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1 Introduction

In this paper, we study non-perturbative aspects of M-theory via the AdS/CFT correspon-
dence [1]. Our analysis here is based on the belief that the AdS/CFT correspondence (or
more generally, the gauge/gravity duality) is exactly true even at quantum level. This
means that gauge theories, if they have gravity duals, provide us a “non-perturbative def-
inition” of their dual string theories/M-theory on the corresponding backgrounds. Recent
remarkable developments on exact understandings of gauge theories enable us to probe the
non-perturbative effects in the dual string theories/M-theory, quantitatively.



We are interested in the low energy effective theories on multiple M2-branes, which have
a dual M-theory description on some AdS, background. The most well-known example is a
U(N)pxU(N)_; N = 6 supersymmetric Chern-Simons-matter theory, known as the ABJM
theory [2]. The ABJM theory describes the low energy effective theory on the N M2-branes
probing a C*/Z, singularity, and it is dual to M-theory on AdS;xS7/7Zj, in the large N limit.
In this paper, we pick up another example: a three-dimensional U(N) N = 4 super Yang-
Mills theory coupled to one adjoint hypermultiplet and Ny fundamental hypermultiplets.
This theory also describes the theory on N M2-branes probing a C?xC?/Zy ; singularity [3—
7]. From the Type ITA viewpoint, this is the worldvolume theory on N D2-branes in the
presence of N; D6-branes. This theory is dual to M-theory on AdS; x S7/ZNf in the
limit N — oo with Ny fixed. Note that the Zy, quotient on S7 acts differently from the
ABJM case. We can probe M-theory from these theories via the AdS/CFT correspondence.
We would like to find universal (background independent) properties in M-theory through
various examples.

As shown in [8-10], in many supersymmetric gauge theories on S°, infinite dimen-
sional path integrals for the partition function and vacuum expectation values (VEVs) of
BPS Wilson loops reduce to finite dimensional matrix integrals by using the localization
technique. Due to this drastic simplification, one can, in principle, evaluate the partition
function and the Wilson loop VEVs beyond the perturbation theory. However, it is still
non-trivial to extract their large N behaviors from the matrix integrals. The traditional
matrix model technique is very helpful in the analysis in the 't Hooft limit. In the ABJM
matrix model, a systematic analysis in the ’t Hooft limit was done in [11, 12]. However it
is not easy to access the M-theory regime in this way (see [13]). It is desirable to find more
efficient ways to understand the M-theory regime systematically.

Recently, Marino and Putrov proposed a very interesting formulation, known as the
Fermi-gas approach, to analyze matrix models for a wide class of 3d Chern-Simons-matter
theories [14]. This Fermi-gas approach was successfully applied to the ABJM theory and
revealed a very detailed structure of the non-perturbative effects in M-theory. It turned
out that the existence of two types of instantons, i.e. worldsheet instantons and membrane
instantons, is crucial for the non-perturbatively complete definition of the theory. In par-
ticular, the worldsheet instanton correction diverges at every physical value of the coupling,
and that divergence is precisely canceled by the similar, but opposite sign, divergence of
the membrane instanton correction [15]. This pole cancellation mechanism is conceptually
very important, since this mechanism guarantees that we can go smoothly from the weak
coupling (Type ITA) regime to the strong coupling (M-theory) regime. More practically,
this mechanism gives strong constraint on the possible form of membrane instantons. For
the ABJM case, we can actually find the analytic form of a first few membrane instanton
coefficients using this pole cancellation condition, together with some other input from
the semi-classical expansion of Fermi-gas [15-17]. Based on these analytic results, it was
finally found in [18, 19] that the membrane instantons in the ABJM theory are completely
determined by the refined topological string on local P! x P!, in the Nekrasov-Shatashvili
limit [20], while the worldsheet instantons are given by the standard topological string on
the same manifold [12, 15]. In addition, there are bound states of membrane instantons



and worldsheet instantons, whose contributions are finally absorbed into the worldsheet in-
stanton corrections by the effective shift of chemical potential of the Fermi-gas system [17].
In the ABJ theory [21], the similar structure was also found [22-24] based on the re-
sults [25, 26].

In the present paper, we will study the S® partition function Z(N¢,N) of the U(N)
N = 4 super Yang-Mills theory coupled to one adjoint hypermultiplet and Ny fundamental
hypermultiplets. Using the localization technique, the computation of Z(N, N) boils down
to a matrix integral, which was named as the Ny matrix model in [27]. It is known that the
grand partition function of the Ny matrix model can be recast as a Fermi-gas system, and
some of its properties were studied in [27, 28]. This Ny matrix model is an interesting first
step beyond ABJ(M) theory to study the non-perturbative effects in M-theory. However,
it turned out that it is not straightforward to apply the strategy in the previous paragraph,
which was successful in the ABJM case [15], to the N matrix model:

1. Find the worldsheet instanton coefficients and their pole structure.

2. Determine the analytic form of the membrane instanton correction by combining the
small Ny expansion and the pole cancellation condition.

At the step 1, in the case of ABJM theory, the analytic form of the worldsheet instanton
correction is available thanks to the relation to the topological string on local P! x P'. On
the other hand, the Ny matrix model does not seem to have a direct connection to the
topological string theory, and hence the analytic form of the worldsheet instanton correction
is not known, except for the genus zero part [27]. Currently, there is no systematic way
to compute the worldsheet instanton corrections as analytic functions of Ny. To overcome
this problem, we first compute the exact values of the partition function Z(Ng, N) for
various integral values of Ny up to some high N, and then guess the worldsheet instanton
coefficients as functions of Ny using the exact data of Z(Ny, N). In this way, we indeed
find the analytic forms of worldsheet instanton coefficients up to three-instanton (3.24).
We note that our conjecture gives an all-genus prediction in each instanton sector when
taking the 't Hooft limit. Our conjecture passes many non-trivial checks.

The small Ny expansion at step 2 is also difficult to be carried out, since the density
matrix (or Hamiltonian) of the Fermi-gas explicitly depends on Ny [27, 28]. Nevertheless,
we successfully find the first few terms of the small Ny expansion of the grand potential
by analyzing the so-called thermodynamic Bethe ansatz (TBA) equations. Combining
the small Ny expansion and the pole cancellation condition, we determine the membrane
one-instanton coefficient completely (4.34) and find a part of the membrane two-instanton
coefficients (4.39), as analytic functions of N¢. As a non-trivial check, we show that our
conjecture of membrane instantons is consistent with the numerical solution of the TBA
equations for 0 < Ny < 1. These results clearly show that the pole cancellation mechanism
is a general phenomenon in M-theory, not the special property of the ABJ(M) theory.

This paper is organized as follows: in section 2, we review the known properties of
the Ny matrix model, including the Fermi-gas approach, the TBA equations, and the ’t
Hooft and the M-theory limits of this model. In section 3, first we explain our algorithm



to compute the exact values of the partition functions Z (N, V) for various integral values
of Ny. Then, using these exact values, we analyze the structure of the grand potential.
We find that the constant A(Ny) in the grand potential (3.8) is related to the constant
map contribution of the topological string. We also determine the analytic forms of the
worldsheet instanton coefficients up to three-instanton. In section 4, we consider the mem-
brane instanton corrections. First we study the small Ny expansion of the TBA equations,
then we consider the pole cancellation condition between the worldsheet instantons and
the membrane instantons. Finally, combining these two inputs, we determine the analytic
forms of the membrane one-instanton and of a part of the membrane two-instanton. Sec-
tion 5 is the conclusion. We also have three appendices A, B, and C, summarizing some
results used in the main text.

2 Review of Fermi-gas approach

Let us start by reviewing the exact computation of the partition function on S by using
the localization [8] and the Fermi-gas approach [14]. The localization reduces the parti-
tion function to a finite dimensional matrix integral. We rewrite this matrix integral as
a partition function of certain one-dimensional ideal Fermi-gas system as in [14]. This
approach is quite powerful, and allows us to analyze the non-perturbative corrections to
the partition function.

