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1 Introduction and conclusion

In the presence of a boundary 3d A/ = 2 supersymmetric field theories can preserve N = (0, 2)
supersymmetry in such a way that the bulk fields satisfy certain boundary conditions.! In
addition, they can naturally couple to boundary 2d degrees of freedom preserving N = (0, 2) su-

'See [1-15] for various studies of ' = (0,2) boundary conditions.



persymmetry. Consequently, such BPS boundary conditions can enlarge the web of non-trivial
fixed points of 2d N' = (0,2) SCFTs and the elliptic genera of 2d N = (0, 2) supersymmetric
theories [16-18] are generalized to the half-indices of the 3d-2d coupled systems [1, 3-5]. The
half-indices can be decorated by introducing the half-BPS line defect operators supported on
a line perpendicular to the boundary preserving 1d N/ = 2 supersymmetry [5]. When one
expands such line defect half-indices of 1d-2d-3d system with respect to the fugacities, one can
count BPS local operators living at the junctions of line defects and the boundary. Identities
in the algebra of line defects lead to certain difference equations satisfied by half-indices as
well as supersymmetric partition functions on a compact 3-manifold [19-21].

In this paper we study the line defect half-indices or equivalently correlation function of
the line operators of 3d N/ = 2 supersymmetric SU(N); Chern-Simons theories with level
k < —N where the SU(N) vector multiplet obeys Neumann boundary condition. As opposed
to the cases with Dirichlet boundary condition for the SU(N) vector multiplet, the (line
defect) half-indices for such boundary conditions involve multi-dimensional matrix integrals
and they are not studied very well so far.?

The quantum consistency requires the non-Abelian gauge anomaly to vanish. For k = — N,
there is no gauge anomaly. While the half-index is trivial, the line defect half-index is non-
trivial as it implements a detector of the BPS local operator attached with the end point of
the Wilson lines, i.e. it counts the BPS operators in the conjugate representation of the gauge
group to the Wilson line. We find exact results for the case of Wilson lines in symmetric rank-%
or charge-n representations. We can also calculate a grand canonical ensemble of the charge-n
Wilson line half-indices and find that it has a simple expression in terms of Jacobi theta series
or as a difference of Appell-Lerch sums, indicating an interesting mock modular property.

For k being an integer with k < —N, the gauge anomaly cancellation can be naturally
achieved by introducing |k| — N boundary 2d N = (0, 2) Fermi multiplets in the fundamental
representation.? The 3d bulk and 2d boundary system has a dual description as the Dirichlet
boundary conditions of U(|k| — N) ) x pure Chern-Simons theory according to the level-rank
duality [5]. We find the closed-form g-series expressions of the half-indices which can also be
identified with the vacuum characters of the U(|k| — N)xy WZW models [5].

Besides, we can also obtain the bulk-boundary system with k a half-integer with k& < —N
by coupling an odd number of 3d chiral multiplets in the fundamental or anti-fundamental
representations obeying either Neumann or Dirichlet boundary conditions along with the
required number of 2d Fermis to cancel the gauge anomaly.* We mostly consider the case
with a single fundamental chiral with Neumann boundary conditions and |k| — N + 3 Fermi
multiplets, which has a dual U (]k| — N+ %) BN theory with a single fundamental chiral
where both the vector multiplet and the chiral have Dirichlet boundary conditions. This is
closely related to the boundary dualities discussed in [5].

2See [5] for the (line defect) half-indices for the Abelian cases and also for those with Dirichlet boundary
condition for the SU(NN) vector multiplet,.

30ther options include replacing a 2d Fermi multiplet with a pair of 3d chiral multiplets in the fundamental
or anti-fundamental representation with Dirichlet boundary conditions, or adding addition Fermi multiplets
each with a pair of chirals with Neumann boundary conditions.

4As with the case of integer k, a pair of such Dirichlet chirals can be replaced by a 2d Fermi multiplet and
vice-versa, or additional Fermis can be added together with a pair of Neumann chirals.



For N = 2 and 3 we analytically derive the exact closed-form expressions of half-indices
using the Jacobi triple product identity. In particular, we find exact results for the half-indices
and in the presence of symmetric rank-k or charge-n Wilson lines for SU(2)_2, unflavored
(the flavor fugacity x — 1) SU(2)_5/, and SU(2)_3. For SU(3)_3 we derive the result with a
charge-n Wilson line and implicitly also the symmetric rank-k case but we didn’t present
a derivation of this more lengthy calculation. Remarkably, we find that for SU(2)_5 5, the
half-index and the one-point function of the Wilson line in the fundamental representation
are identified with the Rogers-Ramanujan functions [22].

1.1 Structure

The paper is organized as follows. In section 2 we discuss NV = (0,2) supersymmetric
boundary conditions for 3d N' =2 SU(NN) Chern-Simons-matter theories with fundamental
chiral multiplets whose vector multiplet satisfies Neumann boundary condition. We briefly
review line defect half-indices or equivalently correlation functions of line operators which
decorates the half-indices. In section 3 we study the half-indices and correlators for the SU(2)
Chern-Simons theories. Using the Jacobi triple product identity, we analytically obtain the
closed-form expressions. In section 4 we examine those for the SU(3) Chern-Simons theories.
In section 5 we present conjectural formulas for general SU(N) Chern-Simons theories.

1.2 Future works

There are several open problems which we hope to report in future works.

o While we focus on computing the line defect half-indices for gauge theories with SU(N)
gauge group and Chern-Simons level £k < —N in this work, it would be interesting
to study the cases with different gauge groups, matter fields and Chern-Simons levels
to figure out the g¢-difference equations. In particular, those with an adjoint chiral
multiplet generalizes the dualities of N' = (2,2) and N = (0,4) boundary conditions
in [23, 24].

o In our previous works [14, 15] we found the confining dualities of boundary conditions
where the half-indices are identified with the Askey-Wilson ¢-beta integrals [25-30],
which are equal to infinite products. It would be interesting to generalize the integral-
product identities and figure out the boundary confining dualities with line operators.

o It would be nice to give analytic proofs of our formulas for arbitrary SU(NN) gauge
group. For higher rank gauge groups, they will be obtained from a certain multivariable
extension of the Jacobi triple product identity. We also expect that they can be
addressed by using the Fermi-gas method based on the determinant formula.

o The grand canonical ensemble of one-point functions of charged Wilson lines for SU(N)
pure Chern-Simons involves the mock modular Appell-Lerch sums. What is the physical
meaning of the shadow? Is there an interpretation in terms of a dual gravity theory?
This might be possible to understand from a brane configuration giving these 3d Chern-
Simons theories with boundaries but note that it is not straightforward to construct
such a theory with gauge group SU(N) rather than U(N) in 3d.



e« We have presented several g-difference equations relating half-indices to half-indices
with Wilson lines. It would be good to get a better understanding of the origin and
interpretation of these ¢-difference equations.

o There are different ways to construct the SU(N) theories with Neumann boundary
conditions for the vector multiplet. Cancellation of the gauge anomaly can be achieved
with different combinations of fundamental and anti-fundamental 3d chirals an 2d
fundamental Fermis. It would be interesting to understand the dual descriptions
in general.

2 CS theory with Wilson lines and boundary

In this section we briefly review relevant features of N’ = 2 supersymmetric SU(N) Chern-
Simons theories with boundary. In addition to the vector multiplet we consider fundamental
and anti-fundamental chirals as well as the possibility of fundamental 2d chiral or Fermi
multiplets. We focus on the case of Neumann boundary conditions for the vector multiplet
and present the anomaly polynomial. Cancellation of the gauge anomaly determines the
Chern-Simons coupling. We then discuss the half-index with the addition of Wilson lines.

2.1 Anomalies

For pure SU(N)j, theory at level k£ with Neumann boundary conditions for the vector multiplet,
Ny fundamental and N, antifundamental 3d chiral multiplets QQ; and Q,, with Neumann
boundary conditions, and M fundamental 2d Fermi multiplets we have anomaly polynomial [5]

N2 -1 N N NN
A =k Tr(s?) + N Tr(s?) + r?— (f Tr(s%) + = Tr(2?) + - 7")2)
Ny 2 2 2 2
©S VM, N QN
N, N NN, ;
- (2 TH(s?) + 5 Tr(#?) + 5 (b - T)Q) + M Tr(s%) + N Tr(32) . (2.1)

— Fermi
Qo N

Here s represents the SU(NV) gauge field strength, § the global U(M) field strength, r the
U(1) R-charge, = the global SU(Ny) flavor symmetry with U(1), axial symmetry, and & the

global SU(N,) flavor symmetry with U(1), axial symmetry.
We see that in order to cancel the gauge anomaly we must have Chern-Simons level

Nf+Na

b= (-
2

+ M) . (2.2)

Of course, for SU(2) antifundamentals are the same as fundamentals so we can always
set N, = 0.

Following similar arguments given in [5] we expect a dual U(M)_j __p theory with
Dirichlet boundary conditions for the vector multiplet, and Ny fundamental and NV, antifun-

damental 3d chiral multiplets Q; and éa with Dirichlet boundary conditions. In particular



the contribution to the U(M) anomaly matches above with

A~ —ETr(3?%) — (Tr(3))2 =M Tr(3%) + (Tx(3))% + % Tr(5%) + % ™(5%) .  (2.3)

Cs VM —
Qr, D Q;, D

2.2 Wilson line half-indices

As shown in [5] the half-index for the theories described here are built from the vector
multiplet with Neumann boundary conditions contribution

N-1 N-1 s
) (H ‘“) RGeS (2.4

i1 2misi ) icien

where the integral ensures gauge invariance and for SU(IN) we have the restriction on the
gauge fugacities Hfil s; = 1.

Including Ny fundamental 3d chirals with R-charge » and Neumann boundary conditions
we should include a factor

Nf N 1

1111

a=1i=1 m’ (2.5)

where z,, are U(Ny) flavor symmetry fugacities (which are often split into a U(1) axial and
SU(Ny) flavor symmetry fugacities). Anti-fundamental chirals give a similar contribution
with s; — 5;1 and x, — 2y for the U(N,) global symmetry.

