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ABSTRACT: In A > 2 superconformal Chern—Simons—matter theories we construct the in-
finite family of Bogomol'nyi-Prasad—Sommerfield (BPS) Wilson loops featured by constant
parametric couplings to scalar and fermion matter, including both line Wilson loops in
Minkowski spacetime and circle Wilson loops in Euclidean space. We find that the connec-
tion of the most general BPS Wilson loop cannot be decomposed in terms of double-node
connections. Moreover, if the quiver contains triangles, it cannot be interpreted as a super-
matrix inside a superalgebra. However, for particular choices of the parameters it reduces
to the well-known connections of 1/6 BPS Wilson loops in Aharony—Bergman—Jafferis—
Maldacena (ABJM) theory and 1/4 BPS Wilson loops in A/ = 4 orbifold ABJM theory.
In the particular case of N' = 2 orbifold ABJM theory we identify the gravity duals of a
subset of operators. We investigate the cohomological equivalence of fermionic and bosonic
BPS Wilson loops at quantum level by studying their expectation values, and find strong
evidence that the cohomological equivalence holds quantum mechanically, at framing one.
Finally, we discuss a stronger formulation of the cohomological equivalence, which implies
non—trivial identities for correlation functions of composite operators in the defect CFT
defined on the Wilson contour and allows to make novel predictions on the corresponding
unknown integrals that call for a confirmation.
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1 Introduction

The study of Bogomol'nyi-Prasad—Sommerfield Wilson loops (BPS WLs) have yielded
tremendous insights into supersymmetric gauge theories. In particular, vacuum expec-
tation values of BPS WLs can be computed exacly using localization techniques [1, 2],
so providing functions of the coupling constants that interpolate between weak and strong
coupling regimes. Therefore, for theories admitting holographic dual descriptions BPS WLs
represent one of the most important tests of the AdS/CFT correspondence [3-7].

In three-dimensional superconformal Chern—Simons-matter (SCSM) theories many in-
teresting results on BPS WLs have been obtained in recent years. One of the most important
aspects is that one can construct BPS operators either generalizing the gauge connection
to include couplings solely to matter bosons (bosonic WLs) [8-12] or including couplings
both to bosonic and fermionic fields (fermionic WLs) [13]. While the construction of BPS
WLs in N/ > 2 SCSM quiver theories has been extensively investigated [8-17], most of
the results on fermionic BPS WLs have been limited to operators with connections that
can be written as 2 x 2 block diagonal matrices. When taking the trace, these operators
correspond to linear combinations of WLs connecting adjacent nodes. Recently, new BPS
WLs in N = 4 circular quiver SCSM theories with alternating levels have been constructed
in [18], which are described by more general connections that cannot be decomposed as
linear combinations of double—node connections. This result suggests that the general form
of BPS fermionic WLs may have a richer structure waiting to be explored.

The main goal of this paper is to investigate the most general BPS WL in N > 2
SCSM theories featured by parametric couplings to scalar and fermion matter!. For a
generic quiver N' = 2 SCSM theory with (anti)bifundamental and/or (anti)fundamental
matter fields, we write the most general expression for a WL containing arbitrary couplings
to bosons and fermions and study under which conditions the operator preserves half of
the supersymmetries. It turns out that with fixed preserved supercharges there is only one
bosonic 1/2 BPS WL, while there is an infinite family of parametric fermionic 1/2 BPS WLs
whose connection is in general a non-block—diagonal matrix. In addition, in the N/ = 2
case the connection does not have necessarily the structure of a superconnection of a given
supergroup. This is the main novelty of our classification.

As a check of our construction we reproduce the already known operators for the
Aharony—Bergman—Jafferis(-Maldacena) (ABJ(M)) and N' = 4 orbifold ABJM theories
[16-18]. As a new result we provide the classification of fermionic 1/2 BPS WLs for the
N = 2 orbifold ABJM theory [22|. For the subset of operators that can be obtained by
an orbifold quotient of the 1/2 BPS WL in ABJ(M) theory, we identify the corresponding
gravity duals following the orbifold decomposition strategy in [18].

For the new infinite family of fermionic BPS WLs that we construct, it is mandatory
to investigate how they behave at quantum level and understand how the parametric de-
pendence enters their expectation values. At classical level, generalizing what happens in
ABJ(M) theory and N =4 SCSM theory [13-15, 17|, we prove that

'In this paper we consider only line and circle WLs with constant couplings to scalars, although more
general WLs with contour dependent couplings have been also studied [19-21].



all the fermionic WLs, independently of their couplings, are cohomologically equivalent
to the bosonic one, i.e. Wiy = Whos + Q(something) where Q is a supercharge preserved
by all the operators. Whether and how this relation gets promoted at quantum level
is a crucial question to be answered when comparing fermionic and bosonic expectation
values. In fact, if the cohomological equivalence survives quantum corrections, it implies
that the expectation values of all the fermionic BPS WLs are equal to the expectation
value of the bosonic operator, and therefore they can all be computed by the same matrix
model [2, 23, 24]. However, one important subtlety that we have to take into account when
comparing expectation values is framing [2]. In fact, since the localization procedure always
leads to framing—one results, we expect this to be the correct regularization scheme where
the classical cohomological equivalence translates into (Wer)1 = (Whos)1. This problem has
been already investigated at first few perturbative orders for particular kinds of WLs both
in ABJ(M) and A = 4 models |2, 23-31]. In this paper we extend this anaysis to general
N = 2 SCSM theories. Up to two loops, using the arguments and speculations in [30]
we find that the bosonic and fermionic BPS WLs have the same framing—one expectation
values not only in ABJ(M) theory but also in a generic N' =2 SCSM theory.

This is already a strong indication that the cohomological equivalence might be valid
at quantum level, at framing one, in any N' = 2 SCSM theory, although a truly non—
trivial check would come at higher orders where the particular choice of the superpotential
characterizing the model would enter.

At classical level the expansion of Wi, in powers of its bosonic and fermionic couplings
leads to a stronger cohomological equivalence that translates into an infinite number of
non-trivial Q-identities [14]. For any N' > 2 SCSM theory, up to two loops and at framing
one these identities lead to non—trivial vanishing conditions for the correlators of the corre-
sponding bosonic and fermionic operators (see eq. (4.8)). We make the educated conjecture
that these identities survive at higher orders and discuss the novel constraints that follow
for three—loop, framing—one integrals, and the implications for the defect CFT defined on
the Wilson contour.

As a by—product of our analysis, we provide the two—loop expression for the framing-
zero and framing—one expectation values of all the fermionic BPS WLs. While the framing—
one result is parameter independent, being equal to the bosonic expectation value, the
framing—zero result exhibits a non—trivial dependence on the parameters that feature the
couplings to matter fields.

The rest of the paper is organized as follows. In section 2, we provide the general
classification of 1/2 BPS WLs in a generic N’ = 2 SCSM theory, both on a line in Minkowski
spacetime and on a circle in Euclidean space. We distinguish the cases of matter with
canonical and non—canonical conformal dimensions. In section 3 we apply the previous
results to the construction of BPS WLs in A/ = 2 orbifold ABJM theory and study the
gravity duals of operators that can be obtained as orbifold quotients of 1/2 BPS WLs in
ABJ(M) theory. Section 4 is devoted to the perturbative calculation of the WL expectation
values, the discussion of the cohomological equivalence, its stronger version and its non—
trivial consequences. Our conclusions are then collected in section 5. In appendix A we
give spinor conventions in Minkowski and Euclidean signatures. In appendices B and C



we review the WLs in ABJ(M) theory and N = 4 orbifold ABJ(M) theory, together with
their gravity duals. As a check of our classification we also reproduce the known WLs by
applying our general recipe. Appendix D contains some details of section 2. Finally, in
appendix E we give the Lagrangian and Feynman rules of the general N’ = 2 SCSM theory
that would be useful to the calculations of the integrals in appendix F.

2 BPS WLs in N = 2 CS-matter theories

For a generic N' = 2 SCSM quiver theory we construct the most general class of 1/2 BPS
WLs featured by constant parametric couplings to matter fields. In subsection 2.1, we give
full details of the classification for the case of line BPS WLs in Minkowski spacetime. We
discuss cohomological equivalence between bosonic and fermionic operators and provide a
toy—model example of a quiver theory to make manifest the novel features of WLs in N = 2
SCSM models. In subsection 2.2, we introduce the circle BPS WLs in Euclidean spacetime
signature. These operators are the relevant observables in the context of localization and
their non—trivial expectation value can be generically captured by matrix model integrals.
In subsection 2.3, the classification is slightly generalized to the case of connections involving
repeated nodes. Finally, in subsection 2.4 we briefly discuss the case of fields with non—
canonical conformal dimensions.

2.1 Line BPS WLs in Minkowski spacetime

In three-dimensional Minkowski spacetime, we consider a generic quiver N' = 2 SCSM
theory with gauge group [[,_; U(Na)k,, where k, indicate the CS levels that can be non—
vanishing or vanishing. The gauge sector of the theory is organized into n N = 2 vector
multiplets, which in the Wess—Zumino gauge read (we refer to appendix A for spinor con-
ventions)

V@ = 2i000 + 20740 AL + V2i0%0x W — V2i0%0x ) + 620°D®  a=1,...,n (2.1)

whereas the matter sector is described by sets of NV, chiral multiplets in the bifundamental
representation of arbitrary pairs of nodes U(N,) x U(Np)

i _ ) )
ﬂe%ﬂaﬂggab)w%@b) (2.2)

with @ = 1,..., Ngp. In general, for a different (ab) pair, the i index in eq. (2.2) varies

i % v i 1_
Zlaty = Zlay 10700, L) = 30°0°0" 0 Zi ) + v 20(c

in a different range. For a = b, Zgaa) describe N,, matter chiral multiplets in the adjoint
representation of U(N,). We also allow for the presence of N,o matter multiplets in the
fundamental representation of U(N,) and Ny, multiplets in the antifundamental represen-
tation, denoted by Z?ao) and Zéoa) respectively.

Complex conjugated matter fields, belonging to the anti-bifundamental representation
of U(Ny) x U(Ny), are defined as [Zgab)PL = 71.(ba), [CZ ] = ( (ba) [FZ )] Fi(ba), with
i=1,2,---, Ng.

In superspace language the lagrangian of the theory is given by

L=Lcs+ Lr+ Lsp (2.3)



where
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whereas L), is the superpotential term that we do not write explicitly, as it is not relevant
for the construction of BPS WLs and for the perturbative investigation at the order we
work. Here we have defined D, = 0, + iéﬁvg Ou, D = 0% + iy°P050,.

For non—vanishing k, levels, writing (2.4) in components and extracting the equations

of motion for the auxiliary fields of the vector multiplets we obtain 2
a 2m =(ba =(ab) i
ol = ?Z(Z(ab)z( ) Zi( )Z(ba))
@b
a7 ‘
(a) _ ba) (ab) 7 _
X = k (C(ab C(ba)) a = 17...,71
_(a a7 i (ba ab
0 = =3 (2 G = G ) (2.5)
“
General superconformal transformations of the component fields read
1 _ i _
DAL = S (X V7.0 + O7x“), 60@ = 2 (X0 + 6x'™)
i A ~(ab .=(ab
5Z(ab) = l@C(ab), 6Z’L( ) = IQZ( )@
Clany = (V" DpZiayy — 0\ Zi oy + Z{oyo )0 = Z{ 9 +1F,y ©
5 = Oy D, Z\™ — 7P 5 1) 4 5@ 700y _ g7 _ipag (2.6)

where © = 0+ 27,9, ©O=40 —ﬁx“yu are linear combinations of (6, §) spinors parametrizing
Poincaré supersymmetry transformations, and (1,1) ones parameterizing superconformal
transformations 3. The definition of covariant derivative can be found in (E.3).

The 1/2 BPS WLs. We construct WLs defined along the timelike infinite straight line
x# = (7,0,0), which preserve half of the supersymmetries. Decomposing the spinorial
charges as in (A.6), without loss of generality we choose the preserved supercharges to be
Q+,Q_,S,,S_,ie. we require the operator to be invariant under

§=0_Q,+Q 0, +9_ S, +8S 9, (2.7)

In the rest of the paper we will shortly identify the preserved supercharges with the corre-
sponding 0, 0_,9,,9_ parameters.

2Through the paper we use the convention that repeated flavor ¢ indices are summed, while summations
on node indices a, b, c- - - are explicitly indicated. Repeated node indices with no explicit sum are meant to
be fixed.

3Here we only consider the case where matter fields in the chiral multiplets have canonical conformal
dimensions. The more general case will be discussed in section 2.4. The difference does not appear when
we focus on Poincaré supercharges.



