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ABSTRACT: We study the partition function of the orbifold ABJM theory on S2, which
is the N/ = 4 necklace quiver Chern-Simons-matter theory with alternating levels, in the
Fermi gas formalism. We find that the grand potential of the orbifold ABJM theory is
expressed explicitly in terms of that of the ABJM theory. As shown previously, the ABJM
grand potential consists of the naive but primary non-oscillatory term and the subsidiary
infinitely-replicated oscillatory terms. We find that the subsidiary oscillatory terms of the
ABJM theory actually give a non-oscillatory primary term of the orbifold ABJM theory.
Also, interestingly, the perturbative part in the ABJM theory results in a novel instanton
contribution in the orbifold theory. We also present a physical interpretation for the non-

perturbative instanton effects.
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1 Introduction and summary

Recently there has been a breakthrough in understanding M2-branes in M-theory. It was
found by Aharony, Bergman, Jafferis and Maldacena [1] that the worldvolume theory of
N multiple M2-branes on C*/Z;, is described by the A" = 6 Chern-Simons-matter theory
with gauge group U(N) x U(N) and levels k£ and —k. Prior to this important discovery, the
program of finding the worldvolume theory of multiple M2-branes by supersymmetrizing
the three-dimensional Chern-Simons theory dates back to the pioneering studies in [2].
Up to N = 3, supersymmetric Chern-Simons-matter theories were constructed for any
gauge group and any representation [3-5]. For N’ = 4, one of the interesting realizations
is the quiver gauge theory with gauge group being [U(N) x U(N)]" (r € N) and levels k
and —k appearing alternatively [6, 7]. Especially, if we consider the case of r = 1, the
supersymmetry is enhanced to A/ = 6 and this is nothing but the ABJM theory. The
quiver diagram of the ABJM theory is the Dynkin diagram of the affine Lie algebra 21,
while that of the NV = 4 theory is the Dynkin diagram of ;{27«_1 (see figure 1). Also,
the gravity dual of the ABJM theory is AdSy x S7/Zj, while that of the N' = 4 theory
is AdSy x S7/(Z, x Zy,). Since the gravity dual of this theory was identified to be the
orbifold of the ABJM theory [8-11], let us call this theory orbifold ABJM theory.

For the ABJM case, the partition function and the vacuum expectation values of the
supersymmetric Wilson loops were extensively studied in [12-30]. First, using the localiza-
tion technique [31], the infinite-dimensional path integral used in defining the expectation
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Figure 1. The quiver diagrams of the ABJM theory (a) and the orbifold ABJM theory (b). The
orbifold ABJM theory is the Chern-Simons-matter theory with gauge group [U(N) x U(N)]" and
alternating levels k£ and —k. Each node represents the U(N) vector multiplet, while each line
represents the bi-fundamental hypermultiplet.

values of supersymmetric quantities in general A" > 2 supersymmetric gauge theories on S3
is reduced to a finite-dimensional matrix integral [12, 13, 32-34]. After the standard matrix
model analyses in the 't Hooft limit [12-17], the partition function for a general N' > 3
necklace quiver Chern-Simons-matter theory was rewritten into that of an ideal Fermi gas
system [19], which is more suitable to access the M-theory regime (see also [18, 35]). This
formalism further enables us to continue to study instanton effects in the ABJM theory [22—
26, 28-30], where an infinite cancellation of divergences between worldsheet instantons and
membrane instantons was found [24]. Finally it turned out [28] that the instanton effects
in the ABJM theory are described by certain limits of the refined topological string on the
dual geometry, local P* x P!,

The aim of this paper is to study how the interesting instanton calculus of the su-
persymmetric quantities in the ABJM theory is generalized to a larger class of theories.
Particularly, as a first step, we shall study the partition function of the A/ = 4 orbifold
ABJM theory on S3, which is expected to be the simplest one compared with other A" = 3
Chern-Simons-matter theories. For the studies in the M-theory limit, of other gauge groups
or other quiver diagrams which are expected to have interesting M-theory interpretations,
see e.g. [36-44] and see [45-48] for those in the 't Hooft limit.