Instead, Dirichlet boundary conditions for a fundamental would give contribution

Ny N
H H (qlfgsi_lxgl;q)oo . (2.6)
a=1i=1
On the boundary we can have 2d Fermi or chiral multiplets. In the fundamental
representation these Fermi multiplets with R-charge 0 give the same contribution as the
combination of a pair of fundamental and anti-fundamental 3d chirals with R-charge r =1
and Dirichlet boundary conditions up to an identification of flavor fugacities. In particular,
for M fundamental 2d Fermi multiplets we have contribution

M N
111 (¢2s7aisa) (2.7)
. o0
a=14i=1
where the Fermis are in the fundamental representation of a global U(M) symmetry.
To make the above statement precise, this is equivalent to the case of Ny = N, = M
where the 3d chirals have Dirichlet boundary conditions and we have specialized the U(N,)

-1
o

flavor fugacities Z, —

Also, note that with further identification of flavor fugacities, a 2d fundamental Fermi
together with a fundamental 3d chiral with Neumann boundary conditions and R-charge 1
gives the same contribution as a 3d fundamental chiral with Dirichlet boundary conditions
and R-charge 1. Specifically, there is a partial cancellation in the half-index contribution if

the 3d chiral and 2d Fermi both have the same flavor fugacity z.



We can include line operators ending at a point on the boundary. In particular we
consider Wilson lines. If the Wilson line is in a representation R of the gauge group the
half-index will be modified to count BPS states in the conjugate representation R, so that the
total configuration including the Wilson line is gauge invariant This is simply implemented [5]
by including a factor Trg s in the half-index. For example if we consider a Wilson line in
the fundamental representation of the gauge group we should include a factor Zf\il s;. More
generally, the irreducible representation (irrep) R of SU(N) is labeled by the Young diagram
A, for which we should introduce the Schur function sy(s). We denote by W) the Wilson line
in the irrep labeled by A. Alternatively, the power sum symmetric function

puls) = Y st (2.8)

associated with conjugacy classes of the symmetric group can be introduced. We will call
the Wilson line operator labeled by the power sum symmetric function p,(s) of degree n
the charge-n Wilson line W, and we will denote the half-index in the presence of such a
Wilson line by (W,,).

Instead, with Dirichlet boundary conditions for a U(M) gauge group we have vector
multiplet contribution

qg S22 (Y, mi)2 (H ul.cmi+7 > mj)

(2

; (2.9)

00 m,EZ Hi;éj (q1+miimjuiujil; Q)oo
and for other factors in the half-index we shift the gauge fugacities u; — ¢™iu;, with
the gauge fugacities u; all independent unlike for special unitary groups. Here k is the
effective Chern-Simons level and v encodes a possibly different effective Chern-Simons level
for the diagonal U(1) subgroup, in the sense that the overall anomaly polynomial has
contribution k Tr(8%) + ~(Tr(3))>2.

2.3 g-difference equations

Half-indices can satisfy g¢-difference equations which are constructed using operators which
scale fugacities by powers of ¢, e.g. * — gx. This provides one way to prove identities of
half-indices, e.g. if two half-indices obey the same first order ¢-difference equation and can
be shown to match for specific values of global fugacities. Several details and examples in
the context of half-indices are given in [5].

We will also see examples where half indices with line operators are related to the
standard half-index without a line operator. In the case of Wilson lines in SU(NN) theories
with Neumann boundary conditions for the vector multiplet this involves shifts of global
fugacities by fractional powers of ¢, in particular by multiples of ¢'/N. For example, in the
case of SU(2), if we label a half-index as Il(z;¢q) and with a line operator as (W) (z;q) where
x is a global fugacity, we find relations such as

I(q"?z;q) = —¢ 2271 (W)(z; q) . (2.10)



These fractional powers of ¢ can be understood in the context of non-Abelian line oper-
ators carrying fractional charge and spin which can be understood in terms of “Cheshire
charge/spin” [31-35]. In the case of SU(N) Wilson lines we find power of ¢'/V corresponding
fractional charges and spins in units of 1/N. However, we have not been able to understand
the precise structure of the g-difference equations and we leave that to future work.

2.4 Special functions and g-series identities

To derive some of the exact results we use the Jacobi triple product identity which can
be written in the form

@)ooz )0 (q71q)00 = Y (—1)Mgmm D/ 2gm (2.11)
This is equivalent to
(@@ @)ee =1 —2) Y (=1)mgmimt/2gm (2.12)

and this form is used in several derivations to replace products of g-Pochhammer symbols
with sums. In the case of Neumann boundary conditions for the vector multiplet, in general
this enables the half-index to be expressed as an integral of multiple sums. The integrals can
then be evaluated simply using the Cauchy residue theorem and the resulting sum can be
interpreted as a half-index with Dirichlet boundary conditions for a dual vector multiplet.

2.5 Rogers-Ramanujan functions

One intriguing result is that the following pair of functions occurs in the calculation of the
half-index and the one-point function of the Wilson line in the fundamental representation:

00 n2

q
Y O BR Dy

n=0
.y 1 _f=4A =%
= nl;[l (1 — q5n—1)(1 _ q5n—4) - f(—q) ) (2'13)
N g+
) _nzzjo(l—Q)(l—QQ)H-(l—qn)
T 1 _ fl=q,—qY
= nl;Il (1-— q5n—2)(1 _ q5n—3) - f(=q) (2.14)

where f(a,b) and f(—¢q) are general Ramanujan’s theta functions (A.8) and (A.11). The
product-series equalities (2.13) and (2.14) are known as the Rogers-Ramanujan identities
(e.g. see [36]). These identities are of the greatest significance in the theory of partitions
and number theory [36]. The function (2.13) is the generating function for partitions of
n into parts with minimal difference 2 with all parts greater than 0 or equivalently that
for partitions of n of the form 5k + 1 and 5k + 4. The function (2.14) is the generating
function for partitions of n into parts with minimal difference 2 with all parts greater than 1
or equivalently that for partitions of n of the form 5k + 2 and 5k + 3.



In section 3.2, we find novel physical realizations of the functions associated with
the Rogers-Ramanujan identities. It follows that the first function (2.13) and the second
function (2.14) are respectively identified with the half-index and the one-point function of
the fundamental Wilson line for SU(2)_5/ CS theory coupled with a single chiral multiplet
in the fundamental representation where the vector multiplet obeys the Neumann boundary
condition and the chiral multiplet the Dirichlet boundary condition. Consequently, we get
integral representations of the functions (2.13) and (2.14)

oo 1 2
Gla) = ?{ 2ms (% @)oo (qzsi; q)oo’ (2.15)
- Qa )oo 2 _
Hg) = g D= [ B () (ghta) (s s, (2.16)
With flavor fugacity z we find that
x qn2x2n oo :|:2 n 2
z_: 1—q)(1—¢q2)---(1—q" - %27725 <q2s v q) ’ (2.17)
o) n(n—l—l) 2n-+1 2
q x _ —1/2 )oo 7{ 2, -1

7; 1_q>(1 q2)(1—q") 271'7,8 (q2$ X3 q) (S+S )

(2.18)

The Lh.s. of (2.17) and (2.18) are sometimes called Rogers-Ramanujan functions [22]. More
general integral-series equalities and their physical interpretatoins are found in the study
of higher rank CS theory theories.

3 SU(©2)

In this section we evaluate the line defect half-indices for the 3d A/ = 2 supersymmetric
SU(2) Chern-Simons theory with Wilson line operators and Neumann boundary conditions
for the vector multiplet. We also include Ny fundamental chirals with Neumann boundary
conditions and M fundamental 2d Fermis. In fact, we will focus on the cases Ny = 0 for
integer Chern-Simons level and Ny = 1 for half-integer level. Recalling (2.2) we see that
the Chern-Simons level is

k:—<2—]\2]f+M). (3.1)

For gauge group SU(2) we have gauge fugacities s; and sy with a constraint sjse = 1.
This can be expressed in terms of a single independent gauge fugacity s where s; = s and
sy = s~!. With Neumann boundary conditions for the vector multiplet, the half index will
contain a contour integral w.r.t. s of the vector multiplet contribution multiplied by finite or
infinite power series in s to include the matter and/or line operator contributions.

3.1 k=—

When Ny =0 and M = 0, we find the consistent N = (0,2) BPS boundary conditions for
3d N = 2 SU(2) pure Chern-Simons theory with level £ = —2.



Unlike the previous cases, the theory has no matter field, so there is no non-trivial gauge
invariant BPS local operator at the boundary preserving N' = (0, 2) supersymmetry without
any insertion of line defect. In fact, the half-index is trivial

SU(2)—2 oo
jilli = ; =1. 3.2
N 2ms OO ( )

3.1.1 One-point function

Insertion of the Wilson line in the fundamental representation ending on the boundary is
not allowed in this case since there is no candidate that can cancel the gauge anomaly while
preserving A" = (0, 2) supersymmetry. In fact, it can be shown that the one-point function
of the Wilson line in the fundamental representation vanishes

(W) SU@ -2 _ (@ Do 7{ (i )(s +571) = 0. (3.3)

Non-trivial one-point functions appear for the Wilson lines transforming in more general
representations. We find that the one-point function of the Wilson line W3y in the rank-k
symmetric representation for k even is given by

<W(k)>SU(2)_2 — (_1)k/2qk(k+2)/8 ) (3'4)

while the one-point function vanishes for k£ odd.

This can be understood by noting that the half-index in the presence of a Wilson
line in some representation counts the BPS operators which can be combined with the
Wilson line representation to form a gauge singlet. In this case that means the operators in
representations which can be combined with the rank-k symmetric representation to form
a singlet. Now, the only boundary BPS operators are the gaugino A_ and its derivatives
D?A_ which are in the adjoint (or rank-2 symmetric) representation of SU(2) and contribute
fugacity —¢™*! in addition to gauge fugacities. To contract the gauge indices of the rank-k
symmetric representation we must take at least k/2 such operators, noting that for SU(2)
anti-fundamental indices are equivalent to fundamental indices. Since the gauginos (and

their derivatives) are fermionic these operators must all be distinct so the minimal choice is

/2 1
each n in the range 0 < n < k/2 — 1, giving fugacity [, /2 gt = (—1)k/2q Donzo (nt1)

(—1)k/2¢#(k+2)/8  We might expect higher order contrlbutlons (by including more derlvatlves)
but then there are other operators with the same fugacity where we replace some derivatives
by gauginos. This leads to cancellations since each gaugino contributes a factor —1, and
the result is that there is a total cancellation of such terms except for the minimal case
where there is only a single operator to contribute.

Let us give an analytic proof by directly calculating the half-index. All one-point functions
can be obtained if we can evaluate the matrix integral with a monomial contribution

ds o
Ia = (Q)oo Imis (3i2; Q)oos (35>

where o € Z.



