined by xp4) < zpaqy) forall A=1,... R.
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Having proven chamber independence, we can work in the chamber where all the FI
parameters are positive for definiteness and rewrite more explicitly the SMM partition
function (A.15) as

1
Zr,sum)) (95 €) A| Z H (—a- %) (ar- ¥ + 2€)

WGSn OLEA+\A (A]_?)
1

N H1§a<b§n(i<ﬁab + 2¢
where g,(¢,€) and A, A, are defined as in (4.34) and (4.35), respectively.

)E]\p(@a 6) )

A3 T, [SU(n)]

Finally, we extend the result to the general situation with trivial ¢ and compute the
partition function of the 7T}, 1[SU(n)] SMM. The difference compared to the case of the
previous subsection is that there are Ny fundamental Fermi multiplets charged under the
L-th gauge node in the quiver, arising from D5-D1 strings in the brane construction, and
there are now L + R — 1 gauge nodes instead of R — 1. Recall that L = £(p~), R = {(p™)
and p = (N —p~, p*).

The quiver for the T}, ,[SU(n)] matrix models is described in matrix notation by

(A.18)

n 0 ... 0 0 0o ... 0
N1 Ny ... NL_1 &NL—H NL+R—1

with N, = > .., pi and n = Ny = |p|. Its partition function is computed by the integral

ZprL[SU(n)] ((pv € f)

L+R—-1 de 2€Zk;) Nj, Ni— Np
f H (271) Nk N1 H W (25 H H (2ki = 2h-15) H P(zrn)
1<i<j< Ny i=1 j=1 h=1

(A.19)

where the P factors of (3.39) account for the Ny fundamental Fermi multiplets. We will see
shortly that the Fermi multiplets generically make the partition function (A.19) dependent
on the FI parameters, with jumps when certain walls in FI space are crossed.

To compute the partition function (A.19) we can recycle most of the calculations in the
previous subsection. The poles are unchanged since they are only due to hypermultiplets,
so we just need to evaluate the Fermi factors P(zr, ) at each multi-dimensional pole. Using
the block notation

0,) = [ f(ea), (A.20)

a€Sy

the result is that the partition function becomes (compare with (A.15))

ZT,J,L[SU(n)](QO,6 )= Z H H( goAB esgn(zap))
pA: weS, A<B (A21)
: H P(ol +e Z sgn(zpc))
C>L D<L
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The partition function (A.21) is invariant under common permutations of the first L
elements or last R elements of (pa), (¢,) and z4. This corresponds to the separate per-
mutations of NS5_ branes (or bare monopole operators of negative charge) and of NS5
branes (or bare monopole operators of positive charge). If elements of the positive and neg-
ative sets are instead permuted amongst themselves, the partition function (A.21) changes
because of the P factors. This reflects the fact that two bare monopole operators commute
if their charges are both positive or both negative, but not if they are oppositely charged.

Finally, we can write the partition function (A.21) similarly to (A.17) as follows

1

Z7,  [sum)(ps € x) = Qp.(psm, € 1), (A.22)
p,L[SU(n)] H1§a<b§n(i(pab + 2¢) p
where now
1 [ P T 2esgn(zap)
i) = L S ] 2 s, + 200
HA pA: weS, LA<B EXB A

(A.23)

H P(of, +e Z sgn(zpce))|

C>L D<L

depends on the mass parameters m and the FI parameters £ (or equivalently the monopole
insertion points x), in addition to ¢ and e. In (A.23) we use the block notation (A.20) and

9(,p) H 9(Pab) hp ) H h(Paar) - (A.24)
a€S g a,a’ €Sy
beSp a,;éa’

Stripping out the prefactor in front of ¢ in (A.22) will prove useful in the next appendix
when we introduce a non-trivial D3 brane partition o.

B Residues in flavour fugacities and changing o

In this appendix we show how the partition function of the 777 [SU(n)] matrix model (4.15)
can be obtained from the partition function for the trivial D3 brane partition o = (1")
by taking appropriate residues in the flavour fugacities, which have the effect of moving
boxes in the Young tableaux associated to o. We follow a related computation performed
for Hilbert series in appendix C of [4].