Before explaining our work, let us briefly overview the ABJM partition function. After
the study of the large N behavior in the 't Hooft limit in a seminal paper [14], it was found
in [17] that all the perturbative corrections are summed up into the Airy function

Zi(N) ~ C7VB3A[C7V3N] = / die%“?’*fﬂv, (1.1)

—ooi 2T

with a coefficient C'. This integral expression is reminiscent of the statistical mechanics.
Namely, if we consider the grand potential

el = 37 N 7y (), (1.2)
N=0



by regarding N, the rank of the gauge group, as the number of particles and introducing
a chemical potential p, we find that the inverse transformation given by

21

™ ~

Z\(N) = / i@d“#*”, (1.3)
—T

looks very similar to the expression of the Airy function (1.1). Hence, we are led to the

grand canonical ensemble naturally.

However, note that there are also some discrepancies. First, the grand potential defined
in (1.2) is invariant under the shift of u by 27i, while the cubic polynomial in (1.1) is of
course not. Secondly, the integration domain is [—, 77) in the inverse transformation (1.3),
while it is the whole imaginary axis for the Airy function (1.1).

These two discrepancies can be resolved simultaneously [24]. Namely, to restore the
27i shift symmetry, let us consider a quantity J;(u) and express the total grand potential
fl(u) by infinite replicas of it,

. oo
) = 3 hsmin) (1.4

n=-—oo

If we use this quantity Jj(u), we can extend the integral domain to the whole imaginary
axis by substituting (1.4) into (1.3) and connecting various intervals of integral domains
[—7i + 2min, mi + 2min) with different n,

Zy(N) = / e )N, (1.5)

—0i 211

Note that this argument should be handled with care. We have implicitly assumed the
analyticity of Ji(u), though generally it may contain branch cuts,! which invalidate the
above argument of substituting complex-valued chemical potentials into Ji(p) in (1.4).
This assumption is supported by our numerical studies later in section 6.

If we expand the total grand potential into?

Ji(p) = Ji(p) + i (), (1.6)
we find that the n # 0 terms
T 1 min
Ji(p) =log |1+ AR z:e°71(“+2 ), (1.7)
n#0

give an oscillatory behavior [24]. On the contrary, the n = 0 term J;(u) does not contain
any oscillations depending on u. Even though the integration domain in (1.5) is different
from the original inverse transformation (1.3), the extra oscillation J;(u) in (1.7) is com-
pletely determined by the quantity J;(u). Hence, we consider the n = 0 term Ji(u) as a

Tndeed the result of small k expansion [19] contains a branch cut in the e*-plane at (—oo, —4].

2For suitability and simplicity, we have changed the notation slightly from section 3 in [24]: [J(u)]"*"® =

IO, L ()] = [T ()0, [T = 775 () M.



naive but primary term while regard the extra n # 0 terms contributing to the oscillatory
behavior i(u) as subsidiary. Note that if we just wanted to restore the shift symmetry
W~ i+ 2mi, at the first sight, we could define the naive term with n # 0 as well, though
this is not the case. The n = 0 term is characterized by the property that it does not
contain any complex phases depending on .

The relation to the statistical mechanics was observed and fully incardinated in [19] by
identifying the partition function of the ABJM theory as that of an ideal Fermi gas system
and expressing the grand potential in terms of the Fredholm determinant using the density
matrix p; of the Fermi gas system,

el — det(1+ etp1). (1.8)

Then, combining the results from the topological string theory [13, 14, 16, 17, 24, 28],
the 't Hooft expansion [14, 16, 17|, the WKB expansion of the Fermi gas system [19,
25], numerical studies [20, 24, 26] and the infinite divergence cancellation between the
worldsheet instantons and the membrane instantons [24-26, 28], we finally end up with
an exact expression, where J1(u) consists of the perturbative part JV elrt(u) and the non-
perturbative part J;"(p),

Ji(p) = TP () + TP (), (1.9)

where each part is given explicitly by

r C 0 = 4m
TPt () — 3“3 +Bu+ A, IR = Y fom(p)exp [_ (25 + k),i} . (1.10)
£,m=0
(£,m)#(0,0)
The perturbative coefficients C, B and A are constants depending only on k, while the
non-perturbative coefficient fy () is a polynomial of i, whose explicit form can be found,

_ _du
2 and e~ * correspond

for example, in [28]. The exponentially suppressed corrections e
to D2-branes wrapping a Lagrangian submanifold RP? in CP? and fundamental strings
wrapping a holomorphic cycle CP! in it, respectively [16, 19, 49], where CP? is obtained
from S7/7Z; in the type IIA string theory limit k& — oo.