The first kind of 1/2 BPS operator is the so—called bosonic WL defined as [8]
Wi = Peid @7 lbos(7) (2.8)
where the n X n connection matrix is given by
Lios = diag(AlY — oW, 4% — 0@ ... Al — o) (2.9)

It is easy to check that this operator is invariant under (2.7).

Using equations of motion (2.5) for o@, a=1,2,--,n, this generalized connection
ends up including quadratic couplings to matter scalars. However, as usually happens
in three dimensions, we can look for more general operators with connections containing
couplings also to fermions. We then consider the fermionic operator

Wier = Pe 1/ d7lier(7) (2.10)

with a n X n connection [13]
Lty = Lbos + B+ F (2.11)

where Ly is given in (2.9), whereas the B and F' entries

_ ¢ jrri (ch) c 7 j
B(ab) - Z( ablj Z(ac) Zj + RabZ] Z(ac) chb)

c i ~(ac j c ii (ac) 5(cb
ab sz’( )chb))—i_sabjzz’( )Z]( ))
_ ab ~i i =(ab) __ 47
Flapy = 8+ nip G = [Mel(apy + [N @y (2.12)

contain couplings to bilinear scalars and linear fermions respectively, parametrized by to—
be—-determined matrices and vectors.

The requirement for Wi, to be 1/2 BPS can be traded with the search for a Grassmann
odd matrix G satisfying [13, 32]

Lier = 8;G + i[Lger, G] (2.13)

Inserting decomposition (2.11) for Ly, this condition splits into a set of Grassmann even
and odd constraints, respectively

5B =i[F, G|
§F = 0:G +i[Lyos + B, G] (2.14)

From the Grassmann odd one we obtain?
G = —iMz0, +iN,0_, [B,G] =0 (2.15)
where we have defined

v _abrri _ 4 ~(ab
(M2 @y = 0 2y INZ) (o) = niy 2 (2.16)

4For the straight line it is sufficient to focus on super—Poincaré symmetries, since once these supercharges
are preserved also the superconformal ones are automatically preserved.



Using G in (2.15) in the Grassmann even part of eq. (2.14) we eventually obtain non—trivial
relations among the coefficients

Rgbij = mgcnib’ Sccbb j =" mjb
Riyis = Sap” = m{em§? = ngenl), = 0 (2.17)
In particular, they imply the following relation
BZMzNz—FNzMz (2.18)

It is easy to check that this expression automatically satisfies the second condition in (2.15).
Solutions to constraints (2.17) exhibit several interesting features:

e Setting a = b = c in the second line of (2.17) we obtain m%* = n, = 0 (no summation
ona=1,---,Ng,). Therefore, although adjoint matter may appear in the theory,

(aa)

adjoint fermion fields Céaa) or El can never appear in the connection. In other words,

the diagonal blocks of the connection contain only bosonic couplings.

e For a # b fixed, the By and F(,) entries can be simultaneously non-vanishing.
Therefore, in general the Lg, connection is not a superconnection, i.e. it does not
give a representation of a supergroup. However, this does not contradict what has
been already found for ABJM and N = 4 orbifold ABJM theories where Ly, are
indeed superconnections for the U(Ni|N2) supergroup. In fact, as we show below
discussing a toy model, the conditions Bg) # 0, Fiap) # 0 can occur simultaneously

only when the quiver diagram contains triangles.

e Finally, constraints mgbmga = nflbni ., = 0 following from (2.17) imply that if a positive
chirality fermion appears in Fi,) (mgb # 0), then all fermion fields of positive chirality
in F3,) must be absent (17; ba — (). Similarly, if fermion fields of both chiralities appear

in F(ab), then F(ba) = 0.

To summarize, for a generic N' = 2 SCSM theory we have constructed bosonic and
fermionic 1/2 BPS WLs (2.8) and (2.10) with connections

Lpos = diag(A( ) _ o) A(Q) 0(2), e ,A((Jn) — 0("))
Lfer—LboS+B+F B:MZNZ+NZMz, F:MC+N§
i ~(ab
[Mz J(aby = M Z(ab) [Nzl(ap) = nabZ‘( )
v — ab ~i ab)
[MC](ab) =m; <(ab)+7 [N(](ab = nabC( (2.19)

In particular, a generic fermionic connection has the following structure

A¢) =0+ By Bugy+ Fuyy -+ B + Fuw
By + F, AP — 6@ 4 By -+ Bom + Flan
Lo = (21) . (21) 0 . (22) . (2n) . (2n) (2.20)
Bn1y + Fia) Bna) + Flnzy -+ AV — ot + Bnn)



with the caveat that some of the bosonic and fermionic couplings may be forced to be
absent, as discussed above. We note that the fundamental and antifundamental fields do
not appear explicitly in the connection, but the connection may depend on them through
0@,

Similarly, we can construct bosonic and fermionic 1/2 BPS WL Wbos, err preserving
the complementary set of supercharges 6_, 6,,9_,9,. The corresponding connections read

Lios = diag(Aél) + oW, AéQ) +0@ ... ,Aén) + o™

Efer:Ebos+B+F7 B:_(MZNZ+NZMZ)’ F:MC_NE
Y — ab r7i i —(ab

[MZ](ab) =m; bZ(ab)v [NZ](ab) = nabZi( )

v _ ab i i =(ab
M)ty = M Clay— [NE)aty = e (2.21)

where the constant parameters mgb, néb satisfy the same constraints (2.17).
Cohomological equivalence. For ABJ(M) and A/ = 4 SCSM theories the full parametric
family of fermionic BPS WLs has been shown to be (classically) cohomologically equivalent
to the bosonic WL [13-15, 17, 18]. This means that the difference between a given fermionic
operator and the bosonic one can be written as Q(something), with Q being a suitable linear
combination of conserved supercharges shared by the two operators.

We now prove that this property holds also in the AV = 2 setting: The general fermionic
1/2 BPS WL with connection (2.11) is classically Q-equivalent to the bosonic 1/2 BPS WL
with connection (2.9).

According to the analysis of |13, 14], this is the case if we manage to find k, A and Q
quantities that satisfy

kA2=DB, QA=F, QLps=0

QF = 0,(ikA) + i[Lbos, ikA] (2.22)
Using (2.14), it is easy to see that in the present case a solution to the above equations is
given by
k=1, A=Mz+ Nz, Q=Q;+Q_ (2.23)
This solution implies the classical identity
Wier = Whos = QV (2.24)

where V' is a known function of the gauge and matter fields of the theory.

A triangular quiver toy model. Aimed at highlighting novel properties of the 1/2 BPS
WLs that we have constructed, we consider the simple case of a N/ = 2 SCSM theory
associated to a triangle quiver diagram, as given in figure 1.

Specifying the general WL construction to this case, a particular solution to the BPS
conditions in (2.17) takes the form

AW m'Ciy 0
Lier = 0 A®) 0 (2.25)
n3®  ngm'Z37Z + m?Gay A®
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Figure 1. The quiver diagram of a toy model A’ = 2 SCSM theory.

where

AD = 4D+ 27~ 7,7°)
1

A@ = 4?27z, 4 227,)
2
A® = AW 4 2N (7,72 4 737 (2.26)

Notably, L, has a block entry which contains a sum of both bosonic and fermionic field
combinations. As a consequence, the full connection ceases to be a supermatrix.

It is easy to see that a necessary condition for this feature to appear is the presence of a
triangle in the quiver diagram. In fact, non—diagonal entries in (2.20) connecting adjacent
nodes may contain both bilinear scalar terms B, ,41) and linear fermion ones Fiqq1)-.
While the fermionic entry corresponds to a fermionic arrow connecting the two nodes, the
bosonic bilinear can be formed only passing by the third vertex of the triangle. Therefore,
models with suitably chosen matter content allow for the existence of matrix entries in the
WL connection that exhibit mixed Grassmann parity.

Operators with this structure have no counterpart in the classification of N' = 4 and
N = 6 models, where the underlying dynamics of the fermionic WLs seems to be captured
by a gauge supergroup (this is particularly manifest in the Higgsing derivation of the 1/2
BPS operators [32, 33|). It would be interesting to understand the implications of the
existence of these WLs, especially in terms of a string dual description at strong coupling.

Lightlike WLs. We can also construct bosonic and fermionic BPS WLs along the lightlike
infinite straight line z* = (7, 7,0). The corresponding connections read

Lios = diag(AS) + AL AP 1 4D . 4l 4 4()
Lfer:Lbos+B+Fu B:MZNZ+NZMZ? F:M<+NE

—ab r7i i (ab
[MZ](ab) =m; bZ(ab)7 [NZ](ab) = nabZi( )
v — ab ~i i #(ab
[MC](ab) = mibC(ab)h [NZ](ab) = ”abCz‘(1 ) (2~27)

where the constant parameters mg®, n', satisfy constraints (2.17). Index 1 in the last line

indicates the first component of a spinor in the standard spinorial notation ¥, a = 1, 2.



The lightlike bosonic WL is 3/4 BPS with preserved supercharges
02, Oy, V1, U1, V2, Vo (2.28)
whereas the lightlike fermionic WL is 1/2 BPS with preserved supercharges
Oa, 02, 92, ¥ (2.29)

2.2 Circle BPS WLs in Euclidean space

The previous procedure can be easily generalized to construct 1/2 BPS WLs along the circle
x# = (cos 1,sin7,0) in Euclidean space. The computational steps follow closely the ones of
the Minkowskian case, thus we report only the final result.

In a generic N' = 2 SCSM theory, the bosonic and fermionic WLs can be written as

Wbos —_ Trr])e—i f d7 Lyos (T), err — Tr'Pe_i f dT Loy (T) (230)
with connections

Lios = diag(APi# +i0M, AP it +ic® ... AW it +ic™)

Lier = Lyos + B+ F, B=—i(MzNy + NzMyz), F =M~ N;

[Mz)(ap) = m?bZZab)a [Nz)(ap) = anZi(ab)

M) @y = 1y [Nty = i (2.31)

Note that Céab) 4= iu+Cgab), Ei(fb) = iC_i(ab)u,, with the spinorial couplings u+ being defined

in (A.12). They are non—trivial functions of the contour, whereas the scalar couplings are
still contour independent. The supercharges preserved by Wyos and Wi are

¥ = —iy30, U= —0iys (2.32)

Similarly, we can construct 1/2 BPS bosonic and fermionic WLs Wbos, err preserving
complementary supercharges, ¥ = iy3f, ¥ = fiy3 and corresponding to

Los = diag(AlY —icM AP —ig® ... Al _j5m)

[:ferzibos+B+F7 BZI(MZNZ_'—NZMZ)’ F:MC+N§

M2\ oty = P Zigys [NZ)(aty = 7 2™

v — ab i i #(ab
[MC](ab) =m; bC(ab)—a [NE](ab) =Ny z(+) (2'33)

In both cases it is not difficult to prove that the classical cohomological equivalence in
(2.24) still holds.

2.3 More general 1/2 BPS WLs

The previous class of 1/2 BPS WLs can be generalized to include extra operators con-
structed in the following way.

~10 -



We arbitrarily select a subset of n’ nodes of the quiver diagram and label the corre-
sponding gauge fields as Aa’)| with o/ =1/,2,--- ,n’ and sy € {1,2,--- ,n}. Note that n’
can be greater or smaller than n, and each node can be either not chosen or chosen more
than once. For example, for n = 4, we may choose n’ = 3 with s, = 1,1,3, or n/ = 5 with
s = 1,1,3,4,4.

Along the line z# = (7,0, 0) in Minkowski spacetime we construct the bosonic 1/2 BPS
WL with connection

Lbos — diag(A(()sll) _ O,(slr)’AéSz/) _ 0_(82/)7. . ,A((an/) _ O'(s"/)) (234)

It is easy to prove that this operator preserves the 6,,60_,9,,9_ supercharges.
More generally, starting from the most general ansatz we can construct the fermionic
1/2 BPS WL with connection

Lfer :Lbos+B+F
B:MzNz—l—NzMz, F:Mg"i‘NE

|/ _ (') i 4 (8478t
My = G e Nty = nfars G2
|/ — (') i i —(Sa! Spr
[Mz](ary) = m@(a : (srsp) VzZ)(@br) = n(a/b/)ZZ-( o) (2.35)

Imposing the operator to preserve the 6,0_,19,,9_ supercharges, leads to non-trivial
constraints for the constant parameters

_(a'd) _ (V) i j .
DoomtIm = ey, =0 (2.36)

c,s=c c,s=c

where we sum over ¢/, whereas indices a, V', c,,j are kept fixed. Again, the fundamental
and antifundamental fields do not appear explicitly in the connection, but the connection
may depend on them through o(%a’).