Any partition o of n can be obtained from o = (1") by repeatedly moving the last box
to a previous row which is followed by rows of a single box only, so it is enough to consider

the move3®

o= (Jl,...,Ud,h,H, 1h) — o = (0’1,...,0’d,h,H—|—1,1h_1), (Bl)

38In the language of Kraft-Procesi transitions [61], in which moving a box up by k rows and to the right
by one column is an Ay transition, whereas moving a box up by one row and to the right by [ columns is
an a; transition, the move (B.1) realises an Ap_1 transition followed by an am—1 transition.
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where the lengths of the partitions o and ¢’ are d + 1 and d, respectively. For brevity, we
will denote X = d — h +1, so that ox = H and oy, = H + 1. We assume ox_1 > H so
that the move is allowed. We claim that for such o and o’,

P(px + (H — L)e) ;.
(H +1)(26) [T 1 [F(pxa + (H — 1)e) + ¢~ T7eSU@I

Res Zre, isum)| = (B.2)

where | denotes the substitution ¢ x — ¢x — (€ —2), 9441 — ¢x + H(e — z) and Ny funda-
mental Fermi multiplets are attached to gauge node L. For L < H, the term containing the
Fermi multiplets is present since the rank of the gauge node attached to these multiplets
reduces during the transition (B.1). In contrast, when L > H, the Fermi multiplets are
unaffected by the transition and it is understood that P (¢x + (H — L)e) — 1 in (B.2).
To see this, recall that the quiver diagram of T}/[SU(n)] is represented by the matrix

0h O ... 1 Myyi...

: (B.3)
0N No... Ny Nggq ...

where the first/second row in the matrix denotes the rank of a unitary flavour/gauge
group, starting from nodes labelled by i = 0. In the case L = H, for example, the Fermi
multiplets are attached to the U(Ng) gauge group with a single flavour of fundamental
hypermultiplets with mass parameter ¢x, which can be illustrated by underlining Ny in
the matrix above. The matrix notation for 7} '[SU(n)] is given by

1 h—1 0 0 Mg +1 ...

(B.4)
ONi—1Ny—1... Ng—1 Ngpi

The ellipses on the right remain unchanged in the transition. In terms of these 0d quivers
and their partition functions (4.15), we identify p411 = @1, and ox = @H,1, S0 Qg1 is the
mass parameter for one of the h fundamental hypermultiplets of gauge group 1 and ¢y is
the mass parameter for the fundamental hypermultiplet of gauge group H.

The partition function in the Lh.s. of (B.2) has a simple pole at z = 0 if the term

1
oxd+1+ (H+1)e’

(B.5)

is present before the substitution. This term appears if the abelian subquiver

10...01
[11...11]7 (B6)

where the left /right flavour node has mass parameter ¢4.1/¢x and the gauge nodes have
parameters z; y,, leads to a multi-dimensional pole in the SMM integral given by

Zi,N; = (B.7)

)

Va1 — 1€, 1<i<a
ox+(H+1—i)e, a+1<i<H
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for some integer a € [0, H]. This multi-dimensional pole of the partition function of the
abelian subquiver can be illustrated diagrammatically by

Pd+1 PX
1 ]
Pit1 — € & P41 — 2€ ... < @gp1 —ae  @ox + (H —a)e < ... ox +2€ < px + €
1 2 a a+1 o H+1 H

(B.8)
where arrows indicate the chiral multiplets that contribute to the pole and the nodes
have been replaced by their corresponding parameters. Due to the massive hypermultiplet
associated to the missing link in the quiver (B.8), the residue of the abelian subquiver
partition function is [+(px 4+1 + He) + €] !, which indeed contains the factor (B.5). Note
that a pole of the type (B.8) for a certain value of a appears in any chamber: the relevant
value of a is determined by z,+1 = max{x, f: ﬁ1.39

If we now embed the abelian subquiver in the full non-abelian quiver and evaluate
the integrals over z; n, for i = 1,...,H at the poles (B.7) in the full SMM partition
functions, the gauge group (B.3) of the original SMM reduces to the gauge group (B.4) of
the new matrix model. Keeping track of the masses of the fields which enter the one-loop
determinants and following several cancellations, it is then tedious but straightforward to
obtain the r.h.s. of (B.2), where the new @ x is now identified with an extra mass parameter
for the flavour symmetry at node H + 1, as expected.

The general formula (4.37) for the partition function of the 0d N' = 2* version of
17 ,[SU(n)] can then be obtained by induction. We start from (A.22) and show that the
residue formula (B.2) holds for any o and ¢’ related by the move (B.1). The pole at
z = 0 is due to the denominator of the first line of (4.37), which is independent of p
and behaves as discussed above. As for the numerator, the only effect of the residue is to
change the argument a, (¢, €) of ¢,, which is defined in (4.36), according to the substitution
wx = ©x —€ @i+1 — ¢x + He. The only changes are in the a = X and a = d + 1 entries
in (4.36). Upon the previous substitution, they combine to become

ox + (H+2—-2j)e, j=1...,H+1, (B.9)

reproducing the a = X entries in ay/ (¢, €). Finally, the denominator in the second line
of (4.37) accounts for the factors of P in the residues (B.2). Therefore, the formula (4.37) for
the partition function of 777 [SU(n)] satisfies the residue relation (B.2), which proves (4.37)
by induction starting from (A.22).