Let us summarize our main result in this paper. Here we study the partition function
Z,(N) of the orbifold ABJM theory on S3, which, as explained above, is realized by the
necklace quiver [U(NN) x U(N)]|" with the alternating levels k¥ and —k and is expected to
be dual to M-theory on AdSy x S7/(Z, x Z4,). Similarly to the ABJM matrix model, let

us introduce the grand potential

1) = 3" Nz, (N). (1.11)
N=0

Again, in order to preserve the 27i periodicity of u, we expect the grand potential jr(u)

to be expressed as
e.)

edr(1) — Z eI (nt2min) (1.12)

n—=—oo



and we shall concentrate on the primary non-oscillatory term J,(x). As in the ABJM case,
we can rewrite this as the Fredholm determinant [19],

el ) = det(1 4 etp,), (1.13)

with a density matrix p,.. As we will see later in section 3, one can show that p, is given
by the r-th power of the ABJM density matrix p1, namely,

pr = pi- (1.14)

This structure leads us to the following decomposition

N 2

= T e, (1.15)

where the index j in the product runs with step 1. Thus, in terms of the primary grand
potentials in (1.4) and (1.12), the relation (1.15) is translated into

i eJr(u+27rzn — H Z #+2MJ+27TZ”J) (116)

n=-—00 j=—1I= 1n]:—oo

We would like to extract J,(p) out of this expression. In section 4, we will prove that the
explicit form of J,(u) is given by

Z H Jl(%+2ﬂmg‘)7 (1.17)

E n]—OJ_fi

r—1
where the summation symbol denotes that the summation of r variables {nj }]E ._1 Over
=5

all integers is performed with the constraint Zj n; = 0. In the original ABJM theory,
we have noticed that the n # 0 replicas play only subsidiary roles. This identity shows
that the subsidiary oscillatory replicas of the ABJM grand potential also contribute to the
non-oscillatory primary term of j;(,u), as long as the combination of the replicas satisfies
the condition -, n; = 0.

Let us draw the physical implications of this result in section 5. After substituting the
ABJM grand potential (1.10) into the grand potential of the orbifold theory (1.17), we find
that the perturbative part of the grand potential J,.(u) is given by?

or C w20 (r? -1
JP () = ” i+ <B ;ﬂ)>u+rA, (1.18)

while for the non-perturbative corrections the grand potential J,(u) contains the following
three types of non-perturbative instanton effects,

2 4 4
exp<—f>, exp(—l;), exp<—kf2>. (1.19)

3Tt was found in [19] that the grand potential of a general A > 3 necklace quiver Chern-Simons-matter

theory is given by a cubic polynomial. Our result (1.18) agrees with this general claim.
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Figure 2. A general quiver Chern-Simons-matter theory (b) constructed repetitively from a more
fundamental one (a) with levels satisfying >, k; = 0.

It is surprising to find that the last non-perturbative term in (1.19) originally comes from

2
exp<—27T C“), (1.20)

the perturbative part,

r2

which reduces to the last one in (1.19) after we plug in the perturbative coefficient C' =
2/(72k) for the ABJM matrix model.

Let us note that, in the language of the canonical partition function, the perturbative
part is given by

ZPY(N) = (C)l/ge“‘ Ai KC> o (N ~ B+ W)] : (1.21)

r2 r2

while the non-perturbative effects are described by

exp(—ﬂ\/m), exp<—27rﬁ>, exp<—2;rﬁ>, (1.22)

in the large N limit. As we will see later, both the perturbative part and the non-
perturbative effects match well with the gravity dual. Especially, these non-perturbative in-
stanton corrections correspond to D2-branes wrapping RP3 /Z,, fundamental strings wrap-
ping CP! and CP* /Z,, respectively. Note that the last instanton effect arises from a new
cycle compared with the original ABJM theory.