2.4 The case of matter fields with non-canonical dimensions

In SCSM theories with N' > 3 supersymmetries, the matter fields always have canonical
R-charges since the R-symmetry group SO(N) is non—-Abelian. For theories with N' = 2
supersymmetry the situation is different, as the R—symmetry can mix with other U(1) flavor
symmetries present in the theory. In this case the R—charges of matter fields have to be
determined by F-maximization [34] and generically they turn out to be non—canonical (we
informally call these matter fields non—canonical). In this section we briefly discuss how to
construct BPS WLs in this case.
We consider the UV theory on S2. The metric on S? of radius r is
ds® = (1 + L;Zj)_2 [(dz')? + (d2?)? + (dz®)?] (2.37)

where 2+ = (x!, 2%, 23) are stereographic coordinates on S and |z|? = (z1)?+ (2%)? + (23)%.

2, —
Given the vielbeins E; = (1 + %) 162, e? = (dal,dx?,dz3), the gamma matrices are

— 11 —



defined as I'y = Ejva, Yy = €},7a, where 7/ are the three-dimensional gammas in eq.
(A.8).
The Killing spinors ©, © satisfy

~ ~ 1
Dﬂ@ - F'u®7 DM@ — @F‘u@
_ = = 1 _
D0 = ~6r,, D,6 = 56T, (2.38)

Note that ©, © are independent, and are different from the ones in (2.6). The solution can
be found in [1| and reads

1 ~ 1 xHy
@:ﬁw—i—x“’mﬁ), O = — (¥ — 4T2“9)
1+4xﬁ 1+fﬁ
_ 1 o ~ 1 Y
6= ———(0—Taty), 6= ———(I+0 L) (2:39)
14 =2 14 =2 T
+ 472 + 472

When r — oo, ©, © go back to ©, © introduced in eq. (2.6), with O going to ¥ and ©
going to Y. The superconformal transformations of Aff), o), Zéab)’ Zi(ab) can be obtained
from (2.6) by simply replacing v, with I', and ©,© with (2.39), while the superconformal
transformations of the fermions in the chiral multiplets are

5CEab) = <_FMDMZEab) - 0(“)Zfab) + Zfab)g(b)>@ - ZZab)FuDH@ + iF(iab)(:)

i _ _ _ _ TN _ _
5\ = oD, 7 — 7O 4 gl 7)) %Zi(ab)puer# —i0F“ (2.40)

where A(,;) are the R—charges of the matter fields.

Usually, the action for the non—canonical matter is not superconformal in the UV. But
one can construct actions which are invariant under supersymmetries generated by the left-
invariant Killing spinors [34, 35]. In stereographic coordinates, the left-invariant Killing
spinors take the form

i i
D@ =5T,0 = 0=

i= _ i
DG =——06r ¥ =—0 2.41
“@ 21"@ no= 2r ( )

and transformations (2.40) restricted to left-invariant Killing spinors read

5t =(-T*D,Z!  — (@gi 4 7i (b))G—iAﬂZi O +iF} ,,0

(ab) = wéab) — 9 4 (ab) (ab)? r (ab) (ab)

iA
(ba)

5@((16) :(:)(IWDMZi(ab) . Zi(ab)o_(b) + O_(a) Zi(ab))_ C:)Zi(ab) o i@}_;((ab) (242)

r

In many cases the theory flows to an IR fixed point with superconformal symmetry. At this
point the R—charges Ay are determined by F-maximization [34], modulo some flat direc-
tions associated to the transformations of the R—charges which leave the partition function

- 12 —



in the matrix model invariant [36]. This is related to the invariance of the transformartion
rules in (2.42) under the shift

(a)
A(ab) — A(ab) + 5(11) — (5(17), O'(a) — U(a) — i(s

(2.43)

r

Along a general contour z#(7) on S?, we construct the bosonic WL with connection
Lios = diag(AP i +i|i|o™), AP it +i|i]0®, - APk +i]i]o™) (2.44)

Using the shift transformation (2.43), we can also construct fermionic WLs with non—
canonical matter satisfying the condition

Ay = 1/2+ 5@ — 5® (2.45)
The fermionic WL has connection

Lier = Lpyos + B+ F +C

C = —diag(é(l),5(2), . ,5(”))|jx|/r

B = —il#|(MzNz + NzMz), F =|i|(M+ Ng)
[Mz) () = 15" Z{ays [NZl(ar) = niy 2\
(Mo = 5 uws Gy NGy = nian G

_ gcmjb _ nfwnib ~0 (2.46)

where on the z# contour the u4 (7) spinors satisfy

Fpituge = £|tluy, upu— = —u_uy = —i, uyuy =u_u_ =upDyu_ =u_Dyup =0
(2.47)

The bosonic and fermionic WLs are locally BPS with preserved supercharges
r,i*e = —|i|e, Oer,i" = —|i|6 (2.48)

To make the WLs globally BPS, we need to choose the contour to be a great circle. Here
we discuss two special cases.

In the first case, we choose the great circle z# = 2r(cosT,sin7,0) in S®. Using (2.46)
with |Z| = r, we obtain the connections of bosonic and fermionc WLs

Lios = diag(AVi* +iro!), A
Liey = Lyos + B+ F +C

C = —diag(6™, 6@ ... 50
B=—ir(MzN; + N;My), F=r(M;— Ngr)

2) . . 2 n) - . n
@Dt 4 irg® o AP 4 iro™)

Y = ab r7i i 7(ab
[Mz)(aby = M Zionys [NZl(ar) = niy 2\
v 7 i #(adb
[Mclab) = M7 Capys> [Nel(ab) = nest ()
miems =nlnly =0 (2.49)
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with us being the spinors defined in (A.12). The preserved supercharges are
9= el G (2.50)
- o Y3, — 2 3 .

Using (2.41) we can write preserved supersymmetries as 63, 0.
As a second case, we consider the great circle obtained by the stereographic projection
of the straight line z* = (0,0, 7) from R? to S3, along which we define

NG

ul = (0,-1), v = (i,0) (2.51)

Here || = (1 + %)*1, and (2.47) are satisfied. The connections of bosonic and fermionic

WLs take the form
Lios = diag(Al(}):t“ + iyﬂt‘g(l)’AL?):tu +il#|o®), .- 714;(;1)‘%# +il&]|o(™)
Liey = Lyos + B+ F +C
C = —diag(6, 6@, ... 5| /r
B = —|&|(MzNz + NzMz), F = |&[(M¢+ N¢)

Y = ab r7i i i7(ab
[MZ](ab) = min(ab)7 [NZ](ab) = nabZi( )
Y = ab ~i i #(ab
[MC](ab) =m; bC(ab)% [Nf](ab) = Ngp i(l )
mIms = nindy =0 (2.52)

In the limit » — oo, the corresponding WL is along an infinite straight line and the pre-
served supersymmetries are half of the Poincaré supersymmetries, i.e. 5 and 6. Instead,
conformal supersymmetries can be preserved only if there is no non—canonical matter in
the theory.

3 N =2 orbifold ABJM theory

In this section we give full details for an explicit example of A/ = 2 SCSM theory that
admits a gravity dual description, namely the case of the N' = 2 orbifold of ABJM theory.
In this case, exploiting our knowledge of the gravity duals of the 1/2 BPS WLs in ABJM
theory [13, 33|, after introducing the classification we identify the gravity duals of some 1/2
BPS and non-BPS WLs in the A/ = 2 orbifolded version.

In the rest of this section we heavily refer to appendix B where the construction of 1/2
BPS WLs and their gravity duals is reviewed for the ABJ(M) theory.

3.1 1/2 BPS WLs

The N = 2 orbifold ABJM theory can be obtained starting from U(rN ) x U(rN)_r ABJM
model and performing the Z, quotient as in [22] °. In the usual notations of ABJM theory,

5For ABJM two different orbifold projections can be applied, which lead to N' = 2 and N = 4 quotients.
Here we focus on the N' = 2 orbifold, whereas the N' = 4 case is reviewed in appendix C.
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which we summarize in appendix B, the fields are decomposed as

A, = diag(AI(}) AQ) .. ’A;([))’ B, :diag(B(l) B2 ... B(T’))

Ly V) uw P »Pu
b12 = diag(613, 61, -, 01'2), ¥ = diag(vi], v 0)
0 § 0 ¢
1
@ 0 0 o
¢3 = ¢:(>,2) , 1= .
. 0 0 ¢4([_1)
o5~ 0 i 0
4
0 Uy 0 V)
4
0 Wy, Yy O
v = o Cut= | (3.1)
3 ..
0 Y1y -0
3 4
Vi 0 V1) O

where A,, and B, are the gauge connections associated to U(rN); and U(rN)_j respec-

tively, whereas in SU(4) R-symmetry notations ¢7—; 4 and the corresponding 17 fermions

build up the matter multiplets in the bifundamental representation of the gauge group.
Orbifold decomposition (3.1) corresponds to choosing the unbroken supercharges as
02 =034 =0, 03 =015 = 0, 912 = 34 =9, 934 = 915 = U. The resulting ' = 2 theory is
described by the quiver diagram in figure 2(a).
In order to make contact with the classification of the previous section we have to
temporarily use the alternative notation defined in the quiver diagram of figure 2(b). In

equations, the two sets of conventions are related as

AD = O, BO = AC+0

2 2
l Y4 ) = =
J4 l = =
¢{£) = (_éé )7 { )a _Czlz)’ C?{)) (32)

A similar change of notations for the ABJ(M) case is detailed in appendix B. We will refer
to the notations of figure 2(a) and 2(b) as to the ABJM and A = 2 notation, respectively.

The use of N/ = 2 notation allows to easily exploit the results of section 2 for writing
down the connection of 1/2 BPS fermionic WLs. They are given by the general recipe
(2.19) with

2T . _(0) 5 05 Z =1 7 ¢
o0 = f(Zf 2y + 2 24— 2y 25 — 2y 29)
. 2T 51 (0 | Z2 07 =1z
o+ — f(Z(le)Zf '+ 242y - 20 7y - 2702 _) (3:3)
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k -k
(/-1) ) 3 (/+1)
o3 (/»’(/ 1) A0 ¢ Y B (1) (/J(/+1

n 1.2 141
¢(1,)2 70) ¢(1+2) (IJ/+1)
B0 - )
-1 H / H (I+1
( ) W(/ 1) U ¢() (l/?/ ¢ ’ ) W(/+1
-k k
(a)
k -k

~1) A-1) N A +1) Al+1)
zg 0 2T W

v u
Z(/) 0, Z(/+1) ((/+1)
(r+/) - A(/+1 ) <

- A > -
1-1) A1 H h Al H 141) A+
angn N\ Ay \UJ #ng

k

>

|
=

(b)

Figure 2. The quiver diagram of N' = 2 orbifold ABJM theory in (a) ABJM notation and (b)
N = 2 notation. We have omitted the complex conjugates of the matter fields.

and non-vanishing blocks of My, N, MC, N¢ matrices given by

3()

Z}(ZJ%Z) = m%g) Z§ ) + m%e)Zé )7 [MZ](T'+€,E+1) M Z3
l,

Y 4
) [MZ](rJrZJrlE) m(Z) ()

)
05 05 ¢
Nzleresn) =1y )Z&), INZ)(ertose0) =18 )Z?z), INZ e = Z} Zigy + n )Z(e)
(€)

= % C(Z)

[
[

_ ¢ Y _
[ C](z,r+€) = m&)dﬁ +mipCays [Md(r+z,£+1) = m(£)<3+a [Mc](r+£+1,£) = m?@)(4+
[

2

0) = 0) = 0) = 0) =
’](z,r+é+1) = "4(1 )Cflz)ﬁ [Ng’](€+1,r+£) = ”:(a )C(gé)—’ [NE](r+é,£) = ”g )C(le)f + ”é )C(Qe)f (3.4)
The parameters are subject to the following constraints
-1 0 (¢
) = nigngy ) = niingi =0 (3.5)

Having in mind to find out the gravity duals of these WLs we now translate the con-
nections back to ABJM notation. Mimicking what is done in appendix B for the ABJ(M)
case (see eq. (B.12)), we first redefine the parameters as

47 47 47 47
-1 _ —0 -2 _ —(0 -3 _ 4 —4 3
My =\ 3% M=\ 0 My =\ 0% M =\ 5 %
A7 ‘ A7 ¢ A (g ¢ 4ar
Y Y I v N TN ot NN T