We first use the Jacobi triple product identity (2.12) which gives

des Z (_1>mqm(m+l)/2(1 o 82)$a+2m ) (3.6)
7
m=—

I, =

The contour integral picks out only the terms with m = —a/2 or m = —a/2 — 1 so we see
that the result is zero if « is odd. Assuming « is even we find

Lo = (=1)/% (g8 4 golet)/5) (3.7)

So, for example if n = 2k is even the half-index with a charge-n Wilson line is

<W >SU - oof27T’LS (S ts n)
_ (—21) (¢ 1 g (k+1)/2)7 (3.8)

while this integral vanishes for odd n. Accordingly, we can also evaluate the one-point function
for rank-k symmetric representation Wilson lines W) for k even

k k/2
W) SU(2 Z s§ 52 = Z 320‘%) =1+ Z(s% + 3725>
a=0 ps=1

k/2
=1+ (-1) (QB(B—l)/Q + qﬂ([3+1)/2>

— (—1)R/2gR02)/8 (3.9)

3.1.2 Grand canonical one-point function

Now, let us consider the case where n = 2k and calculate the grand canonical ensemble
by summing over the charge n. We obtain the grand canonical one-point function of the
charged Wilson line

<Wcharged>SU(2)72 = Z<W2k>SU(2)72Ak
kEeZ

1
— A2 Z qm/2—1/8191()\ +m7;7) (3.10)

m=0

where A = exp(27i)) and the Jacobi theta series is defined in (A.4)

3.1.3 Two-point function

We can also exactly evaluate the two-point function <W(k)W(l)) of the Wilson lines in the
symmetric representations which vanishes if [ — &k is odd. If [ — k is even define integers

,10,



m = (k+1)/2 and § = (I — k)/2. We then have

E o1
<W(k)W(l)>SU(2)_2 _ Z Z(SQQ—kSZ,B—l>
a=0 =0
:1 k Z(_l)a—i-ﬁ—m (q(a+5—m)(a+6—m—1)/2 +q(a+ﬂ—m)(a+5—m+1)/2)
22055
1 k
_ 5 Z ((_l)a—mq(a—m)(a—m—l)/2 + (_1>a+l—mq(a+l—m)(a+l—m+l)/2)

a=0
k k+0
— Z(_l)a+§q(a+5)(a+§+l)/2 _ Z(_l)aqa(a-‘rl)/? (3'11>
a=0 a=6

Here we can interpret this result in terms of the expansion of the product of rank-%k and
rank-/ symmetric representations into a sum of symmetric representations and then using
the result for the one-point function (3.9).

When k = [, the two-point function (3.11) becomes

o a(a+1)
(Wi Wiy)S0® 2 = 3" (-1)% 2 (3.12)

In the large symmetric representation limit & — oo, it agrees with the false theta function
introduced by Rogers [37]

(Wioo) Wiae) S22 = fg) = 3 (-1)%" 7. (3.13)

a=0
32 k=-5/2

Taking Ny =1 and M =1 gives k = —%. Alternatively we could take a single fundamental
chiral with Dirichlet boundary conditions with no Fermis. Specifically, the former case with
identification of the Fermi U(1) flavor fugacity v = z and the 3d chiral U(1) flavor fugacity = !
gives the same half-index as 3d N = 2 SU(2) Chern-Simons-matter theory with level &k = —5/2

and a single fundamental chiral multiplet with Dirichlet boundary condition. The half-index is

SU2)_s5/2, (5 9) o0 ds , Lo o L
Iy (#39) = = e Cal ) (q2sx,q)m(q28 :v7q)oo- (3.14)

We can expand the half-index as

1+2%q + 2%¢* + 2°¢* + (2% + 2*)¢* + (2 + 2%)¢°
+ (22 + 220 + (2% + 20N q" + (2 + 32M)¢® + (2% + 32 + 2%)¢® + - . (3.15)

This result is easily understood as the counting of the gauge-invariant operators formed from
the fundamental chiral with Dirichlet boundary conditions and its derivatives, taking into

— 11 —



account the fact that gauge invariants can only be formed by pairing of these fermions and
the coefficients arise from different distributions of the derivatives taking into account the
antisymmetric properties. The interpretation in terms of a 2d Fermi and 3d chiral with
Neumann boundary conditions is more complicated.

We find that the half-index agrees with the Rogers-Ramanujan function [22]

n2,.2n 2 2n

> "z qx(q
L gi-) (= - )

n=—o0 )OO

n+1. q)

(3.16)

Taking the interpretation as SU(2)_5/ with Ny =1 and M = 1 where the fundamental
chiral has R-charge 1, we expect a dual description as a U(1)3 /2 theory with Dirichlet boundary
conditions for the vector multiplet and a charged 3d chiral with R-charge 0 and Dirichlet
boundary conditions. This would give the half-index

]ULD( )3/2( Tq Z q n? 2n 1+n 1,(])00 (317)

(q ® nez

which matches (3.16) in the case u = =x.
In the unflavored limit  — 1, we obtain (2.13), the first functions associated with the
Rogers-Ramanujan identities! Namely, we find

SU(2)_5/2

Iy @2 (@ = 139) = Glg)

Z 1om2+m_ 1om2+9m+2)_

|
M

" " (3.18)

We observe that the associated boundary vertex operator algebra (VOA) arise from the
Virasoro minimal model M(2,5) by observing that it agrees with the character X%g(q) where

o (q) = 1 Z (qm2pp’+m(p’r—p5) — g(mpEr)(mp'+s)) (3.19)
e (@9 2,

is the normalized Virasoro character [38] of the minimal model M (p,p’),” with conformal

dimension

ot (0 = sp)* = (p—p)’
s

4pp’

and central charge

60— 1)”

c(p,p) =1~ -

(3.21)

Including the normalization factor th;g —ce)/24 we get

G(q) = ¢ /%G (q). (3.22)

5Here 1 < p < p’ with p and p’ being relatively coprime.
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Also we observe that the half-index has a nice behavior under the modular transformation.
We have [39]

~(oT+b _ 2mia(a,b,c)/60
G (CT X d) e G(r) (3.23)
where
ala,b,c) =a(9—-b+c¢)—9 (3.24)

3.2.1 One-point function

The one-point function of the Wilson line in the fundamental representation is evaluated as

oo 1 - -
) = O f e (for) (s ) o)
(3.25)

It can be expanded as
_ $q1/2 _ x3q5/2 _ m3q7/2 — 302 $3q11/2 (23 + 2%)q 15/2
— (2% 4 22%)¢"? — (2% + 22%)*2 — .. (3.26)

As for the half-index without a line operator, this result is easily understood as the counting of
the gauge-invariant operators formed from the fundamental chiral and its derivatives, taking
into account the fact that gauge invariants can only be formed by pairing of these fermions.
Now, due to the fundamental Wilson line we must count operators in the fundamental
representation. This means pairing a chiral (possibly with derivatives) with the Wilson line
and then adding other pairs of chirals, and distributing derivatives so that the product does
not vanish due to antisymmetric properties.
We find that the one-point function is given by

SU(@) 12 0 qn(n+1)x2n+1
Wi —5/2(x5q) = —q . 3.27
P P [ ro e e (327
Note that we have the g-difference equation
SU(2)_ _ _

Iy #2120, q) = —q Y2 (W) SV@ 52z, ). (3.28)

In the unflavored limit x — 1, the one-point function coincides with
1
—¢"PH(q) = —— 3 (—1)mHgEmi o (3:29)
(¢ 0) 2,

where H(q) is the second function (2.14) associated with the Rogers-Ramanujan identi-
ties! Also this coincides with the minimal model Virasoro character X%i’(q) up to the
normalization factor.
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Under the action of the modular transformation, the normalized Rogers-Ramanujan

function
H(q) = ¢""/®°H(q) (3.30)
transforms as
(T 4 ) = et i), (3.31)
where
B(a,b,c) =a(3+11b+c) — 3. (3.32)

Accordingly, we find the elegant expression of the unflavored normalized one-point
function in terms of the Rogers-Ramanujan continued fraction. It follows that

(W)U -5r2(z = 1; )

SU(2)_
1L,/ 5/Q(le;q)

WS- (@ = 13) =

SR S— (3.33)

The unflavored result can be shown analytically as follows. Indeed for x = 1 we can
use the Jacobi triple product formula (2.12) twice to calculate

00% :t2, ( 1/2 i,Q)

27rzs
1 2
_ _1)ymtn m(m+1)/24n?/2 1 _ g2)g2mtnta
3 2m . Z (=1)™""q (1—s7)s
neL
—— Z m+a —m (q(2a+1/2)m+a2/2 _ q(2a+9/2)m+a2/2+2a+2) ' (334)
mEZ

The form of the result depends on @ mod 5 so we take o = 5\ + 3 where A € Z and
g€ {-2,-1,0,1,2}. We then find the one-point of the charged Wilson line

(~)M1g3¥ (¢Glq) + ¢ U H(q)) . B =2
(~IM g P H(g), f=-1
(W)U @02 = I+ Ia = § (123" (47 + ¢) Gla). B=0
(—IM g (g), B=1
()" (PGlg) + U H(g)) . B=2.
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The above gives a derivation for a = 0 of the half-index result in the previous subsection
while for & = 1 we derive the one-point function (W;) above. Some other examples are

VSU@ 52 = —G(q) — qH(q), (3.35)
WSU@=sr2 = 372G (q) + ¢*/2H (q), (3.36)
SUC)-5s2 = gH(q), 13:37)
)SU@=s2 — —¢32G(q) — ¢"/*G(g), (3:38)
)PV = ¢ H (g), 13:39)
)SUR-a/2 = g7/2G(q) + q/2H (g), (3.40)
YU — —3G(q) — ¢ H{(q), (3.41)
>SU _5/2 — —qlg/ZH(q), (3-42)
) (3.43)
> (3.44)
> (3.45)
) (3.46)
) (3.47)
) (3.48)

(Wi0)SY®-52 = ¢8G(q) + ¢"*G(q), 3.43
(W11)SY@-sr2 = _ P2 (g), 3.44
(Wi2)SV®=sr2 = —¢12G(q) — ¢'"H (q), 3.45
(Wi3)SU®-sr2 = ¢%/2G(q) + ¢**/*H (q), 3.46
(Wia)SV@ =52 = 1T H (g), 3.47
(Wi5)SU@ =52 = —g%92G(q) — ¢°V/2G (). 3.48

As for the case of SU(2)_3 we can express the rank-a symmetric representation results
as a sum of these results giving

(Wy)SV®-s2 = —¢12H(q) (3.49)
(Wia))3V@-5/2 = —qH (q) (3.50)
(W) SV@-s2 = ¢32G(q), (3.51)
(Wiay)SV@)-s2 = 0, (3.52)
(Wis))SV @52 = —¢72G(q) (3.53)
(Wie)) SV P22 = ¢°H(q), (3.54)
(Wr))SV®-s2 = ¢13/2 11 (¢), (3.55)
(Wg))3U@-52 = —¢8G(q), (3.56)
(W(9)>SU(2)*5/2 =0, (3.57)
(Wo))SV@-52 = ¢12G(q), (3.58)
(W)SV®-s2 = —¢*/2H(q), (3.59)
(Wg)SV®-s2 = —¢1"H(q), (3.60)
(Ws))SV®-s2 = ¢%/2G(q), (3.61)
(Way)SU@-s2 = 0 (3.62)
(W) SV =52 = —P1/2G(q). (3.63)
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with general results

(DN G), =2
0, p=-1
(Wi ™02 = 4 (1432 6 (g), =0
(— 1),\+1 °>\2+2>\+2H(q)7 B=1
(~D)MGHRLE(g), B =2.