Although we start with the ABJM theory and consider its orbifold theory, we stress
that our computation is applicable to a more general setup. Namely, even if we start with a
more general N’ = 3 necklace quiver Chern-Simons-matter theory having the same expres-
sion of the grand potential (1.10) with different coefficients and consider its cousin with
repetitive levels, the expression for the grand potential (1.17), the perturbative sum (1.18)
and the consequent instanton effect (1.20) are still valid. For example, if we have the
grand potential for the necklace quiver ng with levels (ki, ko, k3) (k1 + ko + k3 = 0), we
can easily find the grand potential for the necklace quiver A\gr,l with the repetitive levels
(k1, ko, ks, k1, ko, -+ ,ks). See figure 2 for another case of r = 3, constructed out of the 121\4
quiver Chern-Simons-matter theory.



In the following section, we briefly review the gravity dual and discuss various possible
instanton effects from it. Then, we explain the relation (1.14) of the density matrices
between the orbifold ABJM theory and the original theory in section 3, and show the
relation (1.17) between the grand potentials in section 4. In section 5 we proceed to study
the physical implications. After presenting a few examples of our result in section 6, we
conclude with some further directions in the final section.

2 Gravity dual

Before starting our study of the partition function of the N' = 4 necklace quiver Chern-
Simons-matter theory with the alternating levels, we shall first review its gravity dual [1] in
this section. We also argue that we expect three types of instanton effects from the gravity
dual. It has been expected that this N' = 4 theory describes the low-energy effective theory
of M2-branes on C* > (z1, 22, 23, 24) divided by the following three orbifold actions [8-10],

i _2mi
A (21,22,23,24) — (e z1,€" 7 29,23, 24),

27 _ 2w

B : (21,22, 23, 24 Z1,%22,€ 7 Z3,€ T Z4),
éB : ( ) = ( )
bc ¢ (21,20, 23, 24) (6%21,6_%22,6%23,6_%24)- (2.1)

Since ¢p is not an independent action due to the relation ¢ 4¢pp = d)’é, the moduli space is
C*/(Z, x Zx,). Thus the gravity dual background of this theory is described by

dsty = Rfd5124d54 + R%dsgr (7, . (2:2)
where the radius R is given by
R = (32n%kr>N)sl,, (2.3)
with the Planck length [,. If we identify the direction of M-theory circle ¢ with that
orbifolded by Zj,,
g1 /2, x24y) = (ki_)g(dsp +o0)? st g (2.4)
the radius of the M-theory circle in the unit of the Planck length [,, the radius of the

covering space CP? in the unit of the type ITA string length I, and the string coupling are
given respectively by

1 1 1
Ry R (327°N\® R R (327°N\¢ 2= 3212N\ 2 2.5)
L,  krly kord ) L k T kord ) ‘

Therefore, the eleven-dimensional supergravity picture is valid for k°r* < N, while the
type ITA supergravity is good for k < N < k®r?.

In the eleven-dimensional supergravity on AdS; x X7 with the boundary S3, the free
energy obeys the famous N3/2-law [50] given by (see e.g. [51] for a derivation)

[ 2n6
log Zsupergravity = — WNB/Q, (2.6)



which relates the free energy of the current theory to that of the ABJM theory

log ZS7/(ZT><ZM) = rlog ZS7/Zk' (2.7)

There are several non-trivial cycles in this geometry CP3 /Z. If we consider the sub-
space z1 = z9 = 0, we find that the only independent action is ¢¢. Since the direction of
Zy,- is identified as the M-theory circle, we do not have any further orbifold actions. Hence,
the subspace is a holomorphic cycle CP!. If we consider the subspace z; = z3 = 0, both of
the actions ¢4 and ¢¢ remain and we should consider the subspace as CP'/Z,. Similarly,
we have a Lagrangian submanifold RP?/Z,..