Constraints (3.5) now read



Then, expressing the 1/2 BPS operator Wi, in terms of N' = 2 orbifold ABJM fields (3.2),

we can rewrite the matrix connection as

L fer

(

f2 B

)

where for » > 5 the explicit expressions of the matrix blocks read

AD o R pD 0
0 A® 0 h{)
P U S h{ Y
0 K
Y S G I (O
0 A" 2 0 A®
BY o ndY hrD o
0 B@ o hs)
s | m’ oo B® Y
o I
A 1 BV N ¢ { oo VA0
0 A = o B
fl(l) ?El) fér) f2(1) fél)
fi= LR s fa= i
3(r71)
AN 1§

17 -

(3.8)

(3.9)



with definitions
AO = A + k [( L+ 25(25)072@) (16)5%5) +(—1+ 25 )071@)¢(£)¢(e)
_9 B(Z al () ¢1€) (;‘52@ _9 5(g) dgé) ¢g€) 51@
‘1‘(1_25(@ 1’74 )¢3 ¢ )+(1—253_ )¢4¢ ]
BY = B + ?[(—1 + 2885 )0l et” + (=14 28(al") 60}
288,63, 6 — 28,506y 60
= (1)

+ (1 - 2607 é))¢(z)¢ + (1 =200 17 )b 1)¢51£_1)]

¢ 4w _(0) ¢ _(641) (04+1) T
hg) = L 5?@+1)’Y§ 4 ¢(z+1)= hg) = ?55’4)%(1 v :(),+ )‘25?2)

y, 47r ¢ o AT 4 _(e+1) 73 (041
hg) = (e+1 '74 ¢(£+1)¢( ) hé(l) = ?5?2)'7:& )‘ﬁ?e)@a : (3.10)
¢ ¢ (e ¢ A ¢ AT
O = G0, + ), £ - \/ﬂ;, g £ - \/Wa s
¢ T, (¢ ~(¢ ¢ (¢ ¢ (¢
3 = \/?wmg@ + 9062, 119 = ngfs(z 0 = M%

In the case of shorter orbifold quivers (r = 2,3,4), the connections get slightly modified by
boundary effects. We report their explicit expressions in appendix D.

We note that in this case, compared with the general N = 2 quiver models, the full
connection (3.8) is still given by a proper supermatrix.

It is interesting to observe that the subset of 1/2 BPS operators (3.8)—-(3.10) identified
by the condition

6‘% = 0,2, 5(1)2 =p'2 V:E,z)x V3,4 5?}2;‘ =¢34 (3.11)
correspond to direct orbifold projections of the 1/6 BPS Wy, of the ABJ(M) theory
defined in (B.3). Among them, it is possible to select the ones which arise from the
orbifold projection of 1/2 BPS WLs Wj/, in ABJ(M) defined in (B.13), after setting
B12_a ,2/’a‘2 A3 4_534_0

Similarly, from results in section 2 we obtain the 1/2 BPS WLs Wier that preserve
supercharges complementary to the ones of Wi, and among them we can select the WLs
corresponding to the projections of the Wier and W, /2 operators of ABJ (M) theory defined
n (B.6) and (B.13).

3.2 Gravity duals

Given the known gravity dual configurations of 1/2 BPS WLs W /5 and W, /2 in ABJM
theory, we can perform their orbifold projection and identify the (anti—)M2-brane solutions
dual to WLs in N’ = 2 orbifold ABJM theory. In general, this operation may break SUSY.
Nonetheless, as we now show some BPS configurations survive, which are dual to particular
1/2 BPS WLs constructed in the previous section.
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The N = 2 orbifold ABJM theory is dual to M-theory in AdSy x S7/(Z, x Z,) back-
ground with metric

1
d82 = R2 (stids4 + d8§7/(zrk><zr)> (312)

where the AdS4 metric is given in (B.17) and the S” one in (B.19), respectively.
In this case the Z,, X Z, quotient is realized by imposing the following identification

on the C* coordinates

27i 27i 27i

(21,22, 23, 24) ~ ek (21, 22,23, 24), (21,%2,23,24) ~ (e z1,e" v 22,23,24) (3.13)

This is equivalent to requiring (see eq. (B.18))

8

4
GG i~ — - (3.14)

As reviewed in appendix B.2, the general solution to the Killing spinor equations in
M-theory on AdS; x S” background reads [10, 33]

€= u%h(el + 2tyuer) — U_%’)/ghEQ unw=0,1,2 (3.15)

where €1, €5 are two constant Majorana spinors satisfying 7°1%¢; = ¢;, i = 1,2, and h is
given in eq. (B.22).

We decompose the Killing spinors on the basis of gamma matrices eigenstates as in
(B.27, B.25) where #° are associated to the Poincaré supercharges, while 9 are the super-
conformal supercharges. Imposing the orbifold projection in (3.14) leads to the constraints

Loe= Lo, e=0 (3.16)
where the definition of spinorial Lie derivative with respect to a Killing vector K is [37]
1
Lige= K"V, e+ ZV#KZ,F“”G (3.17)

Here we convert gamma matrices with tangent space indices to the ones with curved space
indices using the vielbein of S7. Eq. (3.16) leads then to the constraints

(735 + 58 + 747 + Y69)€i = (V35 — V58)€i = 0, 1=1,2 (3.18)

which on the 7; spinors defined in (B.26) translates into
ti+tytts+ta=0, t1—ty=0 (3.19)

Therefore, the only surviving eigenstates correspond to
(t1,t2,t3,t4) = (++ ——), (— — ++) (3.20)

and we areledt061:92®n2+97®777 and 62:192®772+197®777.
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Redefining

=0, 7=0, 9>=9, =0, j=n, m=7q (3.21)

we finally obtain the two Killing spinors surviving the orbifold projection
a=0n+0®n, e=0n+9®7 (3.22)

The corresponding field theory is in fact N' = 2 superconformal invariant.
Comparing (3.21) with (B.32), it turns out that the relation of SUSY parameters in
ABJM and N = 2 orbifold ABJM theories is the following

012 =034 =0, 03 =01,=0, 92 =03, =9, P =01=0 (3.23)

As reviewed in appendix B, in ABJM theory the 1/2 BPS operator W s[ay] is dual
to an M2-brane wrapping the cycle in S7/Z;, specified by a; given in eq. (B.34). Similarly,
W, s2laz] is dual to an anti-M2-brane wrapping the same cycle [33]. On the other hand,
as described in the previous section, orbifolding W plar] and W s[a;] leads to WLs in
N = 2 orbifold ABJM theory. Therefore, performing the same orbifold projection on the
corresponding gravity dual solutions, we obtain the (anti)-M2-brane configurations dual to
a particular subset of WLs of the A/ = 2 theory.

In general, when the a; parameters (B.14) appearing in the L; /5[&;] connection (B.13)
satisfy ajal + asa® # 0, aza® + aza* # 0, the resulting operators and their dual con-
figurations are non—BPS. However, for special choices of the parameters this may happen.
Precisely,

e When as4 = 0, the WL in V' = 2 orbifold ABJM theory and its dual M2-brane in
AdSy x S7/(Z,1, x Z,) are 1/2 BPS. The WL preserves supercharges 6,,0_,9,,9_,
and is just a special case of the 1/2 BPS operator Wi, of the previous subsection.

e When a;» = 0, the WL and its dual M2-brane are 1/2 BPS. The WL preserves
supercharges 6_,0,,9_,9,, and is a special case of the 1/2 BPS WL Wier Of the
previous subsection.

A similar investigation can be performed for W, sol@z] with |a]? # 0, which leads to the
same conclusions. For &z 4 = 0 or &y 2 = 0 the resulting WLs are BPS and preserve sets of
supercharges that are complementary to the ones already listed.

4 BPS WLs at quantum level

We now promote WLs to quantum operators and consider the problem of evaluating their
vacuum expectation values (vev’s). Similarly to what happens in the ABJ(M) theory, vev’s
of BPS WLs along a timelike straight line introduced in section 2.1 are constants that can
be trivially normalized to one. Instead, non—trivial vev’s can be obtained for circular BPS
operators in Euclidean space defined in section 2.2. These can be evaluated by using local-
ization techniques and the output turns out to be a non—trivial function of the couplings that
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interpolates between the weak coupling result obtained via ordinary perturbation theory
and the strong coupling result possibly obtained by holographic methods.

In this context it becomes particularly important to understand whether and how
the classical cohomological Q—equivalence between Wi, and Wi, discussed in subsection
2.1 gets promoted at quantum level. In fact, if we manage to prove that under suitable
conditions the equivalence survives quantum corrections, then using the Q charge to localize
the functional integral we can conclude that the expectation value of the general parametric—
dependent Wi, is identical to the one of Wyes, making them effectively quantum equivalent
and independent of the choice of the parameters.

In the case of ABJ(M) theory this problem has been extensively analysed [25-27] and
it has been shown that its solution is deeply interconnected with the choice of a fram-
ing regularization for the perturbative definition of the WL. Precisely, the cohomological
equivalence at quantum level leads to [13]

ABJ(M ABJ(M
<Wbos>g (M) = <err>g (M) (41)

where the subscript indicates that the identity holds only at framing one [2].

With a direct perturbative computation we are now going to show that, up to two loops,
the problem of studying the quantum cohomological equivalence between circular W, and
Whoes in generic N/ = 2 SCSM models can be mapped to the parallel problem in ABJ(M)
theory. Using the speculations in [30], we can thus conclude that the classical cohomological
equivalence can be promoted at quantum level, at least at two loops, if we work at framing
one. Indeed, the two—loop result supports a stronger version of the Q—equivalence, which
we probe at three loops in subsection 4.2.

4.1 The perturbative analysis

In order to test the cohomological equivalence at quantum level, it is convenient to consider
the difference between the expectation values of fermionic and bosonic WLs, order by order
in perturbation theory. At classical level, the cohomological equivalence

err - Wbos = QV (42)

can be expanded as [13]
> Tip(e vy, ) = QV (4.3)
n=1

where the W, expressions arise from the expansion of e 1§ (Lter—Lvos) = =1 $(B+F) jpgide
the WL (see eq. (2.11)). The label n indicates the total number of scalar and fermion fields
in the product. As follows from the explicit expressions of B and F' in (2.31), at a given
order n the W,, function is built up by p powers of B, which is quadratic in the scalar fields,
and ¢ powers of F, such that 2p + ¢ = n (in particular, when n is odd the corresponding
W,, contains an odd number of spinors F'). As an example, we report the first few even
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terms in (4.3)
Wy = —i ?{ drB(r) — jf dri>2F (1) F(72)
Wy = —7§dn>23(ﬁ)3(¢2) + ij{d71>2>3 [B(r1)F(72) F(73) + F (1) B(72) F(13)
+ F(1)F(m2)B(13)] + 7{ dT1525354F (1) F(72) F(73) F'(T4)

We = i%d71>2>3B(7'1)B(7'2)B(7'3) %d7'1>2>3>4 [B(Tl)B(TQ)F(Tg)F(T4)
+ B(11)F(72)B(13)F (14) + B(11)F (12) F(13) B(74) + F(11)B(712) B(73) F(T4)
+ F(m1)B(12) F(73) B(74) + F(11) F (72) B(73) B(74)]

— i%d’]‘1>2>3>4>5 [B(Tl F(TQ) ( )F(T4)F(7‘5) + F(Tl)B(TQ)F(Tg)F(T4)F(T5)

+ F(m) F(12) B(73) F (1) F(75) + F(11) F (72) F(73) B(74) F'(75)
+ F(11) F(r2) F(73)F (14) B(75)]

fdﬁ>2>3>4>5>6F< V) F (r2) F(73) F(m4) F (75) F (75) (4.4)

The structure of higher order terms clearly follows. Here § d7>2>...~; means integrals over
the contour parameters 71,...,7; satisfying 7 > 70 > --- > 7;.

It has been shown, for the first few orders in [13] and proved at all orders in [14], that
at classical level the Q—equivalence in (4.2) follows from a stronger set of identities that

read
TeP(e $ drlvos(Myy ) = QV,,,  n=1,2,... (4.5)

that is, every single term in the summation (4.3) is cohomologically trivial for a suitable
choice of the V,, function (see Appendix D in [14] for their explicit forms).

As already mentioned, in the ABJ(M) case when we move to quantum level and com-
pute expectation values at framing one, no anomalies arise and relation (4.2) implies

<err>1 = <Wbos>1 (46)

which in turns can be written as
Z<Tr7)(efi§dTLbos(T) WQn)>1 =0 (47)

n=1

Here we have already neglected W,, for n odd, since strings of an odd number of F' would
have vanishing expectation values.

