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1 Introduction and summary

Minimal string theories are toy models of string theory where the worldsheet CFT consists
of a minimal model, the Liouville field and the be ghosts [1, 2]. These theories admit a dual
description in terms of double-scaled matrix integrals [1]. An insight from these toy models

that generalizes even to critical superstring theory is the existence of “D-instanton” effects,

which are nonperturbative effects of order exp(—A g5 1) [3-5]. Here g5 is the closed string

coupling and A is some constant. This differs from the usual exp(—A g;2) that might be



expected from field theory considerations. In minimal string theory, these objects were
later identified as ZZ branes [6]. From the perspective of the dual matrix integral, these
nonperturbative effects correspond to one-eigenvalue instantons [3].

Motivated by the study of instanton effects in the ¢ = 1 string theory [7—10], as well as
critical (superstring) theories [11-15], in our previous work [16] we used tools from string
field theory to compute the one-loop normalization constant that multiplies these instanton
contributions to various physical quantities. In particular, the genus expansion of the free
energy F' reads

o0
F=> Fy9.°"% + Nexp (—Ag;l) +... (1.1)
g=0

and we are interested in computing the constant . We have indicated the perturbative
contribution, along with a correction from one particular instanton up to one-loop order.
The dots indicate other nonperturbative corrections. Physically, Ag; ! is the tension of the
77 brane and N is the exponential of the annulus diagram. The annulus diagram between
two ZZ branes is known [6, 17, 18], but, unfortunately, is ostensibly ill-defined when the
two boundaries of the annulus lie on the same ZZ brane. The dual matrix integral, on the
other hand, predicts a finite value for N [4, 19-26]. In [16], we resolved this tension by
noting that the exponentiated ZZ annulus is, in fact, finite. This is done by identifying the
source of the divergence as a pair of Majorana zero modes, which are zero modes because
Siegel gauge breaks down in the presence of D-instantons [9]. In particular, this happens
because the usual U(1) gauge symmetry on the worldvolume of D-branes is a rigid U(1)
symmetry in the case of D-instantons. Reverting back to a non gauge-fixed form of the
path integral then yields meaningful results which agree with the matrix integral [9, 16].
Since the perturbation series given in (1.1) is not Borel summable, the significance of
non-perturbative instanton corrections is not a priori clear. In [16] we addressed this issue
by noting that while the coefficients F, are all real, the normalization constant A is purely
imaginary. Therefore instanton corrections give the leading imaginary contribution to the
free energy, and this can be reliably computed using D-instanton physics. In this paper we
shall take a somewhat different point of view that was already present in the early papers
on this subject, for example in [19]. In the matrix model, once we express the integral over
matrices as integration over eigenvalues, the effective potential of the eigenvalues develops
various saddle points. We can then choose to integrate all the eigenvalues over the Lefschetz
thimble (generalization of steepest descent contour for multi-dimensional integrals [27-29)])
of the perturbative saddle point, or we can choose to integrate all but a finite number of
eigenvalues along the Lefschetz thimble of the perturbative saddle point and distribute the
integration over the rest of the eigenvalues along the Lefschetz thimbles of various non-
perturbative saddle points. This gives a definition of the general multi-instanton contribu-
tion to the matrix model partition function. Eventually, the complete non-perturbative re-
sult is obtained by expressing the actual integration contour as sum over the Lefschetz thim-
bles of different saddle points with appropriate weights, but this involves a separate analysis.
From this view point, the analysis of [16] involved the contribution from the integration
contour where all but one of the eigenvalues are integrated over the Lefschetz thimble of the



perturbative saddle point and one of the eigenvalues is integrated over the Lefschetz thimble
of a non-perturbative saddle point. One minor difference between these two perspectives is
that in the analysis of [16], since we focused on the full integration contour that happened
to contain only half of the Lefschetz thimble of the non-perturbative saddle point, the in-
stanton contribution had an extra factor of half that will be absent in the new perspective.

We believe that a similar perspective should also exist in string (field) theory, but since
at present we do not have an independent non-perturbative definition of string theory, we
cannot give a fully rigorous description of what the D-instanton contributions represent.
Nevertheless we can offer the following limited perspective. Formally, D-branes with differ-
ent boundary conditions, as well as the perturbative vacuum, are expected to be different
classical solutions in a parent open string field theory that can be the open string field the-
ory on a particular D-brane configuration [30-33].! We can then regard the contribution
from a given set of D-instantons as the result of the path integral in the open (4 closed)
string field theory along the Lefschetz thimble of one of these saddle points. Irrespective of
the details, the conformal field theory approach gives a systematic procedure for computing
the contribution due to the D-instantons, and this is what is needed for comparison with
the matrix integral results.