Since D2-branes can wrap RP3 /Z,, we expect the D2-brane instanton effects,

2p3
1 . 7T R(CP3
(2m)*gs v

exp(—TDQVol(]RP:S/ZT)) = exp(— > = exp(—ﬂ\/ 2kN>. (2.8)
Also, fundamental strings can wrap CP! or CP!/Z, in this geometry and we expect two
kinds of worldsheet instanton effects given by

1 2N
— 1 — [ 2 — _ -
exp( Ty Vol(CP )) exp< o2 WRC]P,3> exp( 24/ k ),
2 2N
exp(—TFlVol(C]P’l/ZrD = exp <—:\/ k) (2.9)

In section 5, we shall reproduce these expected results of the perturbative part (2.7) and
the non-perturbative part (2.8) and (2.9). Before that in the subsequent sections, we shall
first justify (1.14) and (1.17). Since the gravity dual of this AV = 4 theory is the orbifold of
the ABJM theory, hereafter we shall call the corresponding quiver Chern-Simons-matter
theory the orbifold ABJM theory.

3 Orbifold ABJM theory as a Fermi gas

In this section we shall show the relation between the density matrix of the orbifold ABJM
theory and that of the original theory (1.14), which enables us to express the total grand
potential of the orbifold ABJM theory in terms of that of the original theory (1.15). By

using the localization method [32-34], the partition function of the orbifold ABJM theory

on S% is given by (M(TH) = ul(-l))

(2

FORNO

(@_ (@)
. s 2 . L 9

1 HT HN @ (@) g [lic; (28inh =2 ) T, (2sinh =)
Z.(N) = (]W)QT/ Du; ™ Dy, H (@) _ (@) @@ ,

a=1i=1 a=1 [1; 2 cosh =—5—— - 2 cosh %
(3.1)
where we have introduced the same notation as in [29, 52],
(@) (a)
D" = dhi_ e ) Dv® = Wi it (3.2)

i 2 2



Let us rewrite this into the Fermi gas formalism as in the ABJM case [19, 29]. Using the
Cauchy determinant formula

Hl<j2s1nhxl 2. 2sinh 254 1

= deti T
Ti—yj J Ti—y;’
[1; ;2 cosh =5 2 cosh =

(3.3)

we find that the partition function can be rewritten into

T
(a) 1 1
Zr(N N' /HHDMZ Dy ] det G det @@

i - —
a=1i=1 a=1 2 cosh —— 2 cosh %

(3.4)
()

If we expand the determinants and trivialize the permutations except the one over p, ’,

we
arrive at the following ideal Fermi gas representation

70N = / H S0 Lol V), (3.5)

O'ESN
where p, is the density matrix defined by
() ! /HDM HDV(“)H o ! ‘(m W
7 ) (a a a a T :
j L sn +> V9 o o U >;u() " _>,:1)

(3.6)

P —pg

Then, it is more convenient to move to the grand canonical formalism,
o0
W=3"Z,(N)e"N = det(1+ep,). (3.7)

In the ABJM case (r = 1), the density matrix (3.6) is reduced to

1 1
i) = | Dv : - 3.8
p1(ps i) / 2 cosh E 3 cosh T (3.8)

If we define the matrix multiplication among p;’s with Dy (3.2), then we easily see that
two density matrices are related by

pr = pl. (3.9)
Hence in the present case, the total grand potential jr(u) can be rewritten as

rfl r—1
2

eJr(h) — det(1 4 epy) = H det(1 +e = 6TP1) H

r—1 . r—1

J=— J==

(), (3.10)
4 Derivation of the grand potential

In this section we shall justify our expression of the grand potential (1.17). Namely, we
shall prove that



e after summing over the replicas, the total grand potential of the orbifold theory
reproduces the product of the total grand potential of the original theory (3.10), i.e
the grand potential of the orbifold theory (1.17) satisfies the relation (1.16), and

o the ) ;nj =0 term does not contain oscillatory behaviors.

Namely, besides the condition (1.16), as we have noted below (1.7), the property that
characterizes the naive primary term is that it does not contain any oscillatory behavior
in u. Hence, we should also confirm this property.

We shall prove these two facts in the following two subsections.

4.1 Summing over replicas

Let us show that (1.17) satisfies the relation (1.16), namely,

H Z (k2 J+27rmg) (4.1)

_ T 1 nj=—o00

> Y II ()

n=—oo Z n]_OJ_,;

,u~>,u+27rin]

For this purpose first let us redefine the variables in the summation or the product as

. o

7 =j+n (modr), n&zm—i—%, (4.2)
such that j' runs over the same range as j, namely from —(r —1)/2 to (r — 1)/2 with step
1. Then, we find that the argument of J; becomes

- \
h<u+7w :h<w+ﬂw44m%>, (4.3)
T T

+ 2m'nj)
B pA-2min

Since we have only shifted j by n in (4.2), it is clear that j’ runs over the same values as
J exactly once,

[un

—
2
r—1

j:_ 2

(4.4)

<.