An interesting question is whether at quantum level and framing one, identities (4.5)
remain true separately, as this would imply the non—trivial results

(TrP(e dloos (M, )y =0, n=1,2,... (4.8)

We devote the rest of this section to the two—loop evaluation of (4.7) and the discussion of
identities (4.8).
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To this aim we assume CS levels k, to be of the same order k, and all the WL parameters
M3 and n’, to be of order 1/v/k. In particular, this implies that a given Way, term in (4.7)
starts contributing at order O(1/k™). Therefore, in order to obtain the full result up to
order 1/k% we need to evaluate the terms in (4.7) involving correlators with Wy and Wy
up to two loops and show that at framing one either their sum vanishes or they vanish
separately. As a by—product, we also compute the two—-loop expectation values of bosonic
and general fermionic WLs at framing zero.

We focus on euclidean circle WLs (2.30) with connections (2.31). Moreover, for sim-
plicity we restrict to quiver theories without adjoint or (anti-)fundamental matter. The
more general case can be similarly worked out, but the results are more involved.

We organize our calculation as follows. We first compute Wi, at one and two loops,
with relevant diagrams shown in figures 3 and 4. Then we consider equation (4.7) and
evaluate correlators involving Wa, Wy as defined in (4.4). We compute the correlator with
a W insertion at one and two loops (figures 5 and 6) whereas the term with Wy starts
directly at two loops (figure 7). Writing the bosonic connection as Lpos = A + S (and
consequently Lg, = A+ S+ B+ F), in these figures A insertions on the contour represent
gauge connections, B and F' insertions indicate quantities defined in (2.31), whereas S stays
for the scalar bilinears which arise from (@, @ = 1,2, -+ ,n in Ly, when we use equations
of motion (2.5).

Figure 3. One-loop Feynman diagram for (Wyes)r. Wavy lines represent gauge fields.

A A B B s
A A
+ +
A A A A
A A A S

(a) (b) (c) (d)

Figure 4. Two-loop Feynman diagrams for (Wyes) . Here S stays for the scalar bilinears which
arise from ¢(®), a =1,2,--- ,n in Ly when we use equations of motion (2.5).

The interesting observation is that a full fledged computation of all these Feynman
diagrams is not required, as we can heavily rely on the results already present in the
literature for a WL in pure CS theory [38] and 1/2 and 1/6 WLs in ABJ(M) theory [10—
12, 25-27, 29, 30]. In fact, at the order we are working the internal vertices involving
superpotential interactions do not play any role, and we have to deal only with pure gauge
vertices and minimal couplings of matter fields to gauge vectors. Therefore, the difference
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F

Figure 5. One-loop Feynman diagram for (TrP (e $ 47Loos(MTI,)) ¢. F indicates the fermionic

quantities defined in (2.31).
B S F F
+ + +
F AA FF F
S B

(a) (b) (c)

F A A F
F F A KA
+ + +
AWAF F
F A A F

(d)

Figure 6. Two-loop Feynman diagrams for (Tr’P(e_if A7 Lvos (T)T7,)) t- Here B indicates the bosonic
quantities defined in (2.31).

Figure 7. Two-loop Feynman diagrams for (TrP(e~'$ d7lvos(T)17)) ¢

between diagrams in ABJ(M) theory and any ' = 2 SCSM model is only due to the
different matter content, that is the different number of matter multiplets linking pairs of
quiver nodes. It follows that at this order diagrams in the two theories differ only by the
overall combinatorial factor, whereas the corresponding integrals are the same. Clearly,
if we were to consider higher order corrections to W, correlators the specific structure
of the superpotential would generally kick in and different models might display different
behaviours.

A long but straightforward evaluation of the diagrams leads to the results that can
be found in appendix F. For each diagram we extract the color factor and the parametric

— 24 —



dependence coming from the WL expansion, and indicate with italic capital letters the
corresponding integrals that include both combinatorics and any other factors coming from
the Feynman rules listed in appendix E. We stress that some of the fermionic diagrams
can give rise to more than one integral, which differ by the order of the fermions along the
contour. We present the results at framing f, meaning that f can be either zero or one.
Summing over all the contributions in each figure and using constraints (2.17), we

obtain
for Whes
NZ
O34
Nap + Nba NNy () | +(f) N3 ) )
@ Z (I 4(a) I4(d)) + Z ]73(14(10) JrI4(c))
7
+Z k:2 (@) (4.9)
for Wy
@ = Z meni, Ny Ny T
@ mab”ba 0+ I + Tel) + Tely)
2
ba, i ) (1) 1 Ve N
+m nab( I ( ) +I + j + jﬁ(d)” ka (410)
for Wy
()= X [menbamsenda (210, + 747
a,b,c
bl mSn) (I(f) + 7 )}N N, N, (4.11)

The exact expression of the Z, J integrals can be found in appendix F. In particular, from
their explicit expression it follows that

o0 _ 1o o _ 1
I6(a) = WI4(d) I?(a) ~ 214(61)

We stress that these results are common to any N' > 2 SCSM theory, ABJ(M) models
included. Therefore, the explicit values of the integrals can be extracted from the literature
on the pure Chern-Simons theory [38] and ABJ(M) theory [10-12].

At generic framing it is known that [30]

(4.12)

2
() _ (H 7 _ ) __T (H _ 2 20 _
) =—nif, L +Lin=7 Tin=-¢ Ziy= ——f Ty =0 (4.13)

whereas the ones appearing in (4.10, 4.11) are explicitly known only at framing zero [25—
27, 30]

©) _ 40 _ 40 _ 0 _ 0 _ © _ L0 _ T <o> _ L0 3
L7 = To) = Loy =Zoa) = o) =% Zo) = ~Toi) =~ Loy = Trw) = 35
(4.14)
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However, it can be checked numerically that both Ii{i) and Ii{g) are framing independent.

Therefore, since at framing zero Ii(()()i) = Ié(();) = Ié(();) = 0, at generic framing we obtain
H T A _H _AH _
I4(a) = I4(d) = Iﬁ(a) = I7(a) =0 (4.15)

Using redefinitions (B.12) for the parameters and choosing 8! = of/|a|?, 71 = 61 =0,
expressions (4.10-4.11) reduce to Wa, Wy terms for the expansion of (W), — Whos)s in
ABJ(M) theory. Therefore, using the arguments and the well-based speculations of [30] for
1/2 BPS WLs in ABJ(M) theory, we obtain that at framing one

(1) _ +(1) 1) _ (1) 1 _ A1 _ A1) A1) A1) _
L5 = Zsy T Zee) = o) T Toi¢) = Loty = o) = Lapy = Jap) =0 (4.16)

Therefore, we can conclude that at framing one diagrams 5-7 are identically vanishing

@:@:@:O for f=1 (4.17)

and the cohomological equivalence between Wj,,s and Wi, holds for any N' > 2 SCSM
theory, i.e.
(Weer)1 — (Whos)1 =0 up to two loops (4.18)

Actually, we find a much stronger result. In fact, results (4.17) imply that
(TrP(e ' dloos (D ,)) ) = (TrP (e 47loos(Mpy, )y, = 0 (4.19)

separately. This is nothing but eq. (4.8) that we expect to hold quantum mechanically as
a consequence of the classical relations in (4.5).

We stress that the cohomological equivalence up to two loops and framing one and its
stronger version are still valid when there are adjoint and fundamental matter fields in the
theory.

Specializing these findings to the ABJ(M) theory, we find that Ws is cohomological
equivalent not only to the 1/2 BPS fermionic operator [13|, but also to generic 1/6 BPS
fermionic WLs introduced in [16, 17|, at least at the order we are working. Similarly, in
N = 4 circular quiver SCSM theory with alternating levels, the fermionic 1/4 BPS WLs
introduced in [18] are also quantum mechanically cohomological equivalent to the bosonic
1/4 BPS WL up to two loops.

Exploiting results (4.13) and summing up all the contributions in (4.9) we obtain the
general result for Wy in N'= 2 SCSM models up to two loops and generic framing

ifN2  m2[-(3f2+1)N3+ N,
<Wbos>f:Z{Na_7nka +7T[ ( 61{%) ]}

Ly 72(Ngp + Noo) N2N,, o( 1 ) (4.20)

2 1.3
7 4k2 k
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Similarly, we can now use results (4.14) in eq. (4.10-4.11) and obtain the two—loop expres-

sion

7TN§ Nb
2k,

(Wier = Whosho = — Y _(m{"ni,, — mi*niy,) (4.21)
a,b
A . 3NNy N, 1
_ab _ _ b

St o P o 1)
a,b,c

In particular, this shows that at framing zero cohomological equivalence is in general broken.

By combining (4.21) with (4.20) evaluated at f = 0 we also obtain the framing zero
result for Wi, up to two loops

72(—N32 + N,)
(Wier)o = Z [Na N (4.22)

Nup + Npa) N2N, - . wN2N,

+ Z patt Tt = (it — ) Tt
B 3N, N, N, 1

+ Z my nbam o +mbn lbmjanzw)T + O<E>

a,b,c
The result displays a non—trivial parametric dependence on the fermion couplings, and thus
it is different for different WLs.

More interestingly, at framing one, independently of the choice of the parametric cou-
plings we find

iN2  7%[-4N3 + N,
<Wbos>l = <err>1 — Z {Na . W;{:a i s [ 6k2 ]}
+ Nyo)N2N,
+Z e 4kgb b +0<k3> (4.23)

In particular, both (Wyes)1 and (Wie )1 can in principle be evaluated by using localization
techniques [2]. The result, expanded at second order, should match (4.23).

Specializing our results to the ABJ(M) theory and normalizing the operators properly,
we find

<”bos>f mif(Ny — N2) 7 2 2 2
=1— — (N N.
N1+ N2 k +6k2[ BF7+ DT+ Ny)

1
+ (3f2 4+ T)N1 Ny + 1} + O(ﬁ)
<err - Wbos>0 _ 772N1N2

3l(arB)? + (716" — 4(ars’ +416")  + O
k‘

Ny + Ny 2k?
<err> : 2 2 _ al\2 _ I\2
—{ — N - N.
Ny + Ny =1+ 6k2{ £ — N3+ {9(ar8")* + (316")?]
ety 7)1} o) 29
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4.2 A conjecture

As already stressed, the two—loop computation of the previous section displays an important
feature which could lead to far reaching consequences, if confirmed at higher orders. In fact,
using in (4.7) the shorthand (TrP (e ' # 4 lvos(D Wy, )} = (Way)1, up to order 1/k2 we find
not only (Wa); + (Wy)1 = 0, but also (Wa); = 0 and (Wy); = 0, separately. At order 1/k
this is trivially realized, since only the W5 correlator can be constructed, but at order 1/k?
this is a non-trivial statement.

Repeating the analysis of [30], this property can be understood as follows. If we tem-
porarily consider WL operators with non—trivial winding m, as a rule of thumb it can be
argued that, independently of framing, a generic perturbative diagram has a polynomial de-
pendence on m, whose leading power is m2["/2l where r is the number of contour insertions,
that is the number of contour integrations. Up to two loops this property has been tested
explicitly in [30]. Focusing on the two-loop diagrams in figure 6 and 7 contributing to the
Wy and Wy correlators, at framing one the only potentially non—vanishing contributions
come from diagrams 6(b), 6(c) and 7(b). These diagrams produce contributions to Ws
and Wy correlators that display different leading powers in the winding number. Precisely,
contributions to (W) go as m?, while the ones contributing to (Wy) go as m*. Thus, at
non-trivial winding, cohomological equivalence in ABJ(M) forces the two correlators to
vanish separately. We note that at this order what plays a crucial role in assigning different
powers of m to Wa and Wy correlators is the fact that scalar eye-like diagrams 6(a) and 7(a)
vanish. If this were not the case, since they appear in both correlators the winding argument
would get spoiled. However, the eye-like diagram is vanishing at framing zero by analyt-
ical continuation in dimensional regularization, and is shown to be framing-independent
numerically.

Reinforced by this preliminary result, we can then reasonably believe that a similar
pattern may survive at higher orders, so allowing to conjecture that (Ws,); = 0 at any
order in perturbation theory, with the definition of Wy, in (4.3).

The validity of these identities implies strong constraints on the (unknown) integrals
at a given perturbative order. As a non—trivial example, we consider (4.8) at three loops.
At this order we should prove that (Ws)1, (Wy)1 and (Ws);1 vanish separately.

In particular, focusing on (Ws); the corresponding contributions arise from diagrams
in figure 8. We note that these diagrams do not contain superpotential vertices, and are
then common to all N/ > 2 SCSM theories, ABJ(M) theory included.