3.3 k=—

Taking Ny =0 and M =1 (or alternatively M = 0 with 2 3d chirals with Dirichlet boundary
conditions but with the axial fugacity set to 1 in the half-index below) gives k = —3. The
half-index reads

SU@) sy _ (G2 . 3ot 3¢ 1,F.
1Ty, (z5q) ]{27725 <q2sx ,q)oo (qzs x ,q)oo. (3.64)
It can be expanded as
1+ (1422427 Hg+ 2+ 22+ 27 + (3 + 222 +2272)¢?
+ G+t 4322 43 2 e Y+ T+t + 522 45 PP+ (3.65)

Here the detailed interpretation depends on whether we consider two fundamental 3d chirals

or a single 2d Fermi but as in previous cases we have a fairly straightforward counting of gauge

invariants built from the two fundamental chirals, taking into account symmetry properties.
We find that the half-index (3.64) is given by

LT 2 5 2
S gt = _ o Us(2227) T), (3.66)

(400 q)oo e n(r)

where ¥3(z;7) is the Jacobi theta function (A.6) and 7(7) is the Dedekind eta function (A.1).
This is the vacuum character of the U(1)2 WZW model consistent with the duality of
boundary conditions proposed in [5]

SU(2)_3 pure CS with Neumann b.c. + fund. Fermi
< U(1)2 pure CS with Dirichlet b.c. . (3.67)

When the flavored fugacity x is turned off, we get

T (1+q2“’1)(1 7*")
B 1;[ (1= (1 +¢>)(1—q)

1
_ vl (3.68)

where p(q) and f(—¢) are Ramanujan’s theta functions (A.9) and (A.11).
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3.3.1 One-point functions

The one-point function of the Wilson line operator in the fundamental representation is
evaluated as

(W1)SU@)=3 (5. g) — oo]{ms 22 ) (qésxi;q)w(qésﬂﬁ;q)m(sﬂ*l). (3.69)

It has an expansion

— (427 g2 — (@ + 27 — (2% + 20 4 227 4+ 273) 2
— (@ 432+ 32 4+ 272 — (223 + 5r 4+ 52 + 20732 — (3.70)

The one-point function should count the BPS boundary local operators at the insertion point
of the fundamental Wilson line. We see that only fermionic local operators can attach with
the fundamental Wilson line since the Wilson line itself is in the spin—% representation of
SU(2) so to make a gauge singlet the additional boundary local operator must also be in an
odd half-integer spin representation. The only way to form such representations is from an
odd number of the 3d chiral multiplets. Since they have Dirichlet boundary conditions the
bosonic component is fixed at the boundary so the degrees of freedom lie in the fermionic
component hence the local operator formed in this way must be fermionic.
The one-point function matches

(W)@ (2 q) = —

Z q"2+"+%x2”+1. (3.71)

The half-index (3.64) and the one-point function (3.69) satisfies the g-difference equation
I3 % (g 23 ) = =22~ (W1) SV @5 (a3 9) (3.72)

which takes the same form as (3.28).

In the unflavored limit 2 — 1, the one-point function reduces to
~2¢'*B(q), (3.73)

where

(3.74)

Here 9(q) and f(—q) are Ramanujan’s theta functions (A.10) and (A.11).
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We give an analytic proof in the following. Indeed, using the Jacobi triple product
formula three times we have

_ 1 ds +2. Lo+, L1 T a
Va =560 p 5 (5771 0) (qmc 7q)oo (q2s x ,q)oos
_ 1 ds Z (_1)l+m+nql(l+1)/2+m2/2+n2/2(1_82)82l+m+n+axmfn
2(¢:9)% J 2mis | 4
= Io(z;q) — lat2(z;9) (3.75)
where
1
In(x;q) = 50— > (—1)Fogla?mt, (3.76)
249)% 112
39 1 2 Ly
Pa:§l —|—§l+(m—|—l) +a(m+l)+al+§a . (3.77)
Now we define M =m+ 1l and, L =1+ «/3 for « =0 mod 3, while L = -] — (o« +1)/3
for « = —1 mod 3. In both these cases we then find
A ]. 3r2,1 2 a2 e
(@3 9) “2qg9)% M%;Z( )
S 1 2 a2 [
-3 . gM oM+ =5 2M 3.78
“2(¢; 9)oo MZE:Z (3.78)
where S’a =1 for « =0 mod 3 and §a = —1 for « = —1 mod 3.
Now note that
M2 4 M+a2 o <M+a>2+a2 a (3.79)
o — - == — — == )
3 6 2 12 6
—<M+a_1>2+<M+a_l>+a2 S (3.80)
N 2 2 12 6 4 '
so for « = 0 mod 2 we have
A ]. 2 Ot2 [e]
Io(z;5q) = Saz ™ —— > M Tz 7o
269 2,
_1lq V-1
= §Sax q1z” s A(z; q), (3.81)
while for « = 1 mod 2 we have
A 1 2 a2 a 1
Io(x5q) = Sea' ™0 —— Y MMM
249 52,
A a2 (o7
= aml_aqﬁ_ﬁ*&B(m;q). (3.82)

Similarly, for « =1 mod 3 we can write o = 33 4+ 1 where g € Z and we have

Pa:g(l+5)(l+ﬁ+1)+(m+l)2+(3ﬁ+1)(m+l)+362+gﬂ+%

:;(_l—ﬁ—1)((_1—5—1)+1)+(m+l)2+(35+1)(m+l)+352+gﬁ+

1
27
(3.83)
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so due to the factor (—1)+® = (—1)2+8(—1)*F8 =

for « = 1 mod 3.

Now we can calculate the one-point function of the charge-a Wilson line

—(=1)2*+B(=1)"1=F~1 we see that I, = 0

<WCV> = Va + V,a = Ia - Ia+2 + Ifa - I,a+2 . (384)
From above we see that the details depend on a@ mod 6. Specifically, we find
%(x—a +xa—2 +qa/3xa _|_qa/Sx—a—Z)qa(a—Q)ﬂQA(x; q) fora=0 mod6
—(zmo 4 ot l)golotD/12H/A B (1 ) fora=1 mod6
(W,)SU@) -3 — —3 (7 4207 2) gD/ 12 A2 q) for « =2 mod 6
@ - (l,lfoz _’_Iafl +qa/3$a+l +qa/Bmfafl)qa(a72)/12+1/4B(1:; Q) for« =3 mod 6
_%(55_01_2 + 39) gD/ 12 (25 q) fora =4 mod 6
,(:L.l—a +ma—1)qa(a—2)/12+1/4B(x; q) for a =5 mod 6.
It follows that for £ = 1 the correlators are expressible in terms of the functions
A(q) = A(1;q), (3.68) and B(q) = B(1;q), (3.74). We have
(14 q*/3)q@=2/12 A(q) fora=0 mod 6
—2q°‘(o‘+2)/12+1/4B(q) fora =1 mod 6
(W, >SU(2),3 o —qa(aﬁ)/mz‘l(q) fora =2 mod 6
¢ 2(1 + ¢°/3)q=2/12+1/4B(g)  for « =3 mod 6
—qt2/12 A (¢) fora=4 mod6
—2¢q™(@=2)/12+1/4B(¢) for a =5 mod 6.
For example
(Wy)SUR)=s = —A(g), (3.85)
<W3>SU(2)_3 — 2(]1/23((]) +2q3/2B(q), (3.86)
(Wy)SU@)= = —¢*A(q), (3.87)
(W5)3U@=s = —2¢32B(q), (3.88)
(We)S'=2 = ¢*Aq) + ¢*Ala), (3.89)
(W7)SU@-s = —2¢3 B(g), (3.90)
(We)3V =3 = —g*A(g), (3.91)
<W9>SU(2)_3 — 2q11/23<q) +2q17/2B(q), (3.92>
(W) 5= = —q10A(g), (3.93)
(Wi1)SV@=s = 24172 B(q), (3.94)
(Wi2)3U@=s = g19A(q) + ¢** A(q), (3.95)
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(Wig)SU)-s = —2¢% B(g), (3.96)
(Wig)3VB)=s = —gM A(g), (3.97)
(W15)30®=2 = 2¢%/2B(q) + 24"/ B(q). (3.98)
For SU(2) the Wilson line half-index for the rank-n symmetric representation for n odd

(even) is given by the sum of the charge-odd (charge-even) Wilson line half-indices, where
for charge-0 we instead use the half-index without a Wilson line. For example

(W))* =2 = —2¢'/2B(q), (3.99)
(Wig))SV@-3 =0, (3.100)
(Wiz))SU®=s = 2¢%/2B(q), (3.101)
(W))3U®)=s = —¢*A(q), (3.102)
(Ws))SV =3 =, (3.103)
(Wie))S"® -3 = ¢*A(q), (3.104)
(Wir))SV®)=s = —2¢'% B(q), (3.105)
(Wie))SV@= =0, (3.106)
(Wie)) U@+ = 2972 B(g), (3.107)
(W) ®"®=2 = —¢'0A(q), (3.108)
(Wpy)SV@=2 = 0, (3.109)
(Wg)S"® s = g1 A(g), (3.110)
(Wag))SU® - = =247 B(g), (3.111)
(Wiaa))3U®=s =0, (3.112)
(W)U = 2¢*/2B(q). (3.113)
with the general result
g =212 A(q) fora =0 mod 6
—2¢(t2)/1241/4B(q) for a =1 mod 6
(W(a)>SU(2)*3 _ 0 fora =2 mod 6
2¢2(@+t2)/1241/4B(q)  for a =3 mod 6
—q( @212 A(¢) for o =4 mod 6
0 fora =5 mod 6.