I 5
| vl |
S =
m‘|

-

Note also from (4.2) that n; are all integers and the constraint » ;nj = 0is translated into
> n; = n. Hence the constraint in the summation is lifted,

SEDIREED VD IR D 15)
n=-—00 Z]- n;=0 n=-—00 Zj n;:n n;-:—oo
After removing the primes, this is nothing but the right-hand-side of (4.1).

4.2 No oscillations

Next let us check that J.(u) does not give any oscillatory behavior. Namely, we see that
there is no imaginary p dependence in the exponents.

,10,



Let us first rewrite (1.17) as

[+ 2mij Jl(%wmnj)

Je (1) = Z J1<T> +log |1+ Z H ==y ) (4.6)
jzfrfl E nJ—O ] ’V‘ & T

’ (37)(n;#0)

The first term coming from the sector with n; = 0 for all j apparently contains no oscillatory
terms. For the exponents in the parenthesis coming from the sector with n; # 0 for some
J, it is useful to introduce a polynomial g ., (1) determined explicitly by f.,(©) in (1.10)
and express the grand potential as

el () = TP W) [ 4 Z g&m(u)e—(%—k‘l,’ﬂ”)u]. (4.7)
£,m=0
(6,m)#(0,0)

Then, the exponents become
r—1 +2mij . r—1 ert ; pt2mij .
Ji (B 2ming) 2 le (P 4-2ming )
_r—1

2
I1° —=
€J1(H+iﬂ'ij)

r—

= =

1+ Z hﬁm :uv {’I’L }) 2£+4m) ]7

£,m=0
(£m)#(0,0)

T
eJ})er (u TW’LJ)

(4.8)
for a polynomial hyg,(; {n;}), which also depends on n;. If we substitute the perturbative
part (1.10) into the first factor, we find

J{)ert </H—7TZ] + 27m'nj> — J{)ert <M+7”J> (49)
r T
- 77:"2”53_( 72 nj<nj+:>:u+27rinj(3_( 72 ( +3nﬂ+3i2>>'

After summing over j and using the condition ) ;nj =0, we find the imaginary quadratic
term vanishing, while the linear term is real. Hence, we find that there is no oscillatory
contribution.

5 Physical implications

In the previous section, we have justified our proposal (1.17). In the argument of no
oscillations, we have fully utilized the relation (4.9). Here we shall see that actually this
relation has further physical implications on the perturbative part and the non-perturbative
instanton corrections.

5.1 Perturbative part

Let us look more carefully into the relation (4.9) in the previous section. Since 2j satisfies
—(r—1) <25 <r—1, it is not difficult to find that the coefficient of the linear term satisfies

9

— 11 —



where the equality holds only when n; = 0. Therefore, sectors with n; # 0 for some j
always contain an exponentially decaying factor and do not contribute to the perturbative
part of the orbifold theory. Namely, the perturbative part has only contributions from the
sector with n; = 0 for all j,

r—1

2 o+ 2mig
s = Y gpm (M), (52)

r—1
2

After plugging in the expression (1.10), we arrive at the expressions for J2(1) (1.18) and
ZP(N) (1.21). In the large N limit with k and r fixed, the partition function ZE*(NV)
is expanded as

2 2
log ZPT (N) = %rc—l/%v?)/? +rO 12 <B - W) N2 % log N+0O(1). (5.3)

The first term reproduces the result (2.7) of the classical eleven-dimensional supergrav-
ity. The logarithmic behavior in the third term also agrees with the 1-loop supergravity
analysis in [53].