2.1 From matrix model to Fermi-gas

In this paper we consider the U(N) N = 4 super Yang-Mills theory on S® with one
adjoint hypermultiplet and Ny fundamental hypermultiplets. The quiver diagram for this
theory is shown in figure 1(a). Following the general localization procedure in [8], one can
immediately write down the partition function of this theory, and the result is given by the
matrix integral

Cll‘] 2 — Tk
Z(Ny, N N'/H = 2cosh$] ; Htanh ( ) (2.1)

Our goal in this paper is to understand the large N behavior of this model, the so-called
Ny matrix model, including non-perturbative corrections. We note that the matrix inte-
gral (2.1) can be evaluated for arbitrary value of Ny while the physical theory is defined
only for integral Ny. It is well-known that the theory with Ny = 1 is equivalent to the
ABJM theory at Chern-Simons level k = 1 via the mirror symmetry [2]. The equality of the
partition functions of both theories was directly shown in [29]. Interestingly, the partition
function for Ny = 2 is also related to the partition function of the U(N); x U(N +1)_y,
ABJ theory at k =2

1
Zapy(k =2, N, N +1)| = — Z(N; = 2, N), 2.2
| ZaBi( )l 7 (Ny ) (2.2)

where the factor 1/v/2 comes from the partition function of U(1),—s pure Chern-Simons
theory. This relation can be checked by rewriting the ABJ partition function as in [23].
The quiver diagram of the ABJ(M) theory is shown in figure 1(b).
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Figure 1. (a) The quiver diagram for the U(N) N = 4 SYM with an adjoint and Ny fundamental
hypermultiplets. We use N' = 2 notation. The adjoint hypermultiplet consists of two adjoint chiral
multiplets (@, ®3), and @3 is the chiral multiplet that forms the A" = 4 vector multiplet together
with the N' = 2 vector multiplet. (b) The quiver for the U(Ny); x U(N2)_ ABJ(M) theory.
The partition function of the former with Ny = 1,2 is related to that of the latter at £ = 1,2,
respectively.

It is not easy to perform the matrix integral (2.1) directly.! However, there is a very
efficient way to compute the exact values of the partition function. This method was first
proposed in [14] (see also [31]), and is now called the Fermi-gas approach. The key idea is
to rewrite the partition function (2.1) as

1 N
20NN = 3 3 (17 [ ] ol (23)
=1

ceSN

where
1 1 1 1

T or (2 cosh Z)N1/2 (2 cosh 22)N5/2 2 cosh (£1572)

To derive (2.3), we used the Cauchy determinant formula. The partition function (2.3)

p(z1,22) (2.4)

can be interpreted as the partition function of an ideal Fermi-gas system described by the
density matrix p [14]. In the following analysis, it is very convenient to introduce the grand
canonical partition function and the grand potential

o0
E(Ng,z) =1+ Y 2NZ(Ng,N),  J(Ny,p) =logZ(Ny, 2), (2.5)
N=1
where z = e# is a fugacity with a chemical potential i in the grand canonical ensemble.
As was discussed in [14], for the partition function with the form (2.3), the grand partition

function is written as a Fredholm determinant?

_ = (2
=(N = det(1 = — Tr p" 2.6
(7,2) = det(1 + 29) = exp| > E ), (2.6
where the trace of p is defined by
Trp" = / dzy - - dxy, p(x1, x2)p(22, 23) - - p(Tp), 7). (2.7)

!One interesting approach is to evaluate the multi-integral numerically by using the Monte Carlo method
as in the (mirror) ABJM matrix model [30].
2We have used the well-known identity: logdet X = Trlog X for a matrix X.



Therefore the basic problem is how to compute Tr p™. This is still not easy, but as will be
seen in the next section, we can compute it recursively. Once we know the grand potential
J(Ny,p), it is easy to reconstruct the canonical partition function by

Z(Ny,N) = / A I(Np-Nn (2.8)
211

—7
2.2 TBA equations

The density matrix p takes the form

1 e—3U(z1)—5U(z2)

X
= — = N¢1 2 cosh — |. 2.
p(x1,x2) 27 Dcosh (522) U(x) f; og[ cos 2} (2.9)

Interestingly, for the kernel with this form, we can compute the grand potential from the
TBA equations [32]. The TBA integral equations are given by

> dx’ log(1 + ("))

9

log Ry (z) = —U(x) +/

o 21 cosh(x — x/)

R 2.10
= [l o
)= —oo 2m cosh(z — 2')’
For the solutions of these equations, we also define
*° dx’ arctann(z’)
R_(x)=R —_—— 2.11
(@)= Rifo) [ e (2.11)
Once these functions are determined, the grand potential is computed by
0Jy 1 [ J(z) £ J(—=2)
— =" ~ 7 2.12
- [ wR@, ; (212)

We note that the integral equations (2.10) and (2.11) can be recast as the following func-
tional relations [16], called the Y-system in the literature,

R, <x+7;) R, <x—7;>exp [U <x+7;> —I—U(ac—?;i)} =1+ n?(2),
n<x+7;i> +17<w—7;i> = —zR(x),

R(z+%) R-(z—-%) _ AC)
Ri(z+%) Ry(x-1%) 14+ n%(x)

(2.13)

and

(2.14)

The TBA equations (2.10) and (2.11) are powerful in the numerical computation for various
values of Ny as in [33]. The functional equations (2.13) and (2.14), on the other hand, are
useful in the semi-classical analysis [16]. The TBA equations for the ABJM case were
studied in [16, 33, 34].



2.3 ’t Hooft limit and M-theory limit

We want to understand the large N behavior of the partition function (2.1) (or equiva-
lently (2.3)). There are two interesting limits. One is the standard 't Hooft limit, in which
the parameters are taken as follows:

N
N — oo, Ny — o0, A= : fixed, (2.15)
Ny
where A is the 't Hooft coupling. In this limit, the free energy admits the perturbative
genus expansion (plus non-perturbative contribution)

F(gs,\) = —log Z(Ny, N 2929 2Fy(\) + Fup(gs, \),  gs = Ni (2.16)
!
where F,(\) is the genus g contribution, and Fy,(gs, A) is the non-perturbative correction
in gs. In the ABJM matrix model, the genus zero contribution was computed by the stan-
dard matrix model technique, and the higher genus corrections were determined from the
holomorphic anomaly equations [11, 12]. In the Ny matrix model, the genus zero contribu-
tion was computed in [27]. However, it is difficult to compute the higher genus correction.?
The non-perturbative correction Fy,(gs, A) is also very difficult to be computed from the
usual matrix model approach. Some interesting results on the non-perturbative corrections
in the ABJM matrix model are found in [35, 36].* We emphasize that the Fermi-gas ap-
proach overcomes this difficulty, and we can predict analytic results for Fy,(gs, A). One
important consequence is that the perturbative genus expansion is insufficient in the finite
gs regime, and the existence of the non-perturbative contribution Fyp(gs, A) is essential for
the consistency of the theory.
We note that the genus g contribution Fjy(\) at strong coupling contains the non-
perturbative corrections in o/(~ 1/ ﬁ), which has the exponentially suppressed contribu-
tion (see [27] for the genus zero contribution)

O(e 27V, (2.17)

From the dual Type IIA string point of view, such corrections are caused by the worldsheet
instanton wrapping a two-cycle. On the other hand, the non-perturbative part Fi,(gs, \)
contains the exponentially suppressed contribution

O(e V298, (2.18)

As discussed in [35], such non-perturbative corrections come from the D2-branes wrapping a
three-cycle. In this paper, we refer these corrections to the membrane instanton corrections
because these are purely non-perturbative effects in g;.

*We thank M. Marifio for pointing out the difficulty of the higher genus computation in the N; matrix
model.

“In the ABJM matrix model, the perturbative genus expansion is very likely Borel summable. One of the
conclusions in [36] is that the Borel resummation of the genus expansion does not present the exact result,
and one needs to consider the non-perturbative contribution Fnp(gs, A). This non-perturbative contribution
is caused by so-called complex instantons [35, 36], and interpreted as D2-brane instanton effects in Type
ITA string theory [35].



The other interesting limit is the following one:
N — oo, Ny : fixed, (2.19)

corresponding to a direct thermodynamic limit of the Fermi-gas system. In this limit, the
gauge theory is dual to M-theory on AdSy x S7/ZNf, and thus we call this limit as the
M-theory limit here. In the following analysis, we mainly focus on the M-theory limit. In
the M-theory limit, the worldsheet instanton correction (2.17) and the membrane instanton
correction (2.18) have the same order

O<6_2”\/2N/Nf>, O(e—”\/m). (2.20)

This is because, in the M-theory regime, both instantons are up-lifted to M2-branes wrap-
ping two different types of three-cycles. See figure 1 in [18] for more detail.

Before closing this section, let us comment on the large IV limit in the grand canonical
ensemble. From the integral transformation (2.8), the partition function can be evaluated
by the saddle point approximation in the large N limit. The saddle point equation is
given by

J (p) — N = 0. (2.21)

As was discussed in [27, 28], the grand potential behaves in the large p limit as

J(Ny,p) =~ (e — 00). (2.22)

3
32N,

Therefore, the saddle point is given by

N/N
[y = m/%- (2.23)

This means that the large IV limit in the canonical ensemble corresponds to the large y limit
in the grand canonical ensemble. The saddle point analysis presents a simple derivation of
the N3/2 behavior of the free energy [14]

/2N
F(Ns,N) &~ —J(Ny, 1) + Ny = Tfjvi“/2 (N — o0). (2.24)

This reproduces the matrix model result [28]. As we will see later, the Airy function
behavior is also derived easily from the grand canonical analysis. Finally, the worldsheet
instanton correction and the membrane instanton correction in (2.20) correspond to the
exponentially suppressed corrections

O(e™/Nr), O(e™ ), (2.25)

respectively, in the grand canonical ensemble.