In this article, we continue our analysis of such nonperturbative effects in the partition
function of both the matrix integral and the minimal string theory, and extend our results
to include a general configuration of instantons. By a general configuration, we mean that
we can have £1 instantons of one type, ¢ instantons of another type, and so on. We present
both the string theory and the matrix integral computations for completeness, although
various special cases of the matrix integral computation have been discussed earlier. For a
single instanton in the one-matrix integral, the matrix integral computation has been con-
sidered by many authors [4, 19-22, 24, 26]. For a single instanton in the two-matrix model,
see [23, 37]. For ¢ identical instantons in the one-matrix model, see [25, 38]. We review and
extend these results to a general configuration of instantons in the two-matrix integral.

We find perfect agreement between the string theory result and the matrix model result.
The structure of the results, equation (2.25) in the string theory case and equation (4.17) in
the matrix integral case, are identical. Further, the quantities appearing in these formulas
also match precisely.

To prevent the reader from getting lost in the technical details, we end this introduction
by highlighting the key qualitative ideas in our computation.

1. On the string theory side, the cylinder between identical ZZ branes requires a string
field theory analysis to get a finite meaningful answer [9, 16]. Instead of using Siegel
gauge, one needs to do the path integral over the fields with ghost number one, and
explicitly divide by the volume of the gauge group. The rigid gauge group on the
worldvolume of ¢ ZZ branes is U(¢) and we need to carefully compute the proper
volume of this group [39].

'In the critical superstring theory, the role of the parent theory could be played by the open string
field theory on a set of unstable space-filling D-branes or brane-anti-brane systems. Various D-branes,
including D-instantons, as well as the perturbative vacuum, can be regarded as classical solutions in this
theory [34-36].



2. In the presence of non-identical instantons, the result depends on the cylinder con-
necting two different ZZ branes. This cylinder is finite [17, 18] and we do not need to
resort to any string field theory analysis. For the sake of completeness, we re-derive
these results from a different perspective.

3. On the matrix integral side, when we place ¢ eigenvalues at an extremum of the one-
eigenvalue effective potential, the result does not vanish despite the presence of the
Vandermonde determinant. This is because we need to do an ¢ x ¢ Gaussian matrix
integral exactly.

4. In the matrix computation of the normalization constant for the two-matrix integral,
we need to take into account a slight subtlety that the expansion of log Z contains
terms that are proportional to N log N [23].

5. We compute the matrix integral results before taking the double-scaling limit, for
which we need to take into account some 1/N corrections in the one-eigenvalue ef-
fective potential and the perturbative free energy [24].

The rest of the paper is organized as follows. Section 2 discusses the string theory
computation of the multi-instanton contribution to the partition function in (p’, p) minimal
string theory. Section 3 discusses the computation in one-matrix integrals that are dual
to (2,p) minimal string theory. Section 4 discusses the same computation in two-matrix
integrals that are dual to general (p/,p) minimal string theory. The appendices contain
various technical details of the computations as well as some background material.

2 String theory computations

The worldsheet CFT for the minimal string theory of interest consists of the (p’, p) minimal
model serving the role of a matter sector, the Liouville field and the be-ghosts [2]. Here p/
and p are two relatively prime integers with p’ < p. The central charges of the minimal
model and Liouville sectors are

6(p —p')°

; s CLiouville = 1 +
pp

6(p +p)?

P (2.1)

Cmatter = 1 —
and the b parameter of Liouville theory is given by b = /p’/p.

Minimal string theory contains ZZ-branes [6] which are akin to D-instantons. These
branes have the ZZ boundary conditions [6] for the Liouville sector and Cardy boundary
conditions [40] for the minimal model. They give rise to nonperturbative effects pro-
portional to exp(—Ag;!), realizing the fact that closed string worldsheets can develop
boundaries nonperturbatively [5]. There are some equivalences between these boundary
conditions, and an independent set of boundary conditions can be obtained by restricting
to the (m,n) ZZ boundary condition for the Liouville field [6] and the most basic Cardy
state for the minimal model (the one that only contains the identity character in the open
string channel) [37, 41]. The integers m,n are restricted to the range 1 < m < p/ — 1,
1 <n <p-—1 with further identification under (m,n) — (p’ — m,p — n).



In general, minimal string theory is dual to the double-scaling limit of a two-matrix
integral [42, 43]. When p’ = 2, one of the matrix potentials is Gaussian and the matrix
integral can be reduced to a one-matrix integral.

2.1 Cylinder with identical boundary conditions

We begin by quoting our result from [16] about the exponential of the ZZ annulus with
(1,1) boundary conditions on both ends. This requires un-gauge fixing back out from Siegel
gauge and using a form of the string field theory path integral with an explicit division by
the volume of the rigid gauge group on the worldvolume of the ZZ instanton. The result
takes the form:

Naa= (1) (C‘”QW g :f,?f(”/ p/>)2. (2)

As remarked in section 1, compared to [16], we have integrated over the full steepest descent
contour, rather than only half of it.