5.2 Instanton corrections

As we have seen in section 2, we expect the three kinds of the instanton effects (2.8)

and (2.9) from the gravity dual. Here we discuss that these instanton effects can be

naturally understood as exponentially suppressed corrections in the grand potential J,(u).
First it is obvious that we have the following two corrections

exp<?>, exp (i‘;) (5.4)

which come from substituting p/r + --- into Ji(p) as in (4.6). Besides it, from the linear
term in (4.9) we find another kind of exponentially suppressed correction

2
exp<—n2wr20'u>, (5.5)

with the positive integer n given by

2

n=2 Y ni(nr+2j). (5.6)
. r—1
==

After plugging in the ABJM value C' = 2/7%k and setting the instanton number n to be

exp (_;{‘2> (5.7)

Using (4.8), we find that the sectors with n; # 0 for some j can be expressed as

1, this becomes

Ja( “+2"” +2ming)

o0
(2t 4m  4n
Z H Jl u+27r1]) = Z gﬁ,m,n(,u)e (r kr ) (58)
Z n;=0 ]__L £,m,n=0
(HJ)("J#O) n#0
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generally with a polynomial gy, ,(1). Thus, finally we conclude that the non-perturbative
part of J,.(u) takes the following form

oo

N 20 4m  4n
P () = Z femn () exp [— (r + T + W)M} ; (5.9)
£,m,n=0

(£,m,n)#(0,0,0)

with a polynomial fy ., »(1).
For comparison with our result in (2.8) and (2.9), let us return to the canonical partition
function. In the large N limit, the integration over the chemical potential u is dominated

by the saddle point u. related to N by
kN
=N, s :777“\/7. (5.10)

OJ (1)
O

Hence, the exponentially suppressed corrections (5.4) and (5.7) on the gauge theory side

are translated to (1.22)

[2N 2r 2N
exp<—7rv2k:N>, exp<—27r s >, exp<—7T e >,
r

which are exactly the same instanton effects found from the gravity side in (2.8) and (2.9).

= ph

For finite N, these instanton effects contribute to Z,.(N) by a superposition of

Ai[<c>_1/3(N—B+7m2_1)+2€+4m+ 4”)} (5.11)

2 57 e P e
and their derivatives.

Note that unlike the original instanton effects, n obeys an interesting selection rule
and only takes a discrete set of integers (5.6). For example, n always has to be an even

number and the smallest instanton number is n = 4 which comes from the combination of
n; with its non-zero components given by

n_r1 =1, ny,1 =-L (5.12)

6 Examples

Let us use our formula (1.17) to write down several terms explicitly. Note that once we
have a general formula, all these results can be obtained very easily from [24, 26]. One
purpose of this section is to see a rough structure, which would be useful in the future study
of more general N/ = 3 Chern-Simons-matter theories. In the following we will show the
non-perturbative part of the grand potential J; v () for the case of k = 2. The reason we
choose this case is because of its novel behavior, though we can study for any r and any k.

N 202 4 2p + 2 B 52u% +2u+ 9 _
Ta2(1) = [_ - 7r2'u +2]6 o [_ ’ 471'2N A8
N _368u2—304u/3+308/9+@ =
372 3
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270142 — 139494 /12 + 11291 /48
+ [ & 2% ha / +2514] e~ O(e™), (6.1)
dpu+3) 16 8 104p+3  104] _a
Jpp = ( :|e 3“4—6 9'“—|—|: :|e 3k
3,2(#) [ 3f7r 9 3\f7r 9
4 1
[(\’g;?’) 36] e TH 4 Oe T HY, (6.2)
N 20 + 2 1 132 9 8 1 _
VAME [— “: +1]e 5“+[ “;;ﬁ + (“: )—43}6 "
32 1)2 344, —376/3  152] _:
N (p+1) L 344p /3 _152] _s,
2 37 3
2 1% 2 21 14 12 272 252
56(@r ) 29574 —10877p/6+14363/12  2720u+25 8/3+5754 2
373 472 37
+O(e3m). (6.3)

Note that for the case of r = 2 the coefficients are very similar to the (k, M) = (4,1) case
of the ABJ theory [52], which is the N' = 6 Chern-Simons-matter theory with gauge group
U(N) x U(N + M) and levels k and —k [54, 55]. For the case of r = 3, the novel instanton

term e i discussed previously does not mix with other contributions. For the case of

r = 4, the coefficient polynomials of instantons are not necessarily quadratic any more.