C More on the computation of monopole bubbling factors

In this appendix we state the results for the partition functions (4.72) and (4.75) in each of
the 6 distinct chambers. These results have been computed by applying the JK prescription
and have been verified by following the residues in the flavour fugacities procedure outlined
in appendix B.

39Recall that the FI parameter for the a-th gauge node is given by Za41 — Z.
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Evaluating (4.72) in each of the six chambers we find
Zy " (pymse)

:< (— )N IHk 1[90(1 my, — 2¢]

Pab (Pab — 2€) [ez1,0 [(Pac — €) (Pac — 3€)]

(DN T [ — i — 24 .
T o 20) (P — 36) [Tz [(poe — ) (e — 3] + 270

(—)N~ 1Hk 1 lpe —my, — €]
! c;),:a [HT a,b (SOTC + 6) (Sorc + 36) Hd#c,b,a Ped (@Cd - 26)

(— )N ll_lk 1{806 my — €|
Hr—a,b (£pre +€) Hd;éc b,a Ped (¢ca — 2¢€)
N
()N k f1 [pc — My, — €]
(i@ac + 6) (Sobc + 6) (Sobc + 36) Hd;éc,b@ Ped (Spcd - 26)

_l’_

+(a o b))] ., (C.1)

Zy T (pimye)
- (_1)N71 Hfg\]:fl [(Pa — mg + 26]
Pab (Pab +26) [Tosp.0 [(Pac + €) (Pac + 3¢)]

(=N 1Hk 1 [a — my; + 2¢]
(Pab + 2€) (pap + 4e) Hc;éb o [(Pac + €) (Pac + 3¢€)]

+Z (— )N 1Hk 1[906 my + €
c#b,a 7‘ a,b (907’0 - 6) (907"6 - 36) Hd;éc,b,a Ped (‘Pcd + 25)

(- )N IHk 1 [ —my + €
Hr_a,b (¢re L €) Hd;ﬁc,b,a Ped (Ped + 2€)

(=N T, [pe —mi +
+ <(90ac — €) (Pac — 3€) (£ppe + €) Hd#’b,a Ged (Ped + 2€) + (a b))] , (C.2)

+ (a + b))

_|_

ZH " (p,mye)

. 1YY, e -
@ab (Pab + 2€) Hc;éb a [(Pac — €) (¢ac + €)]

(— )N 1Hk 1 [Pa — my — 2¢]
(Pab = 2€) (0ab = 4€) [T otp,q0 [(Pac = €) (Pac — 3€)]

(— )N IHk 1[900 my, + € € ¢
+Z[(Hr ab( +( - )>

c#£ba =a,b \Pre = €) (pre — 3€) Hd;ﬁc,b,a Ped (Ped + 2€)

+(aHb)>

(DN T2, e — mye — €]

+ <(i<Pac + €) (Ve + €) (ppe + 3€) Hd;éc,b,a ot (Dot — 26) + (a < b))] ,  (C.3)
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Z;,+_+(<p, m,€)
) ()N Y, (9o —
Pab (Pab — 2¢€) Hc;éb,a [(Pac — €) (Pac + €)]
. ()N Ty o — mg +2¢
(Pab + 2€) (ap + 4€) Hc;éb o [(Pac + €) (¢ac + 3¢)]

+Z ( (— )N IHk 1 [pe —my, + €]

+ (e > —¢)
c£b,a Hr:a,b (SOTC - 6) (SOTC 36) Hd#c,b,a Ped (@cd + 26) )

—|—(a<—>b)>

N
i (_1)N Hkil [300 —mg + 6]
(Pac = €) (Pac — 3€) (£pue + €) [Tz pa Ped (Ped + 2€

o b))] ,(C.4)

Z;;dr(cp,m €)
_ (— )N 1Hk 1[‘Pa my)
Pab (Pab — 2€) Hc¢b,a [(Pac = €) (Pac + €)]
(—)N I, [ — my + 2€]
(Pab — 2€) (ab — 4€) [ 1oz, 0 [(0e + €) (01 + 3€)]
(—)N'2[12 [e — mu + €]
+ Z o

cba \Pac T €) (Pac — 3€) (@ve + €) (Poc — 3€) Hd;ﬁc b,a Ped (Pca + 2€)