The corresponding analytic expressions read

- 3 ittt ) + 7))

a,b,c,d

+mk nzbm;’?“n] mdank, (Ié{;) +j23((i)))

—I—T?qunza’chn] mibnffd(f({)) +IC(J(£)))]N NpNeNg
+Z m nba 3N Nb(2z (f) + j(f) + ﬁé(():)) (425)
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8 F B B F B F F B
F FB B
H+M+ + + +
B B B BF F
F B B F F B B F

(a) (b)

Figure 8. Three-loop Feynman diagrams for (TrP (et $ 47lvo (1)) ;.

where the explicit expression of the integrals can be found in appendix F (see eq. (F.12)).
It follows that conjecture (4.8) for n = 3 forces the framing—one integrals to satisfy the
non—trivial identities

(1) 1 _ 1) (1)
I8(a) +Z 8( ) + J =17

O = oz + 70 4 0
$) = Sy S =22 + T + L4, =0 (4.26)

8(c)

Again we expect to be able to refine this set of constraints by a direct analysis of the
explicit expression of the integrals. Moreover, it would be important to check these relations
by evaluating explicitly all the integrals. This is a quite hard task which goes beyond the
scopes of the present paper.

We conclude with an important observation. If rigorously proved, identities (4.8) would
have strong implications for the defect CFT defined on the bosonic Wilson contour. In fact,
for any local or nonlocal operator O localized on the contour of the WL, the expression

(TeP(e-i £ trLnD0)
<Tr7)e—i § dTLbOS(T)>f

(O)s = (4.27)

defines correlations functions in the one-dimensional defect CFT on the circle. Interestingly,
the defect CFT would depend on the framing we choose. In this language identities (4.8)
would read

(Wap)1 =0, n=1,2,-- (4.28)

These equations would then impose strong constraints on the defect CF'T with interesting
implications on the corresponding boostrap program.

5 Conclusions

In this paper we have investigated the class of 1/2 BPS WLs in A/ = 2 SCSM theories fea-
tured by constant parametric couplings to matter scalars and fermions. Beyond the bosonic
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WL that contains only couplings to scalars, we have found an infinite family of fermionic
WLs. In general, the corresponding connections cannot be decomposed as double-node
connections and cannot be interpreted as superconnections of a supergroup. Nonetheless,
the new fermionic 1/2 BPS WLs are classically cohomologically equivalent to the bosonic
1/2 BPS WLs.

In order to exemplify the general results, we have revisited the case of ABJ(M) theory
and N = 4 orbifold ABJ(M) in N' = 2 language, and studied in details the A/ = 2 orbifold
ABJM theory. In N'= 4 and N’ = 2 orbifold ABJM theories, some of the newly found BPS
WLs can be obtained from the orbifold decomposition of the 1/2 BPS WLs in ABJM theory.
For these operators we have identified the corresponding gravity duals by direct orbifolding
the brane configurations dual to 1/2 BPS WLs in ABJM theory. Whether gravity duals
of more general BPS WLs can be identified is an important open question that requires
further investigation.

We have discussed the cohomological equivalence of the fermionic and bosonic BPS
WLs at quantum level by studying their expectation values up to two loops. In fact, since
at this order the superpotential couplings do not enter, it happens that the arguments and
well-based speculations of [30] lead to cohomological equivalence in any N/ = 2 CS-matter
models as in ABJ(M) theory. We have further conjectured that in general the cohomological
equivalence may occur in the stronger version of eq. (4.8). Since this condition would have
far-reaching implications for the defect CFT defined on the bosonic WL contour, we plan
to further investigate it in the future.

For the ordinary WLs along closed curves in gauge theories, we can take the trace in
any representation of the gauge group. In four dimensional N' = 4 super Yang-Mills theory,
the BPS WLs in higher dimensional representations have elegant holographic description
in terms of D-branes [39-43] or bubbling geometries [44-46]. For 1/2 BPS fermionic WLs
in ABJ(M) theory, the trace can also be taken in higher dimensional representations of
the supergroup U(Ni|N3) [47]. As we already stressed, in general the connection Ly,
constructed here is not a superconnection with respect to a supergroup. This raises the
question whether, for these WLs along closed curves, we can take the trace in some analog of
higher dimensional representations mentioned above. We would like to leave this interesting
question for further work.
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A Spinor conventions in three dimensions

In this Appendix we collect our spinor conventions, both in Minkowski and Euclidean
signatures.

A.1 Minkowski spacetime

In three-dimensional Minkowski spacetime we follow the convention in [33, 48], where the

reader can find more details. We use coordinates z# = (2°,z!,2%) and metric 7, =
diag(— + +). We choose gamma matrices

Vo = (i0%,0,0%) (A1)
where o123 are the Pauli matrices. They satisfy y#49” = n#¥ + e#P, with €912 = 1. Note

the spinor index o = 1, 2.
The charge conjugate of spinors is defined as

O =02, 0% =0, (A.2)
The spinor indices are raised and lowered as

0 =05 | 04 =cas0” (A.3)

where €12 = —g15 = 1. We also define the shorthand notation

0 = 00, (7'0)a =74 05, (09")* = 09415, Oy = 0% s (A4

On the straight line z* = (7,0,0), we introduce the bosonic spinors

LY e
uia:\/?<:|:i>v u:ﬁ:_ﬁ(:‘:a 1) (A.5)

and decompose a generic spinor as
Oo = Uyl +u_q04 (A.6)
where 61 are one—component Grassmann numbers. The product of two spinors now reads
0y =i(019- —0_vy) (A7)

A.2 Euclidean space

In Euclidean space we follow the spinor conventions of [48]. We use coordinates x# =
(2!, 2%, 2%) and metric §,, = diag(+ + +). We choose gamma matrices
’Y”aﬁ = (_027 017 03) (A8)

that satisfy y/y" = 0" + ieh"Py, with '3 = 1.
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The spinor indices are raised and lowered as

0% = %05, 0, = ca50” (A.9)

where €12 = —g15 = 1.

In Euclidean space 6 and 6 are independent spinors. For a general spinor 6 one can
define 61 that satisfies

0r =01, 9 =01, 01" =0,, OF =—6° (A.10)

Formally one has 61t = —@.
We use the shorthand notation

0 = 0o, (Y'0)a =" 05, (094")% = 0°9"5", 01 = 679", g (A.11)

For the circle z# = (cos7,sin7,0), we choose the u, spinors as

1 e_% i —e_%
U = = i y U = —= it
o \/§ e% “ ﬂ ez

1 iT it l it it
uf = \ﬁ (e7, —e_7> , ut = \ﬁ (eT,e_7> (A.12)
We decompose spinors in Euclidean space formally in the same way as in Minkowski space-
time, see eq. (A.6). The product of two spinors is still given in (A.7). However, the uy
spinors are defined differently, and in particular in Euclidean space they are not constant.

B BPS WLs in ABJ(M) theory

In this appendix, we review 1/6 and 1/2 BPS WLs in ABJ(M) theory, including both line
WLs in Minkowski spacetime and circle WLs in Euclidean space [10-13, 16, 17]. We also
reproduce these known WLs using the general construction of sections 2.1 and 2.2 valid for
generic NV = 2 SCSM theories. This requires a notational translation from what we call
ABJ(M) notations to N/ = 2 notations, which we describe in details. For 1/2 BPS line
WLs in Minkowski spacetime we also review the construction of (anti—-)M2-brane duals in
M-theory.

B.1 1/6 BPS line WLs in Minkowski spacetime

The U(N1)g x U(N2)— ABJ(M) theory [6, 7, 49] is usually written in manifest SU(4)
R-symmetry notations. Gauge fields A, B, corresponding to the two nodes of the quiver
diagram in figure 9(a) are linked by ¢, 9!, I = 1,2,3,4 bosonic and fermionic matter
fields in the bifundamental representation of the gauge group and in the fundamental of
the R-symmetry group. The SUSY parameters are 67, 8,7, 917, 915 with

_ _ 1
QIJ — _QJI7 (QIJ)* _ 9[]7 9[] — 56IJKLGI(L

. - 1
W =TT () =, D1 = §EIJKL79KL (B.1)
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Z12G12

Z34 G34
(a) (b)

Figure 9. The quiver diagram of ABJ(M) theory in (a) ABJM notations and (b) A/ = 2 notations.

Here 617, 6;; are related to Poincaré supercharges, and 9!/, J;; are related to supercon-
formal charges.

In Minkowski spacetime, the bosonic 1/6 BPS WL along the line z# = (7,0,0) is
defined as in (2.8) with connection matrix [10-12]

. 2 - 2 _
Lios = diag (Ao + ?Rfmm‘f, By + ?Rfm‘fcm)

Rl ; = diag(—1,-1,1,1) (B.2)

Fermionic 1/6 BPS WL Wi, can also be constructed as in (2.10), which correspond to the
superconnection [16, 17]

Ao+ U 6197 \/ A (apl + yrpl)

Lfer = _ _ _
E =Bt —pred’) By + ZU 79

(B.3)

where the couplings to matter are featured by constant parameters

—1+28%ay —28'as
—26%a; —1+28'a;
1—20%3, 26%3,
26453 1 — 26373
(= = I _ (al 2 _— -~ = I _ 3 <4
ar = (OZl,OZQ,0,0), B - (B 75 7070)7 Y= (0707737’74)7 0 = (07075 76 )
satisfying the BPS constraints
120" =548 =0 (B.5)

The corresponding preserved supercharges are 91+2, 634, 191+2, 934,
Similarly, along the line z# = (7,0,0) we can define Wyos, Wier operators with connec-
tions

= . 2 - 2 -
Lios = diag(Ao — ==R' 616", By — T=R' ;6" ¢1)

Ao = 22U 0197 A (@ +9h)

fffer == _ _ _
V(=B + 18T By — ZUL ¢ ¢,
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where the constant parameters are the same as in (B.2), (B.4) and satisfy the same con-
straints (B.5). The preserved supercharges 02, 0?;4, 912, 19‘14 are complementary to the
ones preserved by Wyos, Weer.

Whos and Wy, operators are cohomologically equivalent, and that is their difference is
Q(something), where Q is a supercharge preserved by both WLs. Similarly, one can prove
that Whes, Wier are cohomologically equivalent.

In order to make contact with the general WL construction presented in the main
text, we rewrite the ABJ(M) theory in N' = 2 superspace formalism. This is obtained by
identifying N'= 6 and N/ = 2 SUSY parameters as

02 =03=0 0> =0,=0 I9P=0yu=09 P'=0,p=9 (B.7)

The ABJ(M) theory in N/ = 2 superspace formalism has only SU(2) R-symmetry
invariance manifest and corresponds to the quiver diagram in figure 9(b). The two sets of
fields are related by

Au = AE})7 B,u - A‘ELZ)7 (Z)I = (Zla ZQ; 237 24)7 wl = <_C27 Cla _547 53) (BS)

Using the general construction of WL operators in section 2 and adapting it to the
ABJ(M) case, we find that the Wy and Wi, operators along the line z# = (7,0,0) and
preserving supercharges 6, 6_, ¥, 9_, have connections (2.19), with the gauge auxiliary
fields given by

9 _ o _
0(1) = %(lel + ZQZ2 — ZSZB — Z4Z4)

o _ _ _
o) = %(2121 + 272y — Z32° — Z42°) (B.9)

and matrix couplings
lel + m2Z2
m3Zs +m*Z,
ngZ3 +ny 24
N — i ™ 4
anl + 7”LQZ2
( m'Cry +m*Caoy )

m3Csy + m*Cay

=3 4
n3C2 + ngC-
Ne={ , 3=+ Mg (B.10)
n1(- + no(2
The coupling parameters satisfy the BPS constraints
mb2mt = n1,2M34 = 0 (Bll)
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It is now easy to verify that redefining the parameters as

4 4 4
=4/ %072, m? \/ al, m3 = \/ 7T(54 m* \/ g3
47 47 4
ny = ?527 ng = 51 ng = \/ Ay na= —\ %8 (B.12)

and using relations (B.8) between the two sets of conventions, we reproduce exactly the
ABJ(M) WLs in (B.2), (B.3). Similarly, from the general construction in section 2 for BPS
WLs Whos, Wier and applying the same notational translation, we reproduce the ABJ (M)
WLs with connections (B.6). This is a consistency check of our general construction.