34 k=-3/2—M

With Ny =1 and M Fermis, we expect the Neumann half-indices are equal to half-indices
of dual U(M); /2+,3/2 theories with Dirichlet boundary conditions for the gauge multiplet
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and a 3d fundamental chiral. We have already described the case of M =1 (although with a
specialisation of the global U(1) fugacities equivalent to instead taking a single fundamental
chiral with Dirichlet boundary conditions and no Fermis) and here we list some further
examples for M = 2 and M = 3. However, the one-point functions of Wilson lines operators
are more complicated and we don’t have any general conjectures or g-difference equations
relating these one-point functions to the half-indices in the absence of Wilson lines. Most
likely there should be some useful and interesting g-difference equations but we leave that
to future works.

341 k=-7/2

While there are multiple choices of the matter content to get the Chern-Simons level k = —7/2,
let us consider the case with two fundamental Fermi multiplets as well as a single chiral
multiplet satisfying the Neumann boundary condition. The half-index is given by

2 1 1
SU@)7a, v (60)s ds , 4o [Ta= (qQSimé‘t;q) (q?stmf;q)
Iy (Tasq) = — (55 q)oo : (3.114)
2 2mis (q§sj:x3; q)

where x1, xo are the fugacities for the flavor symmetry rotating the two Fermi multiplet and
xg is the fugacity for the chiral multiplet. It can be expanded as

Su(2)_ _ _ 1 _ _
HN() 7/2:1+<2+l’%+$%+l‘12+£U22+l’1$2+3§‘111‘21+1‘113}2+l’11‘21

—T1T3 — ToTg — mgxl_l — $3$2_1) q+---. (3.115)

Here gauge invariants can be formed by pairing two Fermi multiplet contributions or one Fermi
multiplet with the 3d chiral. The Fermis contribute fermionic terms while the Neumann
chiral contributes a bosonic contribution.
We find that the half-index (3.114) coincides with
1 q (q' a1 w33 )0 (¢ ™™ w5 '35 @)oo
(G9D% ,, ez (qFmF 227275 )0 '

m24+m?2 I%ml x%mz

(3.116)

The series expression (3.116) indicates that, as expected, the dual description is given by
the U(2)7/2,3/2 Chern-Simons theory with a fundamental 3d chiral with Dirichlet boundary
conditions.

3.4.2 k=-9/2

For the Chern-Simons level £ = —9/2, one can take three fundamental Fermi multiplets along
with a single chiral multiplet obeying the Neumann boundary condition. The half-index
is given by

ds (52 q) oy (qésing;q) (q%s:’:l‘i:;Q).
2mis (qésix4;q)oo

H/S\}J(Z)_g/g (2a:q) = (4 @)oo 7{ (3.117)

2
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We find that the half-index (3.117) matches with

m24+m2+m?2 ,.2m1 2ma 2m3 173 1-ma . .—1,. .
1 L My ™ [l (@ w5 ) oo

q
(¢;9)3 2 [ p(qEmeTms i aT: q)o

X my,mo,m3€EZ

(3.118)

The series expression (3.118) indicates that the dual description is given, as expected, by
the U(3)g/2,3/2 Chern-Simons theory with a fundamental chiral having Dirichlet boundary
conditions.

35 k=—-2-M

We expect the Neumann half-indices are equal to half-indices of dual U(M )2y ar,2 theories
with Dirichlet boundary conditions for the gauge multiplet and a 3d fundamental chiral. We
have already described the case of M = 1 and here we list some further examples of dual
half-indices as well as a discussion of the cases with a line operator. These cases match the
duality of boundary conditions proposed in [5]

SU(2)_2-s pure CS with Neumann b.c. + M fund. Fermis
< U(M)24m,2 pure CS with Dirichlet b.c. . (3.119)

3.5.1 k=—-4
When Ny = N, = 0 and M = 2, we have k = —4. The half-index is given by

Y (105) = @0

P (#0011 (e2s*eiiq)_(a>s*2lia) . (3.120)

2mis Pt}
We find that the half-index (3.120) matches

1

q
Go%, o e )

mf—f—m%x%?m xgmz

(3.121)

The expression (3.121) can be interpreted as the vacuum character of the U(2)s WZW model
or the pure U(2)42 Chern-Simons theory.

3.5.2 k = —4 one-point function

We find that the one-point function of the Wilson line in the fundamental representation
coincides with

2 2
SU@)—a( .\ — _ q'/? e L A U et )
(W) (%3 q) — e e . (3122
(6 D% ez (qHEmMFm237a3 5 q) 0o

Accordingly, we obtain the ¢-difference equation satisfied by the half-index (3.120) and (3.122)

(Wh)SU@ (21, 203 q) = *ql/%lﬂjs\}](m%(ql/%l, T2;q) — q1/2$2]1ﬂ/s\}](2)74(331, q"*x;q).
(3.123)
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3.5.3 k=-5
For Ny = Ny = 3 and M = 3, the Chern-Simons level is k = —5. The half-index is

]UIJSVU(Q)_5 (xa; CI) _ (Q7 Q)oo j{

d
5 > (552 @)oo H (q%sixi;q)m (q%sixi;q)oo. (3.124)

2mis Pt}

We have confirmed that it agrees with

2,02 2
m1+m2+m3w%m1 x§m2x§m3

1 Z q

S — , (3.125)
GO% 1 oyen IEoag @05 )

which is identified with the vaccum character of the U(3)2 WZW model or the pure U(3)s5 3
Chern-Simons theory.

3.5.4 k = —5 one-point function
We find that the one-point function of the fundamental Wilson line is given by

2 2 2 -
7q1/2 Z qm1+m2+m3x?m1x3m2 xgms (™ xy + ™22 + ™3 13)

(W1)SUC) 5 (214) =
(@D, ez [Lep(qg = Fm05 07 )00

(3.126)
The half-index (3.124) and the one-point function (3.126) obey the ¢-difference equation

<W1>SU(2)75($1, T2, X3; Q) = _q1/2$1M/S\}J(2)75(q1/2$1, x2,T3; CI)
- (11/23102}1]1/8\}}(2)75 (1, 4" %22, 23; )

- q1/2$3]I]I/S\P(2)*5 (21,22, ¢ %x3;q). (3.127)

4 SU(3)

Let us study the line defect half-indices for the 3d N'= 2 SU(3) Chern-Simons theory with
Wilson lines and Neumann boundary conditions for the vector multiplet. The Chern-Simons
level is fixed by

Nf+Na

k::—(?)—l- 2

+ M) . (4.1)

For gauge group SU(3) we have two independent gauge fugacities s; and sy with s3 =

s7'sy ' in the computation of the half-indices and the correlation functions.

41 k= -3

For Ny =0 and M = 0, we have the 3d ' = 2 SU(3) pure Chern-Simons theory with level
k = —3. Since there is no matter field, the half-index is trivial.
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4.1.1 One-point function

We find that the one-point function of the Wilson line W(;) transforming in the rank-k
symmetric representation is given by

SU(®3) qk(k9+3) for k=0 mod 3
(W)™ =2 = (4.2)

0 otherwise.

As for the case of SU(2)_», this can be understood by noting that the half-index in the
presence of a Wilson line in some representation counts the BPS operators which can form a
gauge singlet in combination with the Wilson line representation.

Again, in this case the only boundary BPS operators are the gaugino A_ and its derivatives
D7 )_ which are in the adjoint representation of SU(3) and contribute fugacity —¢"*! in
addition to gauge fugacities. To form a gauge singlet together with the Wilson line rank-%
symmetric representation we need to combine these operators in a way which results in precisely
k anti-fundamental indices. Now, the adjoint representation has one fundamental and one anti-
fundamental index but for SU(3) a fundamental index is equivalent to two anti-fundamental
indices. However, these two anti-fundamental indices are antisymmetrized so cannot give
a non-vanishing contribution when contracted with the symmetrized Wilson line indices.
Instead we need to take two adjoint operators and replace the pair of fundamental indices
with a single anti-fundamental index, resulting in an operator with three anti-fundamental
indices, e.g. (A-)3! (A=)3€aranps- We must take k/3 such operators to combine with the
rank-k symmetric representation Wilson line operator.

Since the gauginos and their derivatives are fermionic there are constraints on the number
of gauginos with a specific number of derivatives in order that the contraction with the &
symmetrized indices from the Wilson line does not result in a vanishing operator. It turns out
that the minimal choice is for each pairing to be formed from gauginos with the same number,
n, of derivatives and for no two pairs to have the same value of n. For example, consider
(A=)5 (A=) B2 €aranps (A=) ) (D2A-) 5l €agaspe- Symmetrizing over 81, f2 and B4 shows that
the upper indices aj, ag and a4 are antisymmetrized, and hence (/\_)‘()‘51(/\_)2‘22 ()\_)g:) =
eala?a‘l()\_)%ﬁl()\_)%Q ()\_)%4). However €*1?%e, 1,8,€0,058; = 2€B83a58, Which is obviously
antisymmetric in 83 and fg and so would vanish when contacted with the symmetrized
Wilson line indices.

Therefore, for the minimal choice we have n in the range 0 < n < k/3 — 1, giving fugacity
H’:L/:?’O_l 2t — qZ:/jo_l 201 — gk(k+3)/9 A for the SU(2)_s case, for the non-minimal
case we get cancellations from operators where we replace a derivative with a gaugino, and
so there are no higher order contributions.