Forgetting about the result (1.17), we have also checked (6.1)-(6.3) numerically by
the same method used in [24]. Namely, using the exact values of the partition function
Z,(N) in the orbifold ABJM theory obtained from those in the original theory with the
relation (1.14), we try to find out the exact coefficients of the primary grand potential
Jr(p) numerically using the inverse transformation

7 [ du g
T(N)—/ 5 e HI=RA (6.4)
—0Q0

We find that the coefficients match well with those in (6.1)—(6.3) within about 1% errors.
Since we have less exact values (with the number divided by r) and relatively milder de-
caying factors in the instanton effects (especially for the » = 3 case due to the intermediate
new instanton effect (5.7)), it is difficult to check with high precision to high instanton
corrections. However, we believe that at least it is safe to claim that we have detected the
appearance of the new instanton numerically.4

7 Discussions

We have studied the partition function of the orbifold ABJM theory via the grand canonical
formalism. We have found the explicit formula (1.17) for the grand potential in terms
of the grand potential of the ABJM theory. It is surprising to find that the subsidiary
oscillatory terms of the original theory lead to the primary non-oscillatory term of the
orbifold theory and the perturbative part in the original theory results in the new non-
perturbative instanton effect (1.20) in the orbifold theory. We have identified this instanton

4We are grateful to Y. Hatsuda for valuable discussions.
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effect as the string worldsheet wrapping the cycle CP'/Z, in C*/(Z, x Zj,). Let us discuss
some future directions.

As we have explained in section 1, there are several methods to study the matrix
model. We would like to detect the new instanton effect from complementary methods.
For example, since the density matrix of the orbifold theory is related directly to that of
the ABJM theory (1.14), it is great to see how the grand potential is also derived from
the exact quantization as in [30]. Also, we expect that the new instanton effects can be
reproduced from the genus 1 analysis in the 't Hooft limit as in [14].

It has been found that the new instanton effect obeys the interesting selection rule (5.6).
It is important to understand the origin of the selection rule both from the direct field
theoretical study and from the gravity dual [8-10].

The result that the perturbative part in the original theory results in the non-
perturbative effect in the orbifold theory (1.20) may look less surprising in view of the
following interpretation from the gravity dual.® Since this non-perturbative effect corre-
sponds to the string worldsheet wrapping the cycle CP! /Z, which is not present in the
original AdS, x S”/7Z; background, they can only have a perturbative origin. We hope to
understand it from the field theoretical study as well.

In the context of resurgence theory, it was found [58-60] that the perturbative asymp-
totic expansion contains the information of the non-perturbative effects. In extended super-
symmetric theories [61], even though there are no ambiguities in the asymptotic expansion,
our result still shows that the perturbative coefficient appears in the non-perturbative ef-
fects (1.20). It would be great to understand more extensively also from the viewpoint of
the resurgence theory.

We have often substituted the complex values of the chemical potential p into the
primary non-oscillatory grand potential of the ABJM theory as in (1.17). However, the
original expression is only literally valid for large real chemical potential g. This is allowed
only when they are in the same Stokes sector. Our numerical check in section 6 is a crucial
support for this assumption, though we hope to study the analytical structure of the grand
potential carefully.

Our result on the orbifold ABJM theory (1.17) has been obtained based on the result
of the ABJM theory. We hope that there is a more direct expression with topological
invariants on a certain dual geometry of the orbifold ABJM theory.

As we have noted in section 1, our expression of the grand potential (1.17) including
the perturbative sum (1.18) and the new instanton effect (1.20) are very general. Namely,
they are applicable to any necklace quiver Chern-Simons-matter theory as long as the
quiver diagram is repetitive as in figure 2. We hope to study more general theories using
these results. For the ABJ theory [54, 55], in the Fermi gas formalism of [56, 57], the grand
potential is expressed in a similar manner. This means that our result is also applicable to
these cases, though this fact is not so obvious from the formalism of [52].

The meaning of various sectors with different combinations of n; is not very clear. In
some sense, the sector with n; = 0 for all j is similar to the untwisted sector in the string

SWe are grateful to the referee for valuable comments.

,15,



orbifold theory, while the others are similar to the twisted ones. We hope to clarify the
physical meaning of these sectors.
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