The Liouville contribution to the annulus diagram between two identical ZZ branes,
both labelled by (m,n), is given by [6]

m n

Zygiowie(t) =3 > Xok-1.21-1(t),  with (2.3)
k=11=1
Xk,l(t) — n(lt)*l (q*k‘l _ 1) q*(kp*lp’)2/4pp’7 q — e*Qﬂ‘t . (24)

The contribution from the minimal model Cardy state is [40, 44]

i (2pp’j+p—p")? (2pp j+p+p")?
Zyper () = neit) =t Y (q o —q ) (2.5)

j=—o00

and the contribution from the ghosts is 7(it)? [45]. The net result is a contribution
> ket 2ov—1 Forp—1,21-1(t) with
/N2 / © /- /\2 ’ > N2 ,
Fi(t) == (q—kl _ 1)q—(kp—lp) /4pp Z [q(2pp J+p—p")?/4pp’ _ q(2pp J+p+p') /4pp} (26

j=—o00

The exponentiated annulus thus becomes a product

m n 0 dt m n
Nmn = exp [Z Z/o QtFQk—l,2l—1(t)] =11 1—1_[1 Mog_1,21-1 (2.7)

k=11=1 k=1

where we have defined o q

My = exp[ 0 275Fk,l(lt)] | (2.8)

Note that F7; has a small ¢ expansion that reads ¢! — 2+ O(q), which causes Mji to

1

be ill-defined. There are two issues: the tachyon gives the ¢~ and the two fermionic zero

modes give the —2. These need to be dealt with using insights from string field theory, as



was explained in detail for the case of minimal string theory in [16]. For (k,1) # (1,1), we
show in appendix A that we get the following simple formula for Mog_1 9;—1

sin? ( Zt sin? ( 7k sin? (FU=DY _ gjp?2 W(L,_l) :
s [((sinQE:(lzl)) sfap 82’“5) (si2 E);;l))sirﬂ ((Tr(/;pl);))] - (29

With this formula for My, ; in hand, we note that the product in equation (2.7) telescopes,

and we can reduce the computation of N, ,, to that of M ; (see appendix A for details)

N — M [cot2 (%,”) — cot? (?)] ’ . (2.10)

7 7 cot? (1,) — cot? (E>
P P

Now, we need to treat M1 using string field theory. Each brane, labeled by the

integers (m,n), has a worldvolume theory. There is an action for this theory, which is the
standard cubic action of open string field theory [46]. The overall coefficient in front of

-2
this action is (g((,m’n)) , and the tension of the brane is related to this coupling via [30]

T = 55 (s5™) (2.11)

Minimal string theories are known to have branes with negative tension. We expect that
the relation (2.11) will continue to hold in that case as well if we demand that the universal
‘tachyon condensation’ on those branes continue to give the perturbative vacuum as usual.
Note that for negative tension branes the universal tachyon has positive mass-squared and
‘tachyon condensation’ actually raises the tension instead of lowering it.

We will not repeat the steps of the string field theory analysis, but the main insight is
that the two zero modes arise due to the failure of Siegel gauge, which, in turn, is related to
the fact that the usual gauge symmetry on a D-brane worldvolume is a rigid symmetry in
the case of D-instantons. So we need to work with the string field theory path integral over
fields with ghost number one, and explicitly divide by the volume of the rigid symmetry
group. The proper volume of that group equals 27/ g(mn = 2V/2 7r2T1/ 2 [9]. Following
these steps gives us the result identical to (2.2), except for the replacement of 17 1 by Ty,

N

Ml 1= (Tm,n)_

)

i [ cot2(n/p) — cot?(n/p) \ ?
M( L — ) . (2.12)

Equation (2.10) now gives

’ ? /S p2 _ p/2

2.2 Cylinder with non-identical boundary conditions

Nopn = (T n),% i <00t2(7m/p) — cotQ(Wm/p’)> 2 ‘ (2.13)

Let us extend the result to the annulus diagram with the one boundary lying on an (m,n)
ZZ brane and the other on an (m’,n’) ZZ brane. In some sense, this computation is easier



since the worldsheet computation yields a finite answer, and there is no need to resort to
string field theory. This computation has already been done [17, 18], but we reproduce the
result here using a different method.