3 Exploring non-perturbative effects

In this section, we investigate the non-perturbative corrections to the partition func-
tion (2.1) in the large N limit. As explained in the previous section, the large N limit
corresponds to the large p limit in the grand canonical ensemble. We thus concentrate
our attention on the large p behavior of the grand potential. We first compute the exact
values of the partition function for various integral N; by using the Fermi-gas approach
developed in [15, 33, 34]. Next, using these exact data, we extract the non-perturbative
corrections to the grand potential. Based on these results, we look for exact forms of the
worldsheet instanton corrections for general Ny. The membrane instanton corrections are
explored in the next section.

3.1 Exact computation of the partition function

In this subsection, we compute the exact values of the partition function for some integral
values of Ny. Our strategy is the same as that in the ABJM theory [15, 33]. We first divide
the density matrix p into parity even/odd part

p(x1,z2) + p(x1, —72)

p(z1,22) = p4(21,22) + p—(21,22),  pa(z1,22) = 5 (3.1)
Then, the grand partition function is factorized into two parts [33],
E(z) = det(1 4 zpy) det(1 + zp_). (3.2)
As in [15, 33], we write p+ as the forms
paliany) = A (5:3)
where
By(r) = — B ()= ——oR3 (3.4

(2 cosh £)Ns/2’ (2 cosh £)Ns/2

Now we can apply the result in [37] to the kernels p1. The important consequence is that
we can compute pt from functions with one variable:

n o Ei(l‘)E:t(y) o 00 n—~{
P (z,y) = cosha + coshy g(—l) oL (x)o3 (),
- (3.5)
E E 2n—1
Py = ) *“ﬁy % (=) 6 (@)e (W),

where the functions ¢ () are determined by the following integral equations recursively

. 0 gy 1 cosh &
¢ g L
T) = o ! / o
¢4 () cosh 2 /_Oo 27 2 cosh (255 ) (2 cosh &) e (3.6)
PRI Ny L e B
cosh § J_oo 27 2cosh (25%) (2cosh & )N7
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Figure 2. The free energy F' = —log Z for Ny = 1,...,6 as a function of N3/2. The dots represent
the exact values computed by our algorithm while the solid lines represent the perturbative part
given by the Airy function (3.11).

with the initial conditions ¢9 () = 1. For a derivation of these equations, see [33]. In [15,
33], we further found that the grand partition function is expressed only in terms of the
even parity part:

E(z) =det(1 - 2%p3)G(2),  G(z) =) ¢4 (0)2" (3.7)
=0

This result is very useful in the practical computation. In summary, we first solve the
integral equation (3.6) for ¢/ (x) recursively. This can be done very efficiently by using the
technique in [15, 34]. We then compute Tr p2" to know det(1 — 22p%) by using (3.5). We
finally read off the coefficient of 2V in (3.7) that is nothing but Z(Ny, N).

We have computed the exact values of Z(Ny, N) for Ny = 1,2,...,12,14,16, up to
certain values of N. Since the results are very complicated, we cannot write them down
here. Instead, a set of ancillary files for these values readable in Mathematica® is attached
to this paper on arXiv. In figure 2, we show the free energy I' = —log Z for Ny = 1,2,...,6
as a function of N3/2. The dots represent the exact values while the solid lines represent the
leading Airy function behaviors given by (3.11).6 The exact values of the free energy indeed
show the N3/2 behaviors, and also a very good agreement with the Airy function (3.11)
even for small .

3.2 General structure of the grand potential

Next we consider the structure of the grand potential. In the large p limit, the grand
potential takes the following form [27, 28]

W) = S L BN+ AN + Iy Np) (v 00), (38)

®One can import those files to Mathematica by Import["file.dat", "List"]//ToExpression.
To use this formula, we need the non-trivial function A(Ny). In subsection 3.3, we give an exact form
of A(Ny). See (3.12).

,10,



where 5 . N
f
C(N¢) = ——, B(N{) = — — —, 3.9
and A(Ny) is a non-trivial function of Ny. The remaining part Ju,(Ny, i) is the exponen-
tially suppressed correction in p — 0o. As we have seen in the previous section, there are
two such corrections, coming from the worldsheet instantons and the membrane instantons.

In addition, there are also “bound states” of these two kinds of instantons [16]. Taking into

account of these bound states, the non-perturbative correction has the following expansion”
= 4m
JoNpm) = S fom(Np ) exp [— (26 " N) u] . (3.10)
£,m=0 f
(£,;m)#(0,0)

The structure is very similar to the ABJM case [16], but the explicit forms of the coefficients
look quite different, as we will see later. The worldsheet instanton correction corresponds
to £ = 0, and the membrane instanton correction to m = 0. The others are understood
as their bound states. If we ignore the non-perturbative correction Jyu,(Ny, i), the grand
potential (3.8) leads to the following canonical partition function [14]

Zyert(Ny, N) = C(Np) 3N At [C(Np) 3N = B(Ny))|- (3.11)

where Ai(z) is the Airy function. This result is understood as the all-genus resummation
after neglecting all the exponentially suppressed corrections [39]. Using the asymptotic
expansion of the Airy function, one can, of course, reproduce the N 3/2 behavior (2.24) in
the large N limit.

Our remaining task is to determine the non-trivial functions A(Ny) and fo.,,(Ng, i).
In the ABJ(M) theory, this program has already been done with the help of an accidental
connection to the topological string on local P! x P! (see [15-18, 22, 23]). However, in
our case of the Ny matrix model, we do not know a nice connection to the topological
string. Therefore we do not have any guiding principles to determine the non-perturbative
corrections systematically, and it is challenging to understand f¢,,,(N¢, ;). To explore the
non-perturbative effects, we here take the following strategy:

e Using the exact data computed in the previous subsection, we extract the non-
perturbative corrections for various integral values of Ny.

e Based on these data, we conjecture the worldsheet instanton correction fo (N, )
for general Ny order by order.

e The (conjectured) worldsheet instanton correction diverges for some values of Ny.
These singularities must be canceled by the other contributions because the theory is

"Strictly speaking, the non-perturbative correction Jup(Ny, 1) contains an additional contribution that
shows oscillatory behavior [15]. However, this contribution can be removed by deforming the integration
contour in (2.8) from [—mi, 7] to [—ioco,ic0]. Below, we always take the deformed contour when going
back to the canonical ensemble, thus we can drop this oscillatory contribution. Note that the oscillatory
contribution seems to play an important role in the analysis of the “orbifold” ABJM theory [38].

— 11 —



always well-defined. This pole cancellation mechanism was first found in the ABJM
theory [15]. Using this mechanism, we can determine the pole structure of the mem-
brane instanton correction. Combining this information with some other inputs, we
fix the analytic forms of the membrane instanton corrections.

e The obtained results can be compared with the numerical results computed from the
TBA equations in section 2 for various (non-integral) values of Ny. This comparison
gives a highly non-trivial test of our conjecture.

Of course, the analytic forms of higher instanton corrections become very complicated,
and it gets more and more difficult to determine them in this way. In this paper, following
the above strategy, we indeed determine the worldsheet instanton correction up to m = 3,
and also the leading membrane instanton correction (and a part of the next-to-leading
correction). So far, we cannot obtain any results on the bound states. This should be

understood in the future work.

3.3 The constant part

Before proceeding to the instanton corrections, we give a conjecture of the exact form of
A(Ny¢). We find that the constant part A(Ny) is exactly related to that in the ABJM
theory as

A(Nf) = % [Aconst(Nf) + Aconst(l)NJ%] ) (312)

where Agonst (k) is the constant part appearing in the grand potential in the ABJM Fermi-
gas [14]. Although we do not have a proof of this conjecture, it passes many non-trivial tests
as we will see below. Note that Aconst(k) corresponds to the constant map contribution in
the topological string [30]. The small k expansion of Aconst(k) was first computed in [14],
and then the all-loop formula and its integral expression were conjectured in [30]. As
derived in appendix A, we find another simpler integral expression of Aconst(k):

2¢(3) k3 k2 [ T L
Aconsk: 1—- = 5 d 1 1-— . 1
(k) w2k ( 16 +772/0 ek 1 og(l =) (3.13)
In particular, we find closed form expressions for any integer k,
b1
2 k 2
_fr(;’k) — %milm <2 - m) log <2 sin T) (even k),
Aconst(k) - -
k—1
¢(3) k 1 . ™
- “10g2 =+ gm(k)(k — g (k) log  2sin " :
Se2k + 1 kaIg (k)(k — gm(k))log [ 2sin k (odd k)
(3.14)
where T 5
+ (=1)"(2m —
gm(k) = 1 : (3.15)
Our conjecture (3.12) predicts the small Ny expansion
CB3) Ny [ 6(3)  log2\ . TN :
A(Ny) = - — - Nf — —— N7). 1
() 2N, 24 T\ 1622 T8 ) T 8640 +OWNy) (3.16)
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5 10 15

Figure 3. The constant contribution A(Ny). The numerical estimations (3.18) from exact
Z(Ny,N) in the previous section are shown by the dots, and our conjecture (3.12) by the solid line.