We now alternatively give an analytic proof directly from the half-index expression
which can also be used to discuss Wilson lines in other representations. In this case we are
interested in matrix integrals of the form

d81 d$2 + Jé;
T.n = (0)? | I tsT Tsh, 4.3
Oéﬁ (q)oo 277281 277-282 1<i<j<3(sl Sj q)OO 81 82 ( )

where o, € Z.
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We now use the Jacobi triple product identity three times to get

Ing = Z (_1)l+m+n dS‘1 L‘S‘?q%(l(l+1)+m(m+1)+n(n+1))
(9)oo Lmmel 2181 27189

_ 2 _
x ghtmnta g lrmyants (1 — 51851 — 5185 + 55 + s3s5 — s%s%) : (4.4)

Now let v = (a + 3)/3 and define

Cory = 1 Z (_1)l+m+n]{ dsi  dsy q%(l(l+1)+m(m+1)+n(n+1))
K (@)oo LmneZ 21181 2Tiso
> Sl1+2m+n+ocs2—l+m+2n+ﬁ ) (4.5>

We see that the integrals pick up the contribution only for [ = —m +~v —«a and n = —m — 7,
and so for integer v we have

Cory = (_1)aq%(fo<+oz272a'y+2'y2) Z (_1)mq%(3m2fm72ma) (4.6)
(@)oo =

while ¢,y = 0 if v is not an integer.
We now evaluate this final sum using Euler’s pentagonal number theorem

3 ()G = (g . (4.7)

meZ

By shifting m - m —«a/3, m - m— (a—1)/3orm - m — (a+1)/3 for « = 0,1,—1
mod 3 respectively, the first two cases reduce the sum to Euler’s pentagonal number theorem

while for « = —1 mod 3 the result is zero since
3 (~1)mgzmm=Y =g, (4.8)
meZ

due to the antisymmetry of the sum under m — 1 — m. The final result is

(_1)a/3q*%0‘(°‘*1), a=0 mod3
Cory = (_1)(a—1)/3q—éa(°‘_1), a=1 mod3 (4.9)
0, a=-1 mod 3.

We can then easily calculate

g3ole=D+v(r-a) (1 Fq3OT TR T g q%“) , a=0 mod3

Iog = _qéa(afl)ﬂ(%a) (1+¢*7 +q7), a=1 mod 3
_qéa(a+1)+v(%a*1) (1+q 2 +¢q7), a=-1 mod3
(4.10)

where we recall that this applies for v = (o + )/3 € Z, otherwise I3 = 0.
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It is now straightforward to calculate the charge-n Wilson line
dSl dSQ
2mis1 2miSg
n(n—3)

=q 9 (1—|—q% —|—q27n) (411)

(sfcs;c; q)oo) (s? + 85 + Sf”sQ")

for n = 0 mod 3 and the integral is zero otherwise.

These results can be used to derive the expression (4.2) for rank-k symmetric representa-
tion Wilson lines and indeed other representations although the calculations are in general
lengthy so we do not present any details here.

4.1.2 Grand canonical one-point function

We can consider the case where n = 3k and again calculate the grand canonical ensemble
by summing over the charge n, or equivalently over k

2
1
} :<W3k>SU(3)73Ak —AL/2 2 : qm/271/4191 ()\ +mT + 5; 27’) . (4.12)
keZ m=0

4.1.3 Two-point function

The two-point function of a pair of the Wilson lines transforming in the rank-k£ symmetric
representation is given by

l+6m 0

TL2 n n—n
Watom) W) = D0 @™ Z e (4.13)
n=0

where | = 1,2,---; m = 0,1,2.
In the large representation limit £ — oo, the two-point function becomes an infinite series

<W(oo)W( SU(3) 3 Z q3n +2n Z q3n272n (4'14)

4.2 k=-7/2

Taking Ny = 1, N, = 0 and M = 1 with identification of the two global U(1) fugacities,
or equivalently taking a single fundamental chiral with Neumann boundary conditions, the
SU(3) Chern-Simons theory has level £ = —7/2. The half-index is given by

.2
HHi}J(3)_7/2 (:r;q) _ (Q73q')oo %‘ 2d31 d32 H (S S¥,q oo H (qz Six; q) . (415)

T1S1 27189 1<izi<3

It has an expansion

3 13/2

SU(3)_
HN( )-1/2 _ 1— 1:3q3/2 _ x3q5/2 _ x3q7/2 _ x3q9/2 _ m3q11/2 + 28¢5 — 43¢

4287 — 23152 422565 — 23\ T2 4 225¢° — 23492 4 ... (4.16)
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We find that it precisely agrees with

fe’e) nﬁiin
(—)"q >z

é(l—q)(l—qZ)”-(l—q”)'

These results can be understood in terms of the fundamental representation fermion in the

(4.17)

Neumann chiral multiplet and its derivates which must be combined in the antisymmetric
rank-3 representation to form a gauge singlet. Furthermore, no more than three such fermions
can appear with the same number of derivatives otherwise the product will vanish due to
antisymmetry.

4.2.1 Omne-point function

The one-point function of the Wilson line in the fundamental representation is evaluated as

<W1>SU(3),7/2(x;q) — 22q — 2B — P2 _ B gIBI2 _ pB g1/ _ g5 1 TI2 5 19/2

P AR I SRR P TR . P L P LT Y. DAL ST
(4.18)
We find that it is given by
2
0 —_1)" 30° 4 on+1,.3n+2
3 ()‘“2 R (4.19)
= (1= —¢* - (1—q")
The half-index and the one-point function satisfy the g-difference equation
S
iy 7 (P55 q) = g7t W) UO T ;). (4.20)

This can be interpreted in terms of the duality with the dual of the Wilson line being a vortex
line, but note that as for the similar SU(2)_5 /2 theory the g-difference equation involves a
fractional power of ¢, in particular ¢V "D/N for SU(N)_n_;.

43 k=-4

When N+ N, =2 and M =0 or Ny + N, =0 and M = 1, we have the 3d N =2 SU(3)
Chern-Simons theory with level £ = —4. For Ny = N, = 0 and M = 1, the half-index
is given by the matrix integral

2
SU(3) 4 (4 9)5 7{ ds; dsy + ¥
N (l’, Q) 31 Imisy 2miss 1<Z'I<]|' <3(Sz & 7Q)oo

1 1 1
x (q28ffﬂi;q)oo (qZSEExi;q)OO (qQSfSﬁi;q)m- (4.21)
It can be expanded as

14q— (x3 +x_3)q3/2 1242 — (x3 +:c_3)q5/2 4345 — 2(903 +x_3)q7/2
+ 5q4 _ 3(1,3 + $_3)q9/2 + 7q5 _ 5(]]3 + x—S)qll/Z + (11 + 1,6 + :L'_G)QG + .
(4.22)
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This can be understood in terms of the gauge invariants which can formed from the funda-
mental fermion v and the antifundamental fermion 7 in the 2d Fermi multiplet, and their
derivatives. Note that for gauge group SU(3) we can form a singlet from three fundamentals
or three antifundamentals, while a fundamental (antifundamental) can be formed from two
antifundamentals (fundamentals).

We find that the half-index is given by
1 3n2

> (-1)"q T a2 (4.23)

(¢ 9) 2,

Iy~ (w:q) =

The expression (4.23) agrees with the vacuum character of the U(1)s WZW model as expected
from the duality of boundary conditions proposed in [5]

SU(3)—4 pure CS with Neumann b.c. + fund. Fermi
< U(1)3 pure CS with Dirichlet b.c.. (4.24)

In the unflavored limit x — 1, it agrees with

_ . 3/2
e(=¢""7)
Ff(—q) (4.25)
4.3.1 One-point function

The one-point function of the Wilson line in the fundamental representation is expanded as

WDSUO-1(2:g) = g2 + 22q — 2 ' % + 22¢% — 20702 + (222 + &)
— 32712 4 322 + gt — (2° + 52N+ (52 4 227 P+
(4.26)
We find that it is given by
2

qr n ﬁ n n -
<W1>SU<3>f4<x;q>=(q,q) ST (—1)"g T = qa?TI P (¢ s g) (4.27)
11)0 pe7

This can be interpreted in terms of the duality with the dual of the Wilson line being a
vortex line, but note that as for the similar SU(2)_3 theory the g-difference equation involves
a fractional power of ¢, in particular ¢V =D/N for SU(N)_n_;.

When we turn off the flavored fugacity x — 1, it agrees with

_q1/2¢}(q3/2)
U(q'?)

where ¢(¢) is Ramanujan’s theta function (A.10).

(4.28)

The one-point function of the Wilson line of charge 2 is obtained from the one-point
function (4.27) of the fundamental Wilson line upon replacing # — 2~! and changing the
overall sign

-2

xr LE n,..—3n
(W) = =gy S A (4.29)
I oo TZEZ
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The half-index (4.21) and the one-point function (4.29) obey the ¢-difference equation,
following from (4.27)

T 4 (23 q) = —g Lo 2(Wa)SU@-1 (271 ). (4.30)

By relabelling n — —n in (4.29) we have

—2

SU@3)—4 (.. _ qr n 302 _op 3n
(W2) (z3q9) = ———— Y (=)"¢z "z (4.31)
(4 9) 2,
so we also have the ¢-difference equation
Y O (g q) = —g M2 (W) SO (a5 ). (4:32)

Furthermore, we find that the one-point functions of the Wilson line of larger charges are
given by the half-index (4.21) and the one-point functions (4.27) and (4.29). For example,

<W3>SU(3)_4 _ MJS\}J(S)—AL’ (4.33)
<W4>SU(3)_4 =(1+q+ q2)<W1>SU(3)‘4, (4.34)
<W5>SU(3)_4 _ —q3<W2>SU(3)_4, (4.35)
(We)SUB)-1 = _q?’]I]IjS\}J(?’)*“, (4.36)
(Wr)SUB -1 = _g2(1y;)SUB)-4, (4.37)
(We)SUB =4 = _3(1 + ¢% + ¢*) (W) SV, (4.38)
(Wo)SUB -4 = o5V @)1, (4.39)
(Wio)SU®—4 = _g8(17)SUB) -4 (4.40)
(Wr1)SUB=4 = 7 (117,)SUB)-4 (4.41)
(Wig)SU® -1 — (1 4 ¢ + ¢S 2. (4.42)

Note that Wilson lines of negative charge are related to those of positive charge since
if we replace the integration variables (gauge fugacities) s; with s Lin the expression for
(W) (z; q) we get the expression for (W_,,)(z~!; ). For example we see that (W_1)(z;q) =

(W) (@™t q) = —(Wa)(x30).
From this we can conjecture the general case of <Wk>SU(3)*4 is given by the following:

Mm@~ k=0 mod 3
o A factor ¢ (W)SUG)-1 k=1 mod 3
(W)SUB)-1 " k=2 mod 3

o A factor (1+ ¢"/* + ¢¥/?) for k=0 mod 4 for k # 0

and a factor of a single power of ¢ and a sign +1 which we haven’t determined but can
be deduced from (4.10).
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44 k=-5/2—-M

We expect the Neumann half-indices are equal to half-indices of dual U(M)5 /24 M,5/2 theories
with Dirichlet boundary conditions for the gauge multiplet and a 3d fundamental chiral. We
have already described the case of M = 1 where we identified the Fermi and 3d chiral U(1)
fugacities, equivalent to considering instead the case of a singe 3d fundamental chiral with
Dirichlet boundary conditions. Here we list some results for M = 2 and M = 3 but the
one-point functions of Wilson lines operators are more complicated than in the case of integer
Chern-Simons level and we don’t have any general conjectures or g¢-difference equations
relating these one-point functions to the half-index in the absence of Wilson lines.