+ (e > —¢) (C.5)
ZCE)++_ (p,m,€)

(DY I, Len — mul
Pab (Pab — 2€) Hc;ﬁb,a [(¢pc — €) (wpe + €)]

(~DN I, [pa — mi — 26

" @~ 26) (P — 46) [ [(Pc — ©) (Pac — 3]
(DN 2], [pe — mu — €]
* C;;a (Pac — €) (Pac + 3€) (wpe + €) (Ppe + 3€) deéc ba Ped (Ped — 2€)
+ (e — —e) . (C.6)

As expected from the action of PT, these results satisfy

Zyt T (pmye) = Zo 7 (o,m, —e)
Z;;;Jri (903 m, 6) = Z&fiJr((P, m, _6) )
+——+ - (C.7)
Zab (S07 m, 6) - Zab (907 m, 6) y
Z(;)++_ (907 m, 6) = ZCE;++_(SO7 m, _6) .

In addition, the correlator (4.67) is invariant under a “charge conjugation” C which reverses
the sign of the charge of monopole operators (and of abelian monopole variables) and sends
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€ — —e. This symmetry manifests itself in the identities

Z:L?)Jrii(cpv m, 6) =7 ++(90’ m, _6) )
Z3 T (pymy€) = Zy T (oym, —e) (C.8)
Z:L;)ii+(<pa m, 6) = Zba++7(90’ m, _6) .

All of these 6 results agree when Ny = 0,1,...,2N — 2, in which case the bubbling

factor is no longer chamber dependent.
Evaluating (4.75) in each of the six chambers we find

__ H 1 [(pa —my — €) (9o — my, — 3¢)]
ztt , MM, €) E
¥ a=1 Hb;,ga [%b (Pab — 2€)% (Pab — 46)}

21Tn, [0 — mi — €) (95 — my, — )]

, C.
i a;éb Pab (Pab + 26)2 (¢ab — 2¢€) Hc;éa,b Hr:a,b Pre(tpre — 2¢) (€9
. H —my + €) (pg — mg + 3€)]
Z7 " (p,m,€) =
7 azl Hb;éa [Spab (Spab + 26) (Spab + 46):|
n 2 Hk:1 [(pa — mu; + €) (0o — my + €)] . (C.10)

a;éb PLab (Spab - 26)2 (Spab + 26) Hc;éa,b Hr:a,b SOTC((PTC + 25)

4 H Qpa mg — E)
ZH T (pymye) = § b=l
a=1 Hb;ﬁa [ Pab (Pab — 25)2
1% [(9a — i — €) (04 — my, + €)]

+
a#b Pab (Spab - 26)2 (Soab - 46) Hc;éa,b [Qpac@bc ((Pac - 26) (Spbc + 26)}

Y [y [0 = mx = ©) (5 = my = )] (C.11)

a;éb ‘Pab (Pap £ 2€) Hc;ﬁa,b [Pacre (Pac — 2€) (Ppe — 2€)] ’

2
2+ = Y, L (et
a=1[Ip4a [@ab (pap + 2¢)*

[To% [(pa = M+ €) (95 — g — €)]

+
a#b PLab (Spab + 26)2 (Spab + 46) Hc;ﬁa,b [Spac@bc ((Pac + 26) (ngc - 26)}
N
a;ﬁb sOab (pab £ 2¢) Hcyéa,b [Cacbe (Pac + 2€) (@pe + 2€)] ’
+e)
7+ (g m,e) = —
Z Hb# [soab (Pab + 2¢)]
n Z 2 Hk:1 [(0a —mk — €) (b — My, + €)]
arb Soab (Pab — 2¢€) (ap — 4e) Hc;éa,b [Pacre (Pac — 2€) (v + 2€)] ’
(0.13)
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N N
Hk:f1 (Spa —my £ 5)

pme = ; [Toza (2 (Pab + 26)]
+ Z 2 HkN:fl [(pa — My +€) (p — My — €)]
a#b SDcQLb (Spab + 26) (SOab + 46) Hc;éa,b [(Pac(Pbc (‘Pac + 26) (Sobc — 26)] '

(C.14)

These results also transform appropriately under the discrete symmetries PT and C, which

manifest themselves in identities identical to (C.7) and (C.8) with a and b removed. We

have also checked that the chamber dependence disappears when Ny =0,1,...,2N —2, as

expected from (4.45) and the Moyal product.

Open Access. This article is distributed under the terms of the Creative Commons
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