The leading term coincides with the result in [27]. As we will see in section 4, the next-
to-leading correction is reproduced from the TBA analysis. Also, in the large Ny limit,

we find
A(Ny) 1< ¢(3)

lim S .
7T2

log2 ) =0.07141916904 . . .. 3.17
i NJ% 5 +0g> 0.071419 (3.17)

This result also agrees with the constant term in the genus-zero free energy found in [27].
In figure 3, we plot A(Ny) for finite Ny. The solid line is our conjecture, while the dots
are the numerical values of A(Ny) extracted from the exact values of Z(Ny, N), where we
estimated them by (see (3.11))

Zexact(Nf, N)
C(Np) =3 AL [C(Np)~V3(N = B(Ny))]

A(Ny) =~ log

] (N >1), (3.18)

for V as large as possible. For example, in the case of Ny = 3, we computed exact Z(3, N)
up to N = 53. Using the estimation (3.18) for N = 53, we find

A(3) ~ 0.60247027481429615744. (3.19)

On the other hand, the exact value of A(3) in (3.12) is

7C(3) 1. 512
~log 222 2
1272 T 618 7 (3:20)

AB) = -

The difference is O(107'), which is roughly the same order as the leading worldsheet
instanton correction O(e~2"V2N/Nr)_ For other values of N £, our conjecture (3.12) indeed

show an agreement with the numerical estimation up to about O(e™2™V QN/Nf).

3.4 Non-perturbative corrections for integral Ny

Using the exact values of the partition function computed in subsection 3.1, we can de-
termine the non-perturbative correction to the grand potential. The basic method is the
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same as that in [15]. We first take an appropriate ansatz of the non-perturbative correc-
tion to the grand potential. We then pull it back to the canonical partition function. The
coefficients in the ansatz are fixed by the numerical fitting of the exact values with high
precision. See [15] in detail.

Since the partition function for Ny = 1,2 is related to the ABJ(M) case, we can use
the results in [15, 17, 22, 23]. We also find the corrections explicitly for Ny = 3,4,6,8,12,
and numerically for other Ny’s. We observe that all of these results take the form?®

dnp

Jop(Ny, 1) an (Np,p)e ¥, NyeN. (3.21)

In particular, as in the ABJM case, the terms e~ (472K (m=1,2,...) do not appear for
odd Ny. The explicit forms of f,,(Ny, i) are complicated, and listed in appendix B.

3.5 Worldsheet instanton corrections

Now let us consider the worldsheet instanton correction

Amp

JVS(N¢, ) Z fom(Ny,w)e 1. (3.22)

Here we give a conjecture of the analytic form of fo,,(/Nf,x), which is valid for general
Ny, up to m = 3. To simplify the notation, we define

2mn dnp + N
sn(N) = sin ( - > Po(Ny,p) = —H T2 (3.23)
¥ T
Our conjecture of fom(Ny, ) up to m =3 is
1
fo1 = “oa
1 383 S4
= __Pp? -
fO,Q 4 1 + 88182 2 23%327 (324)
52 2
334 58485 53 2s¢ 254585
— PP+ 224 p P, — . _ ,
foa 1281 ! 8 102 9515953 s 2818% ! 3%33 - s%s%

We have checked that this conjecture is consistent with the exact values of Z(Ny, N) for
3 < Ny <16. For Ny = 1,2, worldsheet instantons (3.24) have poles already at the one-
instanton level. We can also see that fy2 have poles at Ny = 1,2,4 and fy 3 have poles at
Ny =1,2,3,4, 6.7 As we will see in the next section, those poles should be canceled by the
membrane instantons.

80mne should not confuse this result with the worldsheet instanton correction (3.22). In general, the
coefficient f,,(Ny,u) is the sum of all the contributions from the worldsheet instantons, the membrane
instantons and their bound states.

“More precisely, fo2 (resp. fo3) has poles at rational values of Ny = 1/n,2/n,4/n (resp. N; =
1/n,2/n,3/n,4/n,6/n) for all n € Z. Those poles should also be canceled by the higher membrane
instantons.
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One can check that our conjecture (3.24) correctly reproduces the result in appendix B.
For instance, for Ny = 8 we find

fo1(8, 1) = —45/;;87
2
fon(8 ) = — T8 30+ ) (3.25)

472 A7

_ (p+8)?
fo.3(8, 1) = 6V +4v/2,

which agree with the result (B.6) in appendix B. Other cases in appendix B are also repro-
duced by the conjecture (3.24).19 We also stress that, for all other cases Ny=5,7,9,---,16,
our conjecture (3.24) agrees highly non-trivially with the instanton corrections extracted
from the exact partition function. To see it, let us define the non-perturbative correction
to the partition function by

Z(Ng, N) = Zyers(N7, N)(1+ Zu(Ny, V), (3.26)

where Zpert(Ny¢, N) is the perturbative contribution in (3.11), neglecting all the ex-
ponentially suppressed corrections. These non-perturbative corrections are encoded in
Znp(Ng, N). We have defined Z,,,(N¢, N) such that it decays exponentially in the large N
limit. Note that for Ny > 6, the first three corrections come from the worldsheet instantons
because e 12#/Nf > ¢=21 Namely,

Znp = Z\()\lf)S + Z\(,?,)S + Z\()g)s + (subleading corrections) (N¢ > 6), (3.27)

where Z\(%) is the worldsheet m-instanton correction. As in the perturbative contribution,

it is straightforward to translate the grand canonical result (3.22) into the canonical one
Z\(gLS). We also introduce the quantity

§ = 0mV2N/Ny <Z -1 AT AT Z\%) : (3.28)
per

Since the worldsheet 3-instanton scales as the order e 67V 2N/N /', the subleading corrections
in (3.27) decay faster than e 0mV2N/Ny - Therefore the quantity § must be exponentially
suppressed in the large N limit for Ny > 6 if our conjecture (3.24) is correct. In figure 4,
we plot d for Ny = 7,9,10, 11,14, 16 by using the exact data. The quantity ¢ indeed decays
exponentially when N is large, as expected.

"More precisely, the coefficient of e™** with a < 2 (even Ny) or a < 4 (odd Ny) can be reproduced
from (3.24). Beyond these values, we have to consider the membrane instanton and the bound state
contributions.
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Figure 4. We plot ¢ defined in (3.28) for Ny =7,9,10,11,14,16. Note that the vertical axis is log
scale. One can see that § is indeed exponentially suppressed as N grows.

As a further test, we consider the large Ny limit of (3.24) with i = /Ny fixed. It is

not difficult to see

fO,l(anu‘) =

fo2(Ng,p) =

f0,3(Nf7:u') =

N? 1 9 1
f ~ ~ )
— | -u—-)—=u—=+0O(N
72 ( a 4> 3" 6 O™,
N? 1 7 11
f ~2 ~ ~ 92
Iy > B i
- ( m +4M 32> 61 + 12+(’)(Nf )

(3.29)

N7 [ 128 46 11
/ ~3 ~2 ~
=== 160° — — _
2 ( g g1t 27)
17923 99212 3561 134 ,2
— - —— 4+ O(N
Ty 3 3 9 (N;7)
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The leading terms exactly coincide with the genus zero contribution of the grand potential
in the 't Hooft limit computed in appendix C. We stress that our conjecture (3.24) gives
an all-genus prediction in the 't Hooft expansion. It would be very interesting to confirm
whether our conjecture indeed reproduces the higher genus corrections.!!

From (3.24), we expect that the worldsheet m-instanton coefficient fo,,(Ns, 1) has the
following general structure:

e fomisan m! order polynomial of x1, and the highest order term is P

e Most of the terms of fj,, have the same “degree” m, i.e. they have the form of [, Plkl
with Y lk; = m, but some remaining terms have smaller degree Y lk; < m.

e The coefficient of each term in fy,, is a combination of s, (n < 2m).