4.41 k= -9/2

For the Chern-Simons level k = —9/2, we take two fundamental Fermi multiplets and a
single fundamental chiral multiplet with the Neumann boundary condition. The half-index
is given by

1+ 4
f . 3 281
SU(3)_ (¢;9)2 dsi _dss (q ' a,q)
My~ (was q) = 3100 Srisr O [I Gsfiae Il I~ =
) 7T7/51 WZSQ 1§’L<]§3 =1 a=1 (qzsix?’; q )
(4.43)
It has an expansion
SU(3)_
HN(S) 92 _ 14 <2_’_:L‘1_,_372 _ T3 :173) q+ (x%:[;g—f—x%ﬂfg-f-xlﬂ??fz?)
T2 T1 X1 X2
—af —a —ad - ay” -y ey ey -l - x%m) @
(4.44)

This result is easily interpreted in terms of the two fundamental fermions 7* and antifun-
damental fermions 7;from the two Fermi multiplets, along with the fundamental scalar ¢
from the 3d chiral with Neumann boundary conditions.

We find that it precisely coincides with

1 Z (_1)m1+m2q%(m§+m%)x§M1x§mz(ql—mlxl—lx?);q)oo(ql—mgxz—lxs;q)oo
(¢;:9)? '

— Ty . — x .
0 my,my€Z (qul m2;;7q)oo (q1+m2 mlﬁ,q)

[e.9]

(4.45)

The series expression (4.45) demonstrates that the dual description is indeed given by the
U(2)g/2,5/2 Chern-Simons theory with a fundamental chiral with Dirichlet boundary conditions.

4.4.2 k=-11/2

Taking two fundamental Fermi multiplets and a single fundamental chiral multiplet with
the Neumann boundary condition, the Chern-Simons level & = —11/2 is allowed. The
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half-index reads

L2 d d 3 3 (éi jLQ)
]I]ISU(?)) "2 (xa5q) = (q’;)oo j{ 5 G II G sqc,q )oo [T 11 #’m.

TiS1 2MIS2 | iy i=1a=1 (q281$47Q)00
(4.46)
We find that it precisely coincides with
Ly pet (1) q i (g1 e ) (4.47)

(Q7 q)oo m1,me,msEZ Ha<6 (q1+ma mg xa ’ q) (q1+m5 ma T8 . : q>

T

The series expression (4.47) demonstrates that the dual description is given by the U(3)q, /2,5/2
Chern-Simons theory with a fundamental 3d chiral having Dirchlet boundary conditions.

45 k=-3-M

We expect the Neumann half-indices are equal to half-indices of dual U(M)syar,3 theories
with Dirichlet boundary conditions for the gauge multiplet and a 3d fundamental chiral. We
have already described the case of M = 1 and here we list some further examples noting
consistency with the duality of boundary conditions proposed in [5]

SU(N)_3-ps pure CS with Neumann b.c. + M fund. Fermis

< U(M)34a,3 pure CS with Dirichlet b.c. . (4.48)
451 k= —
When M = 2, we have the pure Chern-Simons theory with level k = —5. The half-index is
2
SU(3)_ q;q ds1 dss
Iy 5($a;Q)=( 3,)°°f2 5 II T
: TLS1 2T1S9 1<i<j<3
2
1
X H (quxi:;q)oo ((]232jE a,q) (q?s1 Sq:qu) ) (4.49)
a=1

It agrees with the vacuum character of the U(2); WZW model

o X
(@ D3, ez (qul*m%; q)oo (quT"”l%; q)

4.5.2 k = —5 one-point function

(_1)m1+m2q%(m%+m§)x?m1x%mz

(4.50)

o

Similarly, we find that the one-point function of the fundamental Wilson line is given by
(W1)>U=5 (241 9)

B0 21, 2
(_1)m1+m2q2(m1+m2)x§m1l‘gm2 (qull‘% +q2m2x§ + qm1+m2$1l‘2)

(@9% e (q”ml‘m%; q)oo (q”m?‘ml%f; q)oo
(4.51)
We have the ¢-difference equation
<W1>SU(3)_5($17372;Q) = q1’1MSU(3) “(q 2/3361,1’2, q) + qﬁ?QHHSU(3) o($17q2/39€2;Q)
+ g2l SUe)- ’(q Vg, g3 x2;q). (4.52)
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453 k= -6
For M = 3, we have the pure Chern-Simons theory with level £k = —6. We have the half-index

SU@)._ (:9)% [ ds1 dso
HN() (zaiq) = al %2 . : I G si0)

TiS1 2miSy 1<i<j<3

3
1 1
H (425t %41) (q28§x§;Q)m (a2sTsFaiia) - (4.53)
It matches with the vacuum character of the U(3)3 WZW model
(_1)m1+m2+m3q%(m%+m§+m3) 3m1 gmz 3ms

1 3 N (4.54)

(¢ Q)oo iy mams€Z Ha<ﬁ <q1+ma mg wa : q) (ql-I—mﬁ Mo %i; C—I)OO

4.5.4 k = —6 one-point function

We find that the one-point function of the fundamental Wilson line is given by

<W1>SU(3)_6 (a3 q)

g u >

(G D% 1, ez [ (g Fmems 22 q) (g +ma=ma 2z, q)oo

% (qgmlx% +q2m2$% +q2m3x§ +qm1+m2$1$2 +qm1+m3x1x3 —|—qm2+m3$2£€3).
(4.55)

(_1)m1 +m2+m3q%(mf+m§+m§)x?{m1 x%mz wgms

The g-difference equation satisfied by the half-index (4.53) and the one-point func-
tion (4.55) is

(W)SUG=6 (11, 29, 2235 q)

— qx%]ﬂl}s\y(?’)fﬁ U(3)-6

S
(¢*/3x1, 2,735 q) + QUC%MN
+ qw%H]IJS\P(g)‘G

(21,39, 135 q)

S _a
(@1, 22, ¢*%23; q) + qrrasllyy =0 (g1/3

+ qxlmgﬂﬂiﬁj(g)_ﬁ

ry, q1/3x2, 3, Q)

U@3)-s 1/3

S
(61321, 2, ¢Y323; q) + quozsllyy V=S (21, ¢ 329, ¢ /3235 q).

(4.56)

5 SU(N)

In agreement with the analytic results for SU(2) and SU(3), we propose conjectures for
general SU(N) gauge group. We have numerically confirmed them for higher N.

51 k=-N

When Ny = 0 and M = 0, we have the 3d N = 2 SU(N) pure Chern-Simons theory
with level &K = —N. When the vector multiplet obeys the Neumann boundary condition
in the absence of the Wilson line, there is no gauge invariant BPS local operator which
contributes to the half-index.
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5.1.1 One-point function

We conjecture that the one point function for a charge n Wilson line in the 3d N' =2 SU(N)
pure Chern-Simons theory is given by

(Wa)SV - (g)

. \N—1 N-1 g N
UL ( I 0“) (msis;%q)m) (7 + 5+ 5)

i 2mis; i

B {(_1)k(N1) SN (N=Dk(k=1)/2+k — (CDMNTDqVDRETDEA—gMY) gy

= 1_qk )
0, n # kN
(5.1)

where k, N € Z noting that sy = (s152---sy_1) "

. It is straightforward to see the zero
result in the case that n is not a multiple of N.

Also we conjecture that the one-point function of the Wilson line W(;yy transforming
in the rank-kN symmetric representation is given by

N—-1
R = () o2

This result follows from the same argument used for SU(2)_2 and in particular SU(3)_3.
Here we group N — 1 operators D?A_ to create an operator with N fundamental indices so
we can contract with kN synmmetrized indices from a Wilson line in the rank-kN symmetric
representation by taking k£ such groups. The minimal (non-vanishing) case is when the

groups have distinct n in the range 0 < n < k —1 giving fugacity H’:L;é(—l)N_lq(N_l)(”H)

(_1)(N_1)kq%k(k+1)

5.1.2 Grand canonical one-point function

Now, consider the case where n is a multiple of N, and calculate the grand canonical ensemble
by summing over the charge n, or equivalently over k

> (Wion)STN-N AR = ()N TN N D2 AN (7, 0 7) — An-1(0, A+ 757)
kez

N-1 N-2
_ N+1pL/2 Z g™/~ (N=1)/8y, ()\ +mr+ — (N — 1)7) )

m=0
(5.3)
where for the first line we note that the first order, level k Appell-Lerch sums can be defined as
. L /o (_1)knqkn(n+1)/2vn
Ap(u,v;7) = UM 3" T (5.4)

neL

where we have denoted ¢ = exp(27it), U = exp(2miu) and V' = exp(2wiv). The Appell-Lerch
sums are holomorphic but not modular. However, they have modular completions which
are the weight 1 Jacobi forms [40, 41]

A

Ak (u,v;7) = Ap(u, v; 7) + R (u, v;7) (5.5)
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where

R oS () e g0
(5.6)

R(w;T) = uezzJ;1/2 (sgn(l/) — Erf (% (V + Iméw)))) X (=112 vV
(5.7)

and 7o = Im(7). These functions and higher order Appell-Lerch sums [42] have appeared in
relation to black hole physics [43, 44] and supergroup WZW models arising as topologically
tgwisted theories at the intersection of M2- and Mb5-branes [45, 46].