B.2 1/2 BPS line WLs and their gravity duals

For special values of the parameters in (B.4) the number of supercharges preserved by W,
err can enhance. For instance, it has been proved [13] that connections

ala n T =
_ AO"’%(d{]— 2‘a|2J)¢I¢J \/4» I¢+
L1/2[0£[] - 4r 7 ol 2w (5T 2alaz\ 77
\/;QIZU*W Bo + ?(5J ~ Ta? )¢ o1
ola I T =
~ B AO_%((S{I—Q‘QPJ)QﬁIQﬁJ \/4» le
Ly polar] = ~ g, B _ (sl _ 2alas\ 37 (B.13)
% I+|a‘2 0 k:( [a]? )¢ ¢I
with constant parameters
ar = (aq, ag, &z, ay), ol = (ar)*, |oz|2 =asal #0 (B.14)

give rise to 1/2 BPS fermionic operators W s5[az], W, /2[a] that preserve complementary

supercharges
N TOKL 5,917 J oKL
a0y, ergrpo’6” om9+ , €rJrLa” v
_ LT J KL J oKL
arf®t, errral 08, art, ey pal ok (B.15)

These operators can be obtained from (B.3) and (B.6) with constant parameters (B.4) by
setting /12 # H34 = 63* = 0 and performing a R-symmetry rotation (a1, az,0,0) —

(G, ag, a3, Oug).

For these 1/2 BPS operators gravity duals have been found [13, 33|, which we now
review.
The ABJM theory is dual to M-theory in AdSy x S”/Z;, background

1
ds? — 32(16@ as, + dsZe /Zk) (B.16)

where the metric of AdSy is

2

dsiqs, = u*(—dt* + daf + da3) + (B.17)
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and embedding S in C* as [10]
B 2! i&1 1
= — —et _- — 2
21 = €os 5 cos e, & 4( ¢1+x +Q)
0, . 1
zgzcosgsinée@, §2=—i(—2¢>1+x+0

0y . 1
23 = singcos 528153’ &3 = _1(2@ —x+Q)

02 | 1
24 :sinésin et gy = ——(—2¢2 — x + () (B.18)
2 2 4
we can write
ds. — L7 oo 2B 00 | o 2 Lo B o 2
S§T =4 dp” + cos §(d01 + sin® 61dyp7) + sin §(d92 + sin” G2 dp3)
+ sin? gcos2 g(dx + cos B1dp1 — cos 02dg02)2

1 2 B Yy 1 2
+ (§d§ + cos 5 €08 01dpr + sin 5 €08 Oadpo + 5 cos de) } (B.19)

Here 3,612 € [0,7], &1234 € [0,27], so that ¢12 € [0,27], x € [0,47], ¢ € [0,87]. The
M-theory cycle is taken along the ( direction.
The orbifold projection is realized by the Zj identification

27i

(21, 22,23, 24) ~ €k (21,22, 23, 24) (B.20)

or equivalently ¢ ~ ( — 8?”.
The general solution to the Killing spinor equations in M-theory on AdSy; x S” back-
ground reads [10, 33]

€= u%h(fl + atyue) — u_%'ygheg pw=0,1,2 (B.21)

where €1, € are two constant Majorana spinors satisfying v9%¢; = ¢;, i = 1,2, and

[ 0. p
h = eg(734*'Y7h)671(735*7%)e%(’)’46+"/79)e%73n6%7586%;’7476%')’69 (B.QQ)
Here y4, A=0,---,9,5 are the eleven dimensional gamma matrices, and 7o1234567895 = 1.

We decompose 74 in terms of gamma matrices y4—0,1,2 in R'? and [p=3,.. 94in Ct*~R®
as

'Ya:—’Ya®F7 a:07172
Vp:]-@Fpa p:37"'797h (B23)

Correspondingly, €1, €2 get decomposed into direct products of Grassmann odd spinors 6, 9

in R1? and Grassmann even spinors 7 in C* = R8
e ~0®n e~ (B.24)

The €; decomposition is related to Poincaré supercharges # and the e one is related to

superconformal charges 9.
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We write the 7 spinors in terms of gamma matrix eigenstates (a similar procedure
applies also to 1)

Ly =itin, Dssn =itan, Larn =itsn, Teon = itan (B.25)

with t; = &+ for I = 1,2,3,4. They satisfy t1totsty = 1 as a consequence of the constraint

012
e
eigenstates

1 = €1. The ¢; Killing spinors can then be expressed as a linear combination of eight

(t1,t2,t3,ta) = (+ 4+ ++), (++ —=), (+ = +=), (+ — =),
(—++-),(=+—4), (= =++),(=———) (B.26)

where each of them corresponds to one real degree of freedom. In the order of (B.26), we
then write

8 8
a=) 0en , o= Vo (B.27)
i=1 i=1
For the Killing spinor (B.21), the quotient (B.20) leads to the constraint
£3<6 =0 (B.28)

which gives
(v35 + 58 + a7 + Ye9)ei =0, i =1,2 (B.29)

which on the decomposition (B.25) translates into
ti+tao+ts3+t4=0 (B.30)
The surviving states in (B.26) are then

(t1,t2,t3,ta) = (+ + =), (+ —+=), (+ = —+),

(—++-), (= + =), (= —++) (B.31)
Defining
92 _ 912 — _921 93 — 913 — _6)31 04 — 014 — _041
95 — 923 — _932 06 — _024 — 042 97 — 934 _ _943
192 — 1912 — 7,(921 193 — 1913 — 71931 194 — 1914 — 71941
195 — 1923 _ _1932 196 — _,&24 — 1942 197 — 1934 _ _1943
M2 ="nN12=—N21, N3 =13 = —N31, M =N4= N4
N5 =123 = —132, 16 = —T24 =142, N7 =134 = —1)43 (B.32)
we obtain . )
€1= 591 @nr , €= 519[ @ nr (B.33)

where I runs from 2 to 7.
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The 1/2 BPS operator W js[a;] along the line z# = (7,0, 0) and corresponding to the
superconnection Ly j[ay] in (B.13) is dual to an M2-brane embedded as ¢t = 0°, 21 = 25 =
0,u = o', { = 0 and localized at a point specified by the complex vector [33]

I A 4
- (cos s cos ﬁefi(wlﬂﬁo, cos 5 sin ﬁefi(ﬂd)ﬁﬁo?
o] 2 2 2 2
sin g cos %efé(wz*)ﬁo, sin g sin 927267&(72@—;&()) (B.34)

The 1/2 BPS WL W, s2[@z] is dual to an anti-M2-brane at the same position that is specified
by a;.

The gravity duals of the 1/2 BPS WLs in ABJ(M) theory are helpful for identifying
the gravity duals of some BPS WLs in AN/ = 4 orbifold ABJM theory [18, 33], as we will
review in the next appendix, and for identifying the gravity duals of some WLs in N = 2
orbifold ABJM theory as described in section 3.

B.3 Circle WLs in Euclidean space
In the Euclidean version of the ABJ(M) theory we can define BPS WLs along the circle

¥ = (cos,sinT,0) (B.35)

In ABJ(M) notations, 1/6 BPS operators Whes, Weer, Whoss Wier correspond to supercon-
nections

. . 271 - ) 27i -
Lyos = dlag(Aux“ - 7R1J¢I¢J7 B;ﬁ“ - 7R1J¢J¢I)

Ayt = 28U 697\ [ (@t +Ayh)
\/ A (—p_ Bl +4pri6h) Buit — 2UL ¢ ¢

- i _ 27 _
Lyos = diag(4,d" + =R 16167, Bui + ==R' ;6761

Ayt + 22U 6107 5@yl +39l)
V E W 81— Pro8') Buit + U 67 ¢r

Lfer =

Lier = (B.36)

with the same constant parameters R!;, U’ a7, 81, 71,67 in (B.2), (B.4). Wies, Wier
operators preserve supercharges

91 = —ing0?, 93 = iy0% (B.37)
whereas Wbos, err preserve the complementary set
912 = iyg012, 93 = —iy303t (B.38)

Whos, Wbos are related by a R-symmetry rotation I = 1,2 <> I = 3,4, whereas the W,
Wier Operators are related by a R-symmetry rotation I = 1,2 <+ I = 3,4 plus a parameter
redefinition a; < 77, B < o67.
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1/2 BPS operators W s[ay], W, s2[] can also be defined in Euclidean signature. They
correspond to connections

. i I 7 T =
L (AemE - eees e
UQ[OH] B 4 7 of B, it 2mi 5[ QaI&J 7J
—\ & V- [ap it = (0] — =t ol o
. 1 15 7 _
2o (A () - 208, Vian! b
1/2[&[] - A T OCI B L 27ri 6[ QQI&J <J ( . )
% VIt 1ap i+ ZE (0 — =) d) o
The W, /2[64 1] operator preserves supercharges
d[ﬁl‘] = —i@]’)@,@l‘], EIJKLOéJ’ﬁKL = 1’736[JKL04J¢9KL (B.40)
while T/, s2l@ 1] preserves complementary supercharges
64[19[‘] = 154[739[‘], GIJKLaJﬁKL = —1736[JKL04J9KL (B.41)

C BPS WLs in N = 4 orbifold ABJM theory

As a further check of our general construction we now apply it to the case of N = 4 orbifold
ABJM theory and show that, under a suitable change of notations, it reproduces the known
1/4 BPS WLs found in [18].

General circular quiver N' = 4 SCSM theories were constructed in [50, 51|, while
the special case of NV = 4 orbifold ABJM theory was introduced in [22]|. For gauge group
[U(N)g x U(N)_g]" it can be obtained by applying a Z, quotient to the U(rN)x x U(rN)_g
ABJM theory. The SU(4) R-symmetry is broken to SU(2) x SU(2), and we decompose
the R—symmetry index as

I=1,243—i=1,2i=1,2 (C.1)

We can write the theory in ABJM notations as in figure 10(a), or in A/ = 2 notations,
as in figure 10(b), under the supercharge identifications 6! = éﬁ =0, 62 = 511 =0,
UARIES 522 =19. The two notations are related by

A}(ﬁg—l) _ A}(gé—l)’ B;(L%) — A0

1]
20 20) 5 20—1 20-1)
¢§ )= (Z£ )>Z(22e))7 ¢§ )= (Zi )7Z?2£71))
i 20) = i 20—1 b
1/’(2@ = (d )7C(22z))7 1/’(25—1) = (- zi )v _Céé—l)) (C.2)

From the results in section 2 we obtain the 1/4 BPS WL W5, Wier in N = 2 notations
with connections

Lios = diag(A;(}) _ 0(1)7 AQ) 0(2)7 e 714(21”) _ 0(27‘))
Liex = Lpos + B+ F, B=MzNz+ NzMz, F =M+ N; (C.3)
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(20-2 20-1) 2)
¢! )W(z/ 2) . ¢( UJ(211 . sl lll(zl)

k -k
(a)
2(12/-2) (1(2/—2) Z(2/—1) ((2/-1) Z(2/) 4-(2/)
> ) 4 N\ A
(AF") (A )

. n \/ n N o
Z(2/ ((2/ 2) Z(z/ 1) ((2/ 1) K 2(22/) é2/)
(b)

Figure 10. The quiver diagram of N' = 4 orbifold ABJM theory in (a) ABJM notations and (b)
N = 2 notations.

with
_ 20—2 20-1) 5 5 20—2 > 20—1
o2 = k (Z( )Z(ze 2) + Z( )Zéefl) o Z(zzzfz)Zé - Zé@fl)Zf’E ))
2m = 20 = 201 20 20—1) 5
o) = ?(Z(lze)zf '+ 2y 27— 2020y — 277V 2y ) (C4)

The nonvanishing blocks of the matrices Mz, N, Mg, N¢ are

[Mz)(20-1,20) = M90_1)Z4 @1 [Mz)(202041) = m%gg)zéw
[MZ](2020-1) = m?% 1)Z(2£ 1)7 [Mz]2041,20) = m%zg)zfé)
INZ)2e-1,20) = 57 1)Z(ze 1y [(Nzl@e2er1) = ”g%)Z(lze)
[Nzl(20,20-1) = ”51%_1)2(42@ 1y [NZler120 = n;%)Z(Q%)
[Mc)(20-1,20) = M1y 44% v [Mc)(20,2041) = Mg Czw
[Mc)20.20-1) = 7?2@ 1 ngf v [Mc]2011,20) %2 C12e)
[Nel(2e-1,20) = ngﬂ I)C(zz - [(Nel@e2ern) = 12 C(Qz)_
NGt 201y = i ”c(%_l)_, NG ae11,20 = 75 ooy (C.5)
with constraints on the parameters

méé—l)m?ﬂ—l) = m?ze N %2@-2) = m?2e—1) %2@) =0

Ma0) T a0y = Mian)Mag—1) = Mian)Miagp1) =0

PPN EED 2D, 26-0) i) (0

(2020 20, 201 00, 06D (C.6)
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By redefining the parameters as

il =\ 2o iy = =\ ok

Mot = 4%5(225—1)’ Mge—1) = _\/fagwn
(20 _ 4% 5(1%)’ (20) 4%’_%2@)
@e-1) _ _ 4%%2@4)7 (20 _ 4%5(125_1)

(C.7)

and taking into account relations (C.2), we can write the 1/4 BPS WL along the line

xz#* = (7,0,0) in ABJM notations.