It would be interesting to understand the origin of this structure and the general rule to
find the coefficients.

4 Membrane instanton corrections

In the previous section, we extracted the non-perturbative corrections to the grand poten-
tial from the exact values of the partition function for some integral values of Ny. Based
on these results, we proposed the analytic forms of the worldsheet instanton corrections
up to m = 3. As mentioned before, the grand potential also receives the non-perturbative
corrections from the membrane instantons. In this section, we explore analytic forms of
these corrections. The membrane instanton correction corresponds to m = 0 in (3.10),

JMQ(NfHu) = ZfE,O(NfHu)e_Qéu' (41)
=1

We want to determine the coefficient f; (N, p). Unfortunately, we do not have a sys-
tematic way to compute fyo(Ny, ). Here, we try to fix it from many constraints. The
same idea was originally used in the ABJM Fermi-gas [15]. We first investigate the expan-
sion of the grand potential around Ny = 0. We then consider the singularity structure of
Jeo(Ny, ). Using these constraints, we present exact forms of fio(Ny, ) and a part of
f2,0(N¢, ). To fix the higher instanton corrections, we need more information.

4.1 Semi-classical analysis from TBA

We here study the expansion of the grand potential J(Ny,z) around Ny = 0. Let us
consider what kind of corrections the grand potential receives in the semi-classical limit

"We are informed by A. Grassi and M. Marifio that they have computed the genus one free energy of
this model. Their result is consistent with our conjecture (3.24). We would like to thank them for sharing
their unpublished result.
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Ny — 0.12 We first observe that Z; = Tr p can be computed exactly [27],

1 dx 1 I'%(Ng/2)
CAm ) o (2cosh 2)Nr 4w T(Ny)

7 (4.2)

This has the following semi-classical expansion

1 TNy C(3) \o U 3 7((3) | 3¢(5) 4 5
Zl_wa_ 54 + o Nf—64ONf+ 796 + 16+ Nf+(9(Nf). (4.3)

This observation suggests that the grand potential also has the similar semi-classical ex-
pansion

J(Ny, z) = (2) + NpJ1(2) + NiJspa(2) + N}Ja(2) + NjJsjo(2) + O(N),  (4.4)

1
Ny
because J(Ny, z) is a kind of generating function of Z,, = Tr p". The absence of the constant
O(N?) contribution is not obvious only from this observation, but the TBA analysis below
supports this. The leading contribution Jy(z) has already been computed in [27]. Note
that in the ABJM Fermi-gas, the even power terms k2" do not appear in the semi-classical
expansion. This is a big difference between the Ny matrix model and the ABJM case. Here
we compute Ji(z) from the TBA equations.

What we should do is to solve the functional relations (2.13) and (2.14) in the semi-
classical limit Ny — 0 as in [16]. To do so, we rescale all the functions by

~ x . X =~ X
R =r (). d@=n(y). t@=-v(y). @
Then the equations (2.13) and (2.14) become

~ INe\ ~ N ~ N
Ry (x—i— m2 f) Ry (w— 7rz2 f)exp [U <x+ m2 f)

* 2
N N ~
ﬁ(x+”gf)+ﬁ(x”gf)=zR4m,
(4.6)
and N N R -
R_(r+ 2f) R_(r — 2f)_ . ' (x)
S TiN N TiN - 2ZNf1 ~9 : (47)
Ri(z+ Qf) Ri(x— Qf) +i ()

These are formally the same forms as the ones in (4.10) and (4.11) of [16] with k = Ny.
The only but big difference is the explicit form of the potential U (x).

We assume that the functional equations (4.6) and (4.7) admit the semi-classical ex-
pansions around Ny = 0. The important point is that the potential part in (4.6) has the
following “semi-classical” expansion

. N N N -3A
U<$+7”21‘>+U(m_m2f>:|;U|+Nf1og<1+e Nf> (Ny—0).  (4.8)

12The term “semi-classical limit” is a bit confusing. In the original coordinate, the commutation relation

of the canonical variables (z,p) is given by [z, p] = 27, and thus h = 27 is a constant in this coordinate.
However, as noted in [27, 28], it is more convenient to rescale the position variable by x = ¢/Ny. In this
new coordinate, the commutation relation becomes [q,p] = 27Ny, thus the limit Ny — 0 corresponds to
the semi-classical limit & = 2w Ny — 0. In the TBA, this rescale corresponds to the redefinition (4.5).
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The second term on the right hand side in (4.8) looks like a “non-perturbative” term in N¢.
However, the integration of e~21#l/Nf may potentially cause the perturbative corrections,
for example,

/ dx e_Tf = Ny. (4.9)

Therefore we cannot drop the second term even in the semi-classical analysis.!3 As in [16],
we formally solve (4.6) and (4.7) by the semi-classical expansions,

r(z) = Ri(z) =Y ra(z)N}, Znn z)NY,
% () Y (4.10)
— -z — n Nn
= R E”)f

This can be done systematically up to any desired order in principle. In appendix B, we
give explicit forms up to n = 3.

Once the solutions of (4.6) and (4.7) are found, we can compute the grand potential
from (2.12). Let us define

®dr ~ ~ - =~
Jﬂé/md) Ba(e) = NP Ran(a), (4.11)
0 n=>0

where ]?ii’n (z) are related to r,(z) and t,(x) in (4.10). Using the solutions in appendix B,
one can check that I+, up to n = 3 has the following expansions around Ny = 0:

2 z 2 z
_ = . =, _ = 2~ ,
1+’0 == > arcsin <2> 1,’0 = 2,2 arcsin <2>

Ley = NI, + NPIE) + O(ND), (4.12)

Lo =1, + Ny, + O(ND),
L= N7 + 10 + O(Ny),

The explicit forms of these coefficients are also listed in appendix B. We also observe that
the higher order corrections have the following expansions:

I:I:,2n _ N;2n+31:(|:_22:+3) + O( 2n+4) (n _ 27 37 . )’

2n+2 p(—2n+2) _2n+3 (4.13)
Itoni1 =Ny Iy 5nii” + Oy ) (n=2,3,---).
Combining all the above results, the grand potential is given by
+ 1 >
JE(z) = 27TNf/ dz Ry (z ZNfIﬂ
(4.14)

= 0 NI + 1) +I§E 1))+N§(Iﬁ}+I§;)2+I$§+---)+O(N]§).
f

where JF(2) = 0J%(2)/0z.

3This term makes the problem much harder than that in the ABJM case. We will comment on the
difficulty of the higher order computation later.
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The leading term is given by

2 2
Jg2(2) = —arcsin G) o Joa(z) = ——5 aresin® (g) . (4.15)

This result indeed agrees with (3.73) in [27]. The next-to-leading term is also given by

n  w(16 — 2?)
Jl,z(z) - _12(4 _ 22)5/27
4.16
J_()_z(8—z2)+ 16 — 22 retan z (4.16)
1,2\%) = 8(4—22)2 " 6(4— 22)5/2 arcta /4 _2)°

After integrating over z, we finally obtain

22 2(16 — 322) z
Ji(z) = MA—27)  18(1_ 2" |:7T — 2arctan (\/4—722” , (4.17)

where we have fixed the integration constant such that J;(0) = 0. Note that J;"(z) and
J{ (%) have branch cuts for |z| > 2. However, the branch cut along z > 2 disappears in the

total potential J;(z), and there is no discontinuity in J;(z) along the positive real axis in
the z-plane. In the large z (or u) limit, Jy(z) and Ji(z) behave as

23 3) 2u+1 12— 1
JO(Z) — el + Jad + Q + ie_zﬂ + 'uie—&u + O(Me_GM),
22 g2 2 82 (4.18)
poo 1 2p+1 50 12u—19 6
J —= _ I Tty 2T TP 0 "y
&) =-S5 "o + g+ Oue™)

The cubic and linear terms in p are consistent with the large p behavior in (3.8). The
constant terms also match the expansion of A(Ny) in (3.16). The exponentially suppressed
terms will be used to fix the membrane instanton correction fyo(Ny, ).

Let us remark on the higher order corrections. The next-to-next-to-leading correction
is given by

2 1 0 —n+3
J:»,i/z,z(z) = fiﬂ +I(i,)2 +Ii,)3 toee= Zli,,ﬁ ) (4.19)
n=1

Thus to compute J3/5(2), we need the infinite series of corrections Ij(;ff +3) (n >1). This
means that it is very difficult to compute the semi-classical expansion beyond this order in
this approach. We need a more efficient way to resolve this problem.