It is interesting to note that using the elliptic transformation properties of Apn_1 there
is an identity

(DN Ag™ PAn (1, N7) — An_1(0, A+ 7:7) =0 (5.8)
so we can also write

ST (Wi ) SV~ AR = ()N AN VER Y (1, A7) + Rv-1 (0, A+ 737) (5.9)
kEZ

5.1.3 Two-point function

We conjecture that the two-point function of a pair of Wilson line operators in the large
symmetric representation is given by

(WiaoyW)ST M=~ = (g?N 1 q) (5.10)

where ¥(a,b) is the false general Ramanujan’s theta function (A.13). In addition to the
result (3.13) for SU(2) and (4.13) for SU(3), we have checked that (5.10) is correct for SU(4)
and SU(5) by expanding the large symmetric Wilson line two-point functions up to order ¢'°
The r.h.s. of (5.10) is called the false general Ramanujan’s theta function of order N [37].
The identities of false general Ramanujan’s theta functions arise from the Bailey pairs [47].
For example, for SU(2) we have [48, 49]

oo n n(n+1) (.. 2
SU(2 q (4 9°)n
<W(OO)W@> o q q z:o q; 9 n+1(_q2;q2)n' (511)
For N = 3 we have [47]
e n 3n(n+1)/
q;49)3n 1
Wi W00 = 0l q) = 3 S il (512
n=0
For SU(4) it follows that [50]
(=)™ (g ¢M)n(g5 %) 2n g1
Woo We— SU4)—4 — 77 — ( ) n\4, n ] 5.13
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For SU(5) one finds [37]
—1)n(nt1)/2gn(n+43) /9

<W(OO)W—>SU(5)—5 _ ‘I/(q9,q) _ i (

5.14
(c0) ord (=4 ¢*)n+1 (5:14)

For general N it can be also expressed as [51

N-1 ey

Wi WSV N — () S o 3 g VO 5.15

( (c0) (Oo)> = (¢)oo 2 N—2 (5.15)
11=0 lN_1:O (q)lel j:l (Q)ZJ

where i; = Zé\[: _jl ls. It would be intriguing to figure out the physical meaning of such series
expressions of the large representation two-point functions.

52 k=—-N—1/2

For Ny =1, N, = 0 and M = 1, or with just a single 3d fundamental chiral with Dirichlet
boundary conditions, we have the SU(N) Chern-Simons theory with level &k = —N —1/2. For
the latter theory, having a singe Dirichlet chiral, or for the former theory with a specialisation
of the global U(1) fugacities, for N = 4, 5 the half-indices are expanded as

SU(4)_
1T, ()-9/2 (z;39) = 14+ 24¢® + 2* @3 + 24 + 2*¢° + 24" + (2 + %) ®
+ (2t 4+ 2 ¢® + (2t + 22%) ¢! + - - -, (5.16)

H/S\}J@)_u/z (r:q) =1 — 2%¢%/2 — 25q7/2 — 2592 ¢ ... | (5.17)

We conjecture that the half-index is given by
00 —1)Nn Nn? Nn
mSU-N-1r2 .y > (-1)""g 2w
N T 0-g-¢?) - (1—g")

which is consistent with a dual U(1)y_;/, theory with a single Dirichlet chiral after identifi-

(5.18)

cation of the U(1) global flavor symmetry with the U(1) global symmetry arising fom the
Dirichlet boundary condition for the vector multiplet.

5.2.1 Omne-point function
For example, for N = 4 we find that the one-point function has an expansion
<VV1>SU(4)_9/2 (z:q) = BB g TgIBI2 T 15/ T T2 T 10/ (5.19)

It precisely agrees with

B i q2n2+3n+%x4n+3 (5 20)
= (1-q)(1—¢*) - (1—q") '
We are led to propose an expression of the one-point function for general N
n? N-—-1
0 (_1\Nn+(N—1) , = +(N=1)n+ 551 Nnt(N-1)
<WI>SU(N)—N71/2 (l‘;q) — Z ( ) q 3 — (5.21)
= 1= —¢*--(1—q)

Consequently, we find the g-difference equation

H]Ii/[’J(N)fN—I/Z(q(Nfl)/Nx;q> _ (_1)N—1q7(N71)/2x7(N71)<WI>SU(N),N,1/2<m;q)_ (5.22)
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53 k=—-—N-—-1
For N = 4, 5 the half-indices are evaluated as

YW= (2;9) = 14+ ¢+ 2+ 2 + 2P + B+ 2 + 279 + (5 + 22* + 207 )¢

+ (7T+32* + 32+ - -, (5.23)
I (@10) = 1+ g +2¢° = (27 + 2 )g"? +3¢° = (2° + 2 ")g"” + 5¢*
—22° + 22 )PP+ T+ (5.24)

We conjecture that, consistent with a dual U(1)y theory with no matter content, the
half-index is given by

1 .2
I (@) = e S ()N e (5.25)

which becomes
e((—¢"/*)M)

7= (520

in the unflavored limit.

5.3.1 One-point function

For N = 4, 5 the one-point functions can be expanded as

<W1>SU(4)_5 — —l‘_lql/Q _ ($3 + x—l)q3/2 _ (.1173 + 2x—1)q5/2 _ (2$3 + 3$—1 + x—S)q7/2

— B+ 22— 5+ T 227 0) M P (5.27)
(W)U -6 — _g=11/2 _ p=1g3/2 | g2 0p=105/2 4 jAe3 _ 3,=107/2
+ (2t + 270t =52 + Bt 4 270 + - (5.28)
We find that they precisely coincide with
3
3.3
_ (;12;) Z QA (5.29)
i [e.e] TLGZ
24 5n2
q~r (_1>nq 5 —§—4TL.,L,5717 (530>
(9 =,

respectively. In particular, the unflavored one-point function for the SU(4) theory is

(W)SUW =2 = —¢12(—g; ¢)2,. (5.31)
We conjecture that for general N we have
(WYSUN)-N=1 (g ) = : 1) (71)Nn+(N—1)qN;L2+(N—1)n$Nn+(N—1). (5.32)
% q) o,

The expressions (5.25) and (5.32) satisfy the ¢-difference equation
Mt (g NN g ) = (—1) VgD 2 (D () SUNN - (29). (5.33)

This should have an interpretation in terms of a dual description with a vortex line but we
do not have a precise derivation of this equation — we leave that for future work.
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Now we can generalize the result for the SU(V)j pure Chern-Simons theory with £ < —N —1
being integer. This can be realized when Ny = N, = 0, M # 0 where the level is given by
k = —N — M. The half-index is given by the matrix integral

SU(N)_N—r (5" = ds; -1 N + +
I (asq) = TTO% H Imis; H(sisj 1 Q) oo H H (CIQSZ- iﬁ‘a;CI)Oo,

i=1 i#j i=1a=1
(5.34)
where [[;s; = 1 and [[, 2o = 1.
We conjecture that the half-index (5.34) is equal to
L YR e R, e (5.35)
G Mo EmeTmoaialiq)s '

We have numerically checked the cases for N = 4 and N = 5 as well. The g-series (5.35)
can be viewed as the vacuum character of the U(M)y WZW model so that the identity
verifies the duality of boundary conditions proposed in [5]

SU(N)_n—n pure CS with Neumann b.c. + M fund. Fermis
< U(M)N4m,n pure CS with Dirichlet b.c. . (5.36)

5.4.1 One-point function

The one-point function of the Wilson line in the fundamental representation is given by

(Wy)SU =N (3,1 q)

. A\N—1 N-1 o NoMo N
Sl () (Hm;l;q)m) [T (shsfin) Yo 630
: j i=1a=1 i=1

i 2mis; iy

We conjecture that the one-point function (5.37) is equal to

>

M

(71)N—1q(N—1)/2 (fl)Nny:1 maq% a=1 ™3 Ho]\c/lzl xéVma

"M M Zal;
(Q7 Q)oo mi, ma€EZ Ha<6(q1ima:':mﬁ Lo x:BF’ Q)oo
« Z qi1m1+i2ﬂ’L2+"'+iMm]Mxilll-é? . foM (5.38)

120
i1+’i2+~~i|k‘,N=N71

The one-point function (5.37) can be obtained from the half-index (5.34) according to the
g-difference equation

<W1>SU(N)7N7A4 (xla L, TM; q)
_ (_1)N—1q(N—1)/2 Z (H $;]) ]HI'/SV[.J(N)folw (q“/le,qu/Nxz, o 7sz/NxM) .
i;>0 j=1

i1 +io+ipy=N—1
(5.39)
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When we introduce a single fundamental chiral multiplet in the fundamental representation
obeying the Neumann boundary condition as well as M fundamental Fermi multiplets, we find
the Chern-Simons theory with fractional level k = —N — M + 1/2. We have the half-index

N-1 /N1 g N istat;
IO s q) = B ( II ;l) (msisjl;q)oo) 111 ((q )
) i=1 ! i=la=1

i#j q2S;TA[+1; Q>

(5.40)

where [[;s; = 1 and [[,zo = 1.
We conjecture that the integral expression (5.40) agrees with the series expresion

N J\J N M 2 M M
1 Z (_1) Z q 2 Zua=1 "M Ha:l xé\fma % H (qlfmaxflxM_H. Q)
- \M M + « y 4 )oo
(q’ q)oo mi, mar €7 a<5(q1im“$m3xawE;Q)oo a=1

(5.41)

This is consistent with the dual theory having Dirichlet boundary conditions for the
U(M)N4a141/2,8+1/2 vector multiplet and Dirichlet boundary conditions for the fundamental
3d chiral. We have numerically confirmed the conjectural identity for N = 4 and N = 5 as well.
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A Special functions

A.1 Dedekind eta function
The Dedekind eta function is defined by

n(m) = [0 - a") (A1)
where ¢ = €*™7, 7 € H. It obeys
n(r+1) = etn(r), (A2)
n(—=1/7) =+/7/i. (A.3)
A.2 Jacobi theta functions
The Jacobi theta functions are defined by
D(zm) = S (—1) g (na) gty = S0 emin(m ) 2mi(aHd) (nkd) (A L)
nezL nez

= 3 0 g =y el () (A5)

nez nez
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193(2;7_) — Z q 5 " Z TN +27rmz

nez nez
194(2;7') — Z( "7 Z eﬂzn +27‘rz z+ )
nez nel

with ¢ = €*™7, ¢ = €>™* 7 € H and z € C.

A.3 General Ramanujan’s theta function

General Ramanujan’s theta function is given by [22]

m(m+1) m(m—1)

Za 2 b 2 = (—a;ab)eo(—b;ab)s(ab; ab) s

meZ

where |ab| < 1.
For |g| < 1 we introduce

o) = fla.q) =Y " = 80

nez (q’ —Q)
_ SR S GECESS N (T
P(q) = f¢,¢°) = ;::Oq = CPe
f(=q) = f(=¢,—¢*) = Z(—l)”qu) = (¢; @)oo
nez

X(@) = (—4:¢")os
A.4 False general Ramanujan’s theta function

False general Ramanujan’s theta function is given by [37].

> m(m+1) mm m(m—1) i m(m—1) m(m+l)
=2 m e

(A.9)

(A.10)

(A.11)

(A.12)

(A.13)

Note that unlike general Ramanujan’s theta function, false general Ramanujan’s theta

function is not invariant under exchange of a and b.
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