The connection of the bosonic 1/4 BPS WL W), reads

LbOS - dlag(A(1)7 6(2)7 Ty A(ZT*1)7 B(QT))

whereas, for r > 3 the connection of the fermionic 1/4 BPS WL Wi, is

A(l) fl(l) hgl)

f2(1) 8(2) 1(2) h§2)

hgl) f2(2) A(3) f1(3)

2 3
|

2r—1 2r
P e

th'r)

hg2r—3)
f1(2'r—2) th'r—Q)

thTfl) h§2r73) f2(2r72) A(gr_l) f1(2r71)
1(27‘) thT) h(227‘—2) f2(2'r—1) B(QT)
and for r = 2 it is
.A(l) 1(1) hgl) +hg3) f2(4)
| e e e
ARSI L R
O g
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Here we have defined

3 _ 2m
ACED = AR (U(% ner Plar—z) + Ut o for- 1))

k

2w
B2 = B — k& ( (20) J¢]2£)¢ + Uap)* ¢]2£ 1)¢(2Z K )

R = \/f(agﬂl)w(ze R 1)_)
0 = (525~ 00

f2(2£71) = \/>(1/112£ Y ﬁ% 1) 1/’(% Y 5(24 1))
2 = ﬁ (a5 oy + 9500 -)

20—1 20-1) 2 2T i 7 2041
g )——?U% 0587 oy 1 = =T U 0t
(20-1) (20) (200 27 i (20)
hs - _?U% 1) ¢ “ (20-1)° hy™ = _?U(%) j¢€2£+1)¢z‘

with constant parameters
Ue— 1) ji= dlag(l - 2@(2 )5(1212—2)a*1 +27§2£ 2)5(% 2))
Upe-1y'; = diag(1 — 20‘5% 1)5(1%—1) —1+2% - 1)5(24 1)
Upe'; = diag(1 — 2a'*7 5L, —1+2776%,))
Uge'; = diag(1 — 2a(% 1)/3(215 1), — 1+ 27;2@1)5(2%_1))
Ugarny'; = diag (261" 1)5( 20)) — 27 2 1)5(%))
Ue—1)' = diag(%é%)ﬁée_l) 2’75%)5(24 1)

Uge'; = diag (20752“1)5(12@ _27(2“1)5(%))
2
U 2e) ]—dlag(%é /3(zz+1 27; )5(ze+1))

The parameters are subject to the constraints

_(20—1 _(20—1 _(20—1) ¢
g )5(2e )= ag )5(212 2) = Oég )5(2 20) =
~(20) <2 7(26) 529 52
8oy = 5 0 gy = @y 0%y =0
20—1 _(20-1 _(20-1
é )5(26 1) = 75 )5(1% 2) = 75 )5(12@) =0
( _(20)

20 (2t
)ﬁ (20) = ( )5(25 n = ’72 6(2£+1 =0

(C.11)

(C.12)

(C.13)

We have exactly reproduced the fermionic 1/4 BPS WL in [18]| preserving supercharges

11 22 11 22
0+, 0=, ﬁ+, 9=

(C.14)

Similarly, from the 1/2 BPS WL Wier in section 2, we can construct a 1 /4 BPS WL in

N = 4 orbifold ABJM theory that preserves supercharges 91}, 922, 191}, 19?2.
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In general, we do not know how to construct the gravity duals of BPS WLs in N’ =4
orbifold ABJM, directly. However, for WLs that can be obtained by an orbifold quotient
of the 1/2 BPS operators of the ABJM theory, we can exploit their known gravity duals
[18, 33] and obtain the corresponding ones in ' = 4 orbifold ABJM theory by taking their
orbifold quotient.

The N = 4 orbifold ABJM theory is dual to M-theory in AdSy x S7/(Zx X Z,) space-
time |22, 52, 53|

1
ds? = R2<Zd52Ads4 stz (C.15)

where the metric of AdSy is given in (B.17), the metric of S7 in (B.19), and the Z,; x Z,
quotient is generated by

(21, 22, 23, 24) ~ ek (21,22, 23,24), (21, %22,23,24) ~ (€77 z1,e v 29,23, 24) (C.16)
which is equivalent to
8 47 47
CNC_ia X~X——» CNC—* (C17)
rk T r

Performing the quotient of the 1/2 BPS operators W1 j5[a;] and V~V1/2 [a7] in ABJM theory
corresponding to connections (B.13), we obtain 1/2 or 1/4 BPS WL in N/ = 4 ABJM
theory, depending on the value of ay. The operator coming from W [ar] is dual to an
M2-brane that wraps a cycle in the internal space specified by &j, whereas the operator
from W, s2[az] is dual to an anti-M2-brane that wraps the same interval cycle.

D Connections for 1/2 BPS WL in N = 2 orbifold ABJM

In this appendix we collect the connections for 1/2 BPS WL in N/ = 2 orbifold ABJM when
r =4,3,2. With definitions (3.10), we have for r = 4

A o AR o
A 0 A® 0o aP4nd
P 4nld o AB) 0
R B S A@
BW o aP+nd o0
5 0 B® 0 AP +ndY
DR S B®) 0
o P +rP 0 B®
IR RIS R
(1) (@) p2) (1) () ((2)
0 0
f]_: f5 fl f3 , f2: f4 f2 f6 (Dl)

0 £ A 5
f:§4) 0 f5(3) f1(4)

0 17 A5
1§00 Y
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forr=3

AW @ B0 BO 1P A
A= | 2 4@ Q) |, B=| n? B nf
hY Y A® hsY nY B®)
fl(l) fs(l) 5(3) 2(1) él) Zi?))
o= 2@, = £ PP (D.2)
f§3) f5(2) 1(3) é3) 22) 2(3)
and for r = 2
A <A(1> + 1Y+ n 0 )
0 A@ 1 p® 4 p)
5 (B +nY 4+ n{) 0
- < 0 B@ 4 ny) +h§f)>

ﬁ)19+ﬁ»
f§2) + 5(1) f1(2)

1 1 2
pe (0 1 3
éZ)_'_fil) f2(2)

E Lagrangian and Feynman rules

In Minkowski spacetime, from the superspace lagrangian (2.4) we obtain the relevant terms
in components

ka v a a 2 a a a
Los =y Tue PTr(Alg 10, AL + T AW AL A >)
=(ba i . =(ba i
Ly = ZTT(_DuZi( )D#Z(ab) + 1@;( )VNDMC(ab)) (E.1)
a,b

By standard Wick rotation, the lagrangian in Euclidean space is given by

ika v a a Qi a a a

Los ==Y Toe pTr(A,g 10, ALY 4+ S AW AL A >)
=(ba i . =(ba i

Ly =Y Te(DuZ " DP 2 — i D) (E.2)

a,b

Here the definitions of covariant derivatives are

Dquab) = @Z@b) + iALa)Zgab) - iZ(iab)Aﬁ’), (E.3)
Doty = OuSlan) + 1ALy — iClan) AL (E4)
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We work in Landau gauge for vector fields. Tree and one—loop propagators are drawn in
figure 11. In dimensional regularization, d = 3 — 2¢, their explicit expressions at tree level
are

- T3

1 (5 =€) epup(z —y)?

(a) q (b) s (0) _ sabgssa_—
<Ali p (JJ)AZ, T (y)> 1) 5p5r ka 71'%_6 ]m—y!3’2€

i 7(cd) s el ¢S F(i_ ) 1
(Ziypt () 2505 () = 58555165082

—_

J JjupeT Ams—€ |I_y|1—2e
i q ~(cd) sp (0) _ :sdscsiss qF(% —¢) ’Y,uﬂtﬁ(x_y)u
<C(ab)p a(m)gj r (y)> :15a6b5j5p5r 9 - ]w—y]3_26 (E5)
T
whereas their one-loop corrections read
201 4e
(a) q (a) s (1) _ sssq (Nab + Nba)NbF (§ 7 6) 5!“’ o 8#‘911’35 — y|
(A" (@) A7 () 51’5"%: ka Arl—2e (\x—y\He 4e(1 + 2¢) )
2/1
i “(ed) 58, W) _ _ssdgesisssasd(Na | Ne\I7(5 =€) 1
<C(ab)pqa<x)<j r (y)> - 16a5b6j6p5g5a ( ke, + kb) ]2—2€ |IL' — y|2,46 (EG)

Here the latic indices p, g, r, s are color indices.

NMVWVWWWWWY - ———————————— e

Figure 11. Above: The tree propagators of gauge, scalar and fermionic fields. Below: The one-loop
propagators of gauge and fermionic fields, respectively.

From the lagrangians in (E.2) the cubic vertices of figure 12 are given by
ka v a a) r a
30 g [t A, ) AL ) A2

=3 [l AL @G @) = e @AD @] (E)
a,b

Figure 12. The pure gauge vertex, and the mixed gauge—fermion vertex coming from the minimal
coupling lagrangian.
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F Details on the perturbative computation

In this appendix we give the explicit expressions of the intergrals corresponding to diagrams
in figures 3-8. The intergrals are defined as

NG
@ = k—azéf) (F.1)
a

Z ab+NbaNNbI(f) ZN NI(f
ab-l-NbaNNb f)
Zk EEDIF Z f) (P
@ =" nin, Na N, (F.3)

N2N,
= Z mabnba + mbanzb) Z‘ bIé{t)))
a
N2N,
Z (mE miaT5to + i nea T3) =3
_ _ )\ Vo N
= Sy + ) S, (F.4)

Z my nbamacn] —{-mbanzbm J YNy NyN.. (())

a,b,c

= 3" (mfnj,me CQI%)) + bl me ‘Cj;{g))NaNch (F.5)

a,b,c

: [22 (m3ni )3 No Ny, + Z (m$ni, nJ Jnddnk

a,b,c,d

—i—mbanflbm n{wmk“nad)NaNchNd} I(())

=+ > mnjmiend,mfnfNo Ny NN Z (M nh,)* NaNpTH)

a,b,c,d
J ad, k (f) ba, i J da, k
Z my nbam ‘nl, mi ndalg(c)—Fm NG 100, T, nadJS(C)
a,b,c,d

g np, el i ) INa Ny NeNg + > (180, PNaNo L)) (F.6)
a,b
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Using the Feynman rules in appendix E, the integral from figure 3 is given by

3 NNV
¢ TG —e Euvpdy TH T
I3 = —127 dTl>2W (F?)

where we have defined x; = z(7;), x4; = x; —x; and f dTt1>9 means a double contour integral
over 171 > To.
With similar notations, from figure 4 we obtain

2l —¢ R
(f _ 2 122
Liiay = —Wj{dﬁﬂwz_z;e

(3 —e¢ P Y 20V e o enaae pyn (T — 1) (2 — 22) (2 — 23)"

T — _ ?{d /d 17973 o EvBAE pyn

4(b) 271'2 T1>2>3 x z — x1|3 26’33 372’3 26‘1. _ x3\3—26

2(3 A\

(f) M <€uvkx1$2x125pan$3w4$34 )
I4(C) 1o dT1>2>3>4 1o 2| aa P2 + (1432)
j(f) - _% dr guvAj:lfj;gji\?)gpanfbgjij;&

4(c) 1—2 1>2>3>4 ’$13’3_2€|$24|3_26

2/1 s

n _TG-9 |1 |22

Lya) = T 4plo2e dTlﬂm (F.8)

with the symbol (1423) in Ii{g) indicating the term obtained from the first one by permuting

T1,2,3,4 = T1,4,2,3-
Similarly, from figures 5-8 we obtain

INES w14 B u
) = 169 ¢ dn>z(’x1”x2|u‘+gfn‘)g7’§? 2% (a1)) (F.9)
12
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2/1 s
n _ GG -9 |21 |22
Loy =~ A2—2¢ dri>2 |71

70 _ iFQ(% - 5)%dﬁ»(lil\lszlw(ﬁ)u—(ﬁ) 3 (21>>

6(b) 87T2—26 ’.’13‘12‘2_46
f) _ 2 3 xlgwp —x1)f
Lso) = 4772 f{d71>2>3/d 2z — @y P2
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