One possible way is to expand the density matrix around Ny = 0 from the beginning.
Let us see it briefly. We use the identity

2 cosh 2N 72 = exp [—2 log (2 cosh QNfH =e 1 Z ﬁﬁ (x), (4.20)
f

where
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We consider the rescaled density matrix

~ 1 Tl T2
p(r1,12) = ﬁfﬂ Ff7 Ff
27Ny (2cosh ;Tlf)Nf/Q (2 cosh Q”ETQJ[)Nf/2 2 cosh(%) '

It is easy to check the equality Tr p™ = Tr p”. Then, the density matrix is expanded as

ezl Jwal 00 k
1 e 41 4 f k
pler, w2) = 27Ny 2 cosh(*57%) g () ) (4.23)

= po(w1, ®2) + Nyp1(w1, 22) + Njpa(wr, ) + -,

where
_ =l =l
(rr,a9) = * 7 pr(a1,12) = - po(ar, 22) (€xr) + (). (4.24)
po(1, T2 27N} 2 cosh(B2 12) k(21 T2) = p0(T1, T2 1 2))" :

The trace of p can be computed as follows:
Zy = Tep" =Tr[(po + Nypr + Njp3 + )"

= Trpy +nN;Tr oty + nNJ% Tr o~ pa (4.25)
+ Nf [Tr pf—2p} + (permutations)] + O(N]?c)).

Thus we find
J(Nf,z):—z( Z P1+"']
n=l o (4.26)
= Jud(Ny,z) — Ny Z(—z)" Trpg_lp1 4.
n=1

where Juq(Ny, z) is the grand potential for the undeformed kernel py. The second term is
rewritten as

Z(—z)” Trpg 'p1 = 22(—,2)”/ dazl/ dxa piy (w1, 22) po (22, 71)€(1)
n=1 n=1 —0o0 —00
=2 (—2)" / dx pf (z, 2)0(z) (4.27)
n=1 -0
> ~Po
=-2 d ().

The semi-classical expansion of pjj(z,z) can be computed from the TBA for py(z).

An advantage of this approach is that the undeformed kernel py does not contain
the “non-perturbative” term in (4.8). It is interesting to consider whether this approach
resolves the difficulty of the computation of J3/5(2).
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4.2 Pole cancellation mechanism

The worldsheet instanton correction conjectured in section 3 has singularities for some
(in particular, integral) values of Ny. These singularities must be canceled by the other
contributions because the partition function itself is always finite. This pole cancellation
mechanism was first found in the ABJM theory [15]. As emphasized in [16], this mechanism
is conceptually important because it implies that the 't Hooft expansion breaks down at
some finite values of the string coupling gs. One needs to consider a non-perturbative
completion to cure the divergences. Our conjecture (3.24) shows that this mechanism also
exists in the Ny matrix model.

A technical merit of this mechanism is that we can know the pole structure of the
membrane instanton correction from that of the worldsheet instanton correction. As an
example, let us consider the order O(e™?") correction for Ny = 2. Looking at (3.10), there
are two contributions at this order. One is the worldsheet one-instanton correction fy 1,
and the other is the membrane one-instanton correction fig. It is easy to see that the
worldsheet one-instanton correction in (3.24) has the following singularity at Ny = 2.

N 22u+1) s 2(2u% +2p+ 1)
- 7m2(Nyp—2) 72

e+ O(Ny—2). (4.28)

This singularity must be canceled by the membrane one-instanton correction. This means
that fi must behave as

2(2u + 1)

N1J1}32 Jro(Ng, ) =

Similarly, the singularities of fio at Ny = 4 and Ny = 6 are determined by the fy2 and
fo,3, respectively. It is easy to find

. 6(2p +

Jim Ao = 7r2((NMf 8 )) +0(1), (4.30)
| 20(2p |

g fLolNp ) = 2 ((Nf - 6)) o

We will use these results to fix fio(Ny, p).

4.3 Fixing the leading membrane instanton correction

Now we are in position to conjecture an exact form of fio(Ny, ). The large p expansion of
the semi-classical results Jo(z) and J; (z) suggests that the membrane ¢-instanton coefficient
feo is a linear function of u for all £

Jeo(Ng, ) = ag(Ng)p + be(Ny). (4.31)
To fix f1,0(Nf, 1), we use the following three constraints:
e The singularity structure at Ny = 2,4,6 is given by (4.29) and (4.30).

e As noted in subsection 3.4, fio(Ny, 1) must vanish for odd Ny.
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Figure 5. (a) We plot the ratio ai(Ny)/bi(Ny) in (4.33) against Ny. These values are estimated
by using the TBA equations (2.10) and (2.11). The ratio does not depend on Ny. (b) We compare
the analytic conjecture (4.34) with the numerically estimated values from TBA.

e The semi-classical expansion of fi(Ny, ut) is given by

2u+1  2u+1
m2N; 24

Ny+O(N7)  (Ny—0). (4.32)

The results (4.29), (4.30) and (4.32) strongly suggest that fio(Ny, ) has the following
universal form for any Ny,

Jro(Np, ) =b1(Np)(2p+ 1),  ar(Ny) = 2b1(Ny). (4.33)

We can check that this is indeed the case. In figure 5(a), we show the ratio

a1(N¢)/b1(Ng) computed numerically from the TBA equations'® (2.10) and (2.11) for

Ny =3/20,4/20,...,19/20. The ratio does not depend on Ny, and is very close to 2.
Combining all the above results, we arrive at a conjecture of by (Ny),

I?(=Ny/2)

PN = RNy

(4.34)

The small N; expansion reads

vy = LN (BN} w°Ny +(c(za>_3c<5>

24 96 1672

N?+ O(N?). 4.35
TNy 24 4n? 640 ) s HOWg) (4.35)

Of course, this reproduces (4.32). Omne non-trivial check of the conjecture (4.34) is to
compute the finite parts for Ny = 2,4,6. For example, in the limit Ny — 2, one finds

- Ap? 4241
(fro(Ng, we™ + for(Ny,pe N7) = S ) (4.36)

lim 5
Nf —2 Vs

MWe first compute Tr p™ numerically from the TBA equations as in [33], and read off the numerical
values of the partition function. Then, we evaluate the values of the coefficients a1 (Ny) and b1 (Ny) in the
same way in subsection 3.4.
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Figure 6. We plot (a) as(Ny) and (b) ro(Ny) = ba(Ny) — aa(Ny)/4 against Ny.

This result indeed reproduces the correct coefficient of e2# in (B.2). In this way, one can
also check that the coefficients of e=2# in (B.4) and (B.5) are reproduced by the combi-

7]

nations fi0e” 2 4 fo,2e Ny (Ny — 4) and fipe” 2 4 fo,ze Tf (Ny — 6), respectively.
As another check, we compare the numerical values computed from TBA with our conjec-
ture (4.34) for various values of Ny. The result is shown in figure 5(b). These tests present
strong supports for our conjecture (4.34).

4.4 Remark on higher instanton corrections

Let us remark on the higher instanton corrections. So far, we do not know how to de-
termine ag(Ny) and by(Ny) systematically. Let us consider the next simplest case: ¢ = 2.
From (4.18), these must have the small Ny expansions,

1 19

+ Nf+o(Nf) bQ(Nf):_&TQN 48

az(Ny) = < Nr +OVF).  (4.37)

27T2N

Furthermore, f20(/Nf, 1) must cancel the poles of fo1(Ny, 1) at Ny =1 and fo3(Ny, p) at
Ny = 3. These conditions give the constraints

1 1
| N — +0(1 lim bo(N — 4+ 0(1
i, N = =y O i BN = gy H O s
10 5 '
li Nj)=—-————=+0(1 li Ny) =55 - 00
N;r£3a2< ) m2(Ny —3) +0), N}E:&ID( ) 2m2(Ny — 3) +ol)
We find an analytic form of a(Ny) satisfying all these constraints
1 2 I'?(—Ny)
Ne)=——1{1 . 4.39
a2(Ny) =~ ( N coszf> T'(—2Ny) (4:39)

This guess correctly reproduces the finite parts for Ny = 1,3 in appendix B. It also shows
a good agreement with the numerical values from TBA as shown in figure 6(a).

We also want to fix ba(INy). Unfortunately, the ratio ba(Ny)/az(Nf) is no longer a
constant unlike the one-instanton correction. Instead, it is convenient to define a new

function by

az(Nf).

r¢(Ny) = be(Ny) — 57

(4.40)
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In other words, we parametrize the membrane f-instanton coefficient as

feo(Np, 1) = (1 + 5 )ae(Ng) +7e(Ny). (4.41)

1
20
For ¢ = 1, we found in (4.33) that the last term is absent: 71(Ny) = 0. For £ > 2, it
turns out that ry(Ny) is a non-trivial function of Ny. From the pole structure (4.38), one
finds that the function ro(Ny) is regular at Ny = 1,3. Furthermore, in order to reproduce
the finite parts for Ny = 1,3 in (B.1) and (B.3) correctly, ro(/Ny) must vanish in the
limit Ny — 1, 3:

li Ny¢) = li Nyr)=0. 4.42

im, ra(Ny) = lim, 75(Ny) (4.42)
Also, r2(Ny) must have the following semi-classical expansion

1 11

Ny)=———— —N;+ O(N? Ny —0). 4.43

In figure 6(b), we plot 72(Ny) for 0 < Ny < 1 as a function of Ny. As expected, 72(Ny)

goes to zero as Ny — 1. So far, we have not found an exact form of ro(Ny). To fix it, we
might need more information.

Interestingly, the combination (y + 5-)a,(Ny) seems to cancel the poles of the world-
sheet instantons when there are no bound state contributions. For example, for Ny = 2/n
(n=1,2,3,...), the worldsheet 1-instanton correction has the following pole structure:

A n_ At 5)

lim foi(Ny,p)e ™ = (1)

—2ne L O(1). 4.44
Ny—2/n n27T2(Nf — %)6 * ( ) ( )

This pole must be canceled by the membrane n-instanton correction because there are no
bound state contributions at this order. Thus, focusing on the pe™2"* term, one finds that
an(Ny) must behave at Ny =2/n as

lim  a,(Ny) = (-1)"* 1

—— - + O(1
Ny—2/n n27T2(Nf _ %) +0(1), (4.45)

and that the combination (y + 5-)a,(Ny) indeed cancels the pole in (4.44). Therefore we
conclude that 7,(Ny) is regular at Ny = 2/n:

li n(N¢) = O(1). 4.4
i r(Np) = 0() (4.46)

It would be interesting to clarify the analytic structure of 7,(N¢) in more detail.

5 Conclusions

In this paper we have studied the large N non-perturbative effects in the Ny matrix model.
Combining the exact computation of the partition function and the analysis of TBA, we
have successfully determined a first few terms of both the worldsheet instanton corrections
and the membrane instanton corrections, as analytic functions of Ny. These analytic results

— 25 —



show that the pole cancellation mechanism, originally found in the ABJM model [15],
works also for the Ny matrix model. As emphasized in [27], this clearly shows that the 't
Hooft expansion alone is incomplete and the existence of both membrane instantons and
worldsheet instantons is necessary for the non-perturbative definition of the theory and the
free energy to be finite at the physical value of the coupling. We would like to emphasize
that this mechanism is invisible as long as one focuses on the small/large Ny limit. One
needs to consider the M-theory (or finite coupling) regime to see it. It is desirable to check
that this mechanism works more generally, by computing the higher instanton coefficients of
worldsheet instantons, membrane instantons, and their bound states. It is also interesting
to apply the Fermi-gas approach to BPS Wilson loops along the lines of [40-42]. Moreover,
it would be interesting to explore the non-perturbative structure for other examples [28, 43].

To proceed further, we need to develop a systematic way to study this model. In par-
ticular, it is very interesting to find an efficient method to compute the small Ny expansion
of the grand potential, which gives important clues to determine the analytic form of the
membrane instantons. As for the worldsheet instantons, using the technique of ordinary
matrix models we can in principle compute the genus expansion in the 't Hooft limit, order
by order in 1/Ny. However, to discuss the pole cancellation, we need to resum this series
a la Gopakumar-Vafa, which is a formidable task. Also, currently we do not have enough
information to study the effect of bound states of worldsheet instantons and membrane
instantons. We leave them as interesting future problems.

We found that the structure of the instanton corrections in the Ny matrix model is
quite different from that of the ABJM model. In the ABJM case, the membrane instanton
correction and the worldsheet instanton correction have the following form [14, 15]

TBn (ks 1) = (ae(k)p® + be(k)p + co(k))e >,

~
Il
—

(5.1)

JX‘]]BSJM(]QM): dm(k)e” F,

NE

=1

3

where all the coefficients ay(k), by(k
tion of the trigonometric functions. On the other hand, in the case of Ny matrix model, we

~—

, ¢¢(k) and d,, (k) are expressed in terms of a combina-

conjecture that the membrane instanton correction and the worldsheet instanton correction
have the following structure

[e.9]

‘]MQ(Nfa :u) = Z(CL((N]‘),U + bf(Nf))e_Qeua

(=1

8 . (2
TVS(Ny, ) = Z( > diﬁl"“’km)(Nf)Hszl(Nf,u)>e Ny

m=1 \ Y lky<m =1

where Pj(Ny, p1) is defined in (3.23). We found that the membrane instanton coefficients
in (4.34) and (4.39) are expressed in terms of the gamma function (and the trigonometric
functions). As another difference, the pre-factor of the worldsheet instanton correction
depends on p, unlike the ABJM case. More precisely, the worldsheet m-instanton coefficient
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is given by an m'™ order polynomial of j, and the coefficient dé’il""”“m)(N +) appearing

in (5.2) is a combination of the trigonometric functions (3.24). This difference between the
Ny matrix model and the ABJM model may be related to the difference of the orbifolding
on the bulk side: the orbifold C? x C?/Z Ny, corresponding to the Ny matrix model, has a
family of Ay, 1 ALE singularity parametrized by the first factor C?, while the singularity of
C*/7Zy, for the ABJM case is isolated. Perhaps, the structure of the worldsheet instantons in
the Ny matrix model might be understood as the effect of a non-isolated family of rational
curves (see [44] for such worldsheet instanton effects in a heterotic string compactification).

The spectral problem in the Fermi-gas is also important. The spectrum of the one-
dimensional Fermi-gas that we are considering is determined by the Fredholm integral
equation of the first kind [14]:

/ "t ple, ) (a') = e F (). (5.3)

—00

Since the density matrix p(z1,z2) is a non-negative Hilbert-Schmidt operator, the integral
equation (5.3) has a positive discrete spectrum. In the ABJ(M) Fermi-gas, the spectrum
is determined by the exact WKB quantization condition [19, 24] (see also [45]), in which
one has to consider not only the perturbative contribution but also the non-perturbative
contribution in the Planck constant h = 27k to reproduce the correct spectrum. Since all
the information of the (grand) partition function is encoded in the Fermi-gas spectrum, it
is important to find the exact WKB quantization condition in the N; matrix model.

In the case of ABJ(M) model, we have a very detailed understanding of the instanton
corrections thanks to the relation to the refined topological string on local P! x P! [18,
19, 22-24]. This relation to the topological string is widely viewed as an accident of the
ABJ(M) model. However, in view of the non-trivial relation (3.12) between the constant
term A(Ny) of the Ny matrix model and the constant map contribution Aconst(k) of the
topological string, it is tempting to speculate that the Ny matrix model also has a hidden
connection to the topological string on some background. It would be interesting to see if
such a hidden connection to the topological string really exists, or not.

Finally, in this paper, we have probed the non-perturbative effects in M-theory from its
gauge theory dual. Recently, there are some interesting progress on the gravity side [46, 47].
It would be very significant to confirm our pole cancellation mechanism directly in M-theory
in the future.

Acknowledgments

We would like to thank Alba Grassi and Marcos Marino for correspondence. We are
grateful to Marcos Marino for helpful discussions and comments on the manuscript. We
are also grateful to Satoru Odake for allowing us to use computers in the theory group,
Shinshu University. The work of K.O. is supported in part by JSPS Grant-in-Aid for Young
Scientists (B) 23740178.

— 27 —



A A simpler expression of the constant map

In this appendix, we derive the integral expression (3.13) of the constant map Aconst(k) in
the ABJM Fermi-gas (or equivalently in the topological string on local P* x P'). A similar
integral expression was found in [30], but our expression is much simpler than theirs. Our
starting point is the all-order small k£ expansion found in [30],

_ QC(B) . (_1>n 2n—217.2n—1
Aconst(k> = 2k + 2:1 (2”)‘ BQnBQn—27T k . (Al)
To rewrite this as an integral form, we use the identity for the Bernoulli number:
. [e'S) l,2n—l
This identity is simply obtained from the integral expression of ((z) by setting z = 2n.
Then, we get
[ee] oo
(_1)71, 2n—212n—1 __ 2 >~ 1 Ban—2 2n—1
Z WBQnBQn_QW k = —; o dajeQﬂ‘x 1 Z (2n — 1)' (7Tk$) . (Ag)
n=1 n=1
The sum can be performed,
o0
By 2 2m—1 22 . _
— = — 4+ Lis(1 — e %). A4
Z(zn—n!z g Tlizl—e™) (8.4)
n=1
Therefore we obtain the integral form
2¢(3) K3 2 [ Lig(l— e k)
ACOHSt(k) = Ter (1 — E - 71_/0\ dﬁﬂw <A5)

After integration by parts, we finally get (3.13).

B Some explicit results

B.1 Corrections for integral Ny

Here we summarize the explicit forms of Ju,(Ny, p) for Ny =1,2,3,4,6,8,12. For Ny =1,
the partition function is equivalent to the one in the ABJM theory at kK = 1. We can use
the result in [17],15

A +p+1/47 _ 52u% 4+ 11/2 +9/16 N
(73642 — 152 1
n 1% 52u/3+77/18 _ 39120
i 372
[ 270142 — 139494/48 + 11291/768
4|2 “é + / —|—466]e_16“ (B.1)
T
(16182442 — 317122/15 + 285253 /300
+ a H/15 + /390 6790|200
i 572
[ 122744042 — 26865221/15 + 631257/80 29206471 _
- I 3Wzﬂ/ / + . ]e 24“—1—(9(6 28u)_

5There is a typo in version 2 of [17]. The term —292064/3 in the coefficient of ¢~2** must be +292064/3.
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Similarly, in the case of Ny = 2, we can use the ABJ result in [22],16

4p? +2u+17 52p% + p+9/4 _
an(g’u):[_“ﬁ“}e 2u+[_ © 2:2 / +2}6 4p
[ 2 — 304 154
N _ T36p* — 304/3 + 15 /9+32 —6n
i 32
[ 27012 — 139494/24 4 11291/192
+ |- % + 11291/ +466] e—8k (B.2)
T
[ 1618242 — 634244/1/15 + 285253 /75
+ |t - 4/15 4 / +6720] e 10n
T
[ 122744042 — 53730444/15 4 631257/20 292064
+ |- 1% 37(-2/‘5/ + / + 3 :|€12‘LL—|—O(614“).

For Ny = 3,4,6,8,12, we find new results

dp+3 4p+3)% 2] _
oo (3, 11) = _%e i3 _<M47T2>+3]6 8/3
L[ @eed)? T2 ATEp D) 43 ) L,
8v/373 3m? 242 NG
4u+3)% (4p+3)2  166p +133/8 2
+7(u+)7(u+)+ ne /+7e—16“/3 (B.3)
L 32md 272 V3 3
N CVB(Ap+3)P°  (4p+3)° N 33242 + 11294/4 + 399/16
L 1607° V373 2
4
w_48:| 6—20#/3+O(e—8u)7
V37
Ap+4 1002 4 Ty + 7/2 . 88u+52/3 _
Jap(4, 1) = _A;TG H+ [— K Wéu / —1—1]@ 2#_Iu371/6 3 (B.4)
26942 + 193 /4 + 265/16
- [_ -+ 19358 + 205/ —1—58}@_4"
T
4792 + 1102/5
_ 'u+ / 6—5,u+0(€—6,u)’
5%
dp+6 _ 4pu+6)?2 2] _
an(6’u): _We 2#/3+ |:_(47T2)+3:|€ 4p/3
L[ et 6 T6u ATCut 1) 4pt6 ]
L 8v/3713 32 672 V3
[ (Au+6)*  (4u+6)2 166u+133/4 2
L @pt 6 (4p+6)° 1664 +133/4 2] g (B.5)
L 32m? 272 V3 3
L[ VBUR+6)°  (4u+6)° 33247+ 112951/2 + 3994
L 16075 V373 2
6(4p + 6) —10u/3 —4
+ 2 48| eI L O,
V3 (e™™)

YFor Ny = 1,2, one can check that the coefficients of Jup(11) are reproduced from the general formula

in [23] by plugging in the explicit values of the refined BPS invariants N;lLl ;i; of local P! x P*.
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4u+8_ 4p+8)2  3(4p+4)] _
JHP(S’M) \fﬂ‘ H/Q |: ( 472 ) + ( A ) et (B.6)
(4p +8)° ] —3u/2 2
- +4V2|e 2 L O(e7H),
-t (=)
dp+12 4 +12)2  V/3(8u + 12 _
an(12aﬂ) = - a T -€ w3 + |:— ( M4ﬂ_2 ) ( 571’ ) - 2:|€ 2u/3 (B7)
(4p +12)3  33/3(4p + 12) (8 + 12)
+ | - s + 5
8 8w
82456 8] s
gy + \/3} e "4+ 0O(e ).

B.2 Semi-classical solutions of TBA

Here we give the solutions (4.10) of the TBA equations in the semi-classical limit. For

simplicity, we introduce

2z

L(z) =log(l1+e "r), (B.8)

Note that the solutions below are valid for « > 0. Since the solutions are invariant under
xr — —x, it is easy to know the solutions for x < 0. The solutions up to n = 3 are given by

2 z
ro(z) = Vit — 2 o) = T et — 2
2 z
to(l’) = —; arctan \/ﬁ 5 (Bg)
4e" L(x) 2e*zL(x)
ri(z) = —m, m(z) = m:
zL(x)
h(z) = —2 B.10
W) = e (B.10)
m222%e%(6e” + 22)  2e%(2e® + 2?)
ra(w) = 2(dev — 22)7/2 + (dev — 22)5/2 (@),
2m22e2(e* + 22)  ze%(2e” + 22)
772(55) - = (4€‘T — 22)7/2 - (4€x N 22)5/2 ($)7 (Bll)
~ mze”(16e” + 112%) ze” 9
fol@) = = 12(4e® — 22)5/2  m(dev — z2)3/2L (@),
712226’” (36€2% 4 22722 + 2%) 2e%(4€% 4 1022 + 2%)
r3(x) = v _ ,219/2 () = v _ 2\7/2 ()
2(der — 22)9/ 3(der — 22)7/
m222%e”(6e” + 22) (2) — Ze(4e® + Zz)L”(l‘),
(4e7 — 22)7/2 2(de® — 22)5/2
272227 (2e2 + 922 + 22) ze®(4e?® +10e%22 + 24) 4
773(37) - (469” o 22)9/2 L(LE) 3(461 o 22)7/2 L (SU) (B12)

4r22e2% (e 4 22) _, 272 2%

e — oz YOt et @),
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 mze(32e?T + 98e”2% + 1124)

ta(w) = 12(4e® — 22)7/2
mze®(16e” + 1122) _,

T T 6aer — 2 - (z) -

ze®(2e” 4 2%)
L

(@) + 3m(der — 22)5/2
7z (—28e” + 2%)
24(der — 22)3/2

L3(x)

L"(z).

Using these solutions, one can compute I, in (4.11). The coefficients of the small N
expansions (4.12) are given by

Mmoo o fen T+
LT T @ 22 R T 4@ 2 T T T ey
1 z 1 z
If’1 = 24(1— 2) + 6(4— 22)3/2 arctan <4 = 22> )
v (B.13)
0 _ ? 2 z
I"5 = 244 — 2272 8+ 2"+ _ZQarctan(m)],
_ 28 — 2%) 4+ 2* 2
b _ 2
=3 T a2 o e\ i)
and
s X)) ) B2+ ) 7 (2427)log?2
T gr(a— 228 TR sm(A =22 T g 22
3¢(3) [ 3z 2(2 + 22) ( P )}
1_2) = — + arctan ,
1 872 (4 _ 22)2 (4 _ Z2)5/2 4 — 2 (B‘14)

C(?)) 3z 2(2 +22) z
[(4 — z2)2 + = 22)5/2 arctan <

)
2 B2 ()|

C ’t Hooft expansion of the grand potential

Here we compute the 't Hooft expansion of the grand potential. As explained in [14, 27],
the 't Hooft limit in the grand canonical ensemble corresponds to

1 — 00, Ny — o0, //I:Nizﬁxed. (C.1)
!

In this limit, the grand potential has the following “genus” expansion
oo
2-2 ~
T(Npow) = 30 NFH,(), (€2)
g=0

As noted in [27], the genus zero contribution Jp () is given by the Legendre transformation
of the planar free energy Fy(\). Thus we have the relations

Jo() = FoN) = AFJ(N),  fi = —Fj(\). (C.3)
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The planar free energy was computed in [27]. The result is expressed by the elliptic integral

po K (k) ~ 1 (1+k)?
FJ(\) = —2wm, A=Atg= WKQ(\/l — k2), (C.4)

where k is the elliptic modulus. Using these relations, we find the large i expansion of

Jo(1),

2 i1l 1\ 17\ e
Jo(i) = 50 —+[<—u—4>€ 4“+< 7S +4u—32>e g

3w 8

+ ( 1§8A3 + 1672 — 4—6u+ ;) —L (C.5)
(_2034%4 N 14308A3 178 + 51163ﬁ_ 2705);) 167
<_4O§60ﬁ5 N 40260 i 20296 4 180877 — 20;’503ﬁ+ % ) 20 }

This should be compared with the worldsheet instanton correction (3.29).
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