The Liouville contribution is [6]

m+m/—1 n+n’—1

Zions e (1) = > S xwlt), (2.14)

k=|m—m/|+1,2 I=|n—n'|+1,2

where the 2 in the subscript of the summation sign indicates that we sum over every other
value of the indices k£ and [. The normalization constant is given by

©dt Liouwvi .
C(m,n),(m’,n’) = exp [/0 + Z(Lrlr:),lrlz)zuni )( ) Z%\{Ialt)ter( )77(175)2} . (2.15)
Note that the measure for the t-integral is now @ as opposed to Q—t because the two sides

of the annulus are distinct. If (m,n) # (m/,n’ ), this can be written as a product of the
contributions My, ; given in (A.6) which telescopes

m+m/—1 n+n'—1

Commy oy = 11 [T M)

k=lm—m/|+1,2 I=|n—n'|4+1,2

ot (o () - () (i (<52 - (1))
- k=|m—m/|+1,2 I=|n—n’/|+1,2 (si]ﬂ2 (71'(l27;1)> — sin? (”(57;1))) (sin2 ( i

o (2522) o (252)) o (2252 s (2252 ”
(sin2 (”'nT;nl) — sin? (”(ngi;m))) (sm ( m(nin )) sin ( ))

This agrees with the result of [18] for the annulus between two different ZZ branes after

using some trigonometric identities; see section 4.3 for some more details. An important
point is that the annulus between two different ZZ branes is finite and completely well-
defined. As we will see, this is the case for matrix integrals as well.

2.3 General multi-instanton contribution to the partition function

We shall now determine the ratio of the contribution to the partition function from ¢ ZZ
branes of type (m,n) to the perturbative contribution to the partition function in the (p’, p)
minimal string theory. The ¢ = 1 case has already been discussed in [16], and our goal
will be to express the result for general ¢ in terms of quantities that already appear in the
result for £ = 1. For this let us express the result for / =1 as

Z(l) _ g(()m,n)
ﬁ = eXp [_Tm,n] Bm’n 271- 5 (217)
where, from (2.11) and (2.13), we have
1
~ 2 . 39 [ cot?(mn/p) — cot?(mm/p') \ 2
B = N = 17 ( o . (2.18)
o



An important point to recall is that in (2.17) the g((,m’n) /(27) term comes from division by

the volume of the U(1) gauge group and the B,,, factor comes from integration over the
tachyon, all the massive modes and the out-of-Siegel-gauge mode.

For ¢ instantons, the action is 7}, ,. Furthermore, the open string spectrum gets
repeated 2 times. So the contribution from massive states, tachyon as well as the out-of-
Siegel-gauge mode gets repeated ¢? times. This produces a net factor:

exp [0 Tyun] (Emﬁn)ﬁ . (2.19)

The slightly non-trivial part of the calculation is division by the volume of the gauge
group. For this we follow the logic of [39]. We denote by 6 the string field theory gauge
transformation parameters and by 6% the U(¢) gauge transformation parameters on the
D-instanton worldvolume. Then we have the relation [39]

9 = 6/ glmm (2.20)
Now, using (2.20) we see that division by the gauge group volume generates a factor of

(gc(am’n))EQ/VU(z) ; (2.21)

where Vyy(y) denotes the volume of the group U(¥) as measured by the parameters 6. The
volume Vyy() in this normalization was found in [39]. The result is*

(Qﬂ)%(é%rf)

Vo = Ca(lx1) (2.22)

where Go(¢ + 1) = Hf;% i! is the Barnes-G double gamma function. In particular, in the
normalization convention for #% in which (2.20) is valid, the volume of the U(1)¢ diagonal
subgroup of U(¢) is (27)¢. In appendix B we have computed the volume of U(¢) using the
same normalization and reproduced the result in (2.22).

Multiplying (2.19) by (2.21) and using (2.22), we get the net normalization factor:

AD 2 Go(l+1)
W = exp [—g Tm7n] (Bm7n) W 5 (223)
1
~ 2 _ 2 / 2
Bm,n = Bm,n g(()m,n) = 277Nm,n = (Tmm)i% 1\/? (COt (ﬂ-n/];))z (;)?; (Trm/p )> . (224)

We shall see in sections 3 and 4 that this result agrees with the matrix model result for ¢
identical instantons. For £ =1 and (m,n) = (1,1) this agreement was observed in [16].

One can now easily generalize the result to the case where we have /¢, instantons of
type a, where a takes values over different pairs (m,n). The result is:

Z{fa} 02 GQ(KO( =+ 1) 00
zor =11 {exp [Tl (Ba)™ o e | L1 (Can)™® (2:25)
« a,B

a<pf

2The relation between % and 6 in [39] had an extra factor of 2 compared to (2.20), but this can be
traced to an extra factor of 2 in the definition of the SFT gauge transformation parameters and in fact
cancels against a factor of 2 coming from the out-of-Siegel-gauge mode integral. So as far as the volume of
U(¢) is concerned, there is no difference and we can directly take the result of [39].



where B, is as in (2.24) and C, g, given in (2.16), accounts for the contribution from the
exponential of the annulus amplitude with one boundary on the instanton of type « and
the other boundary on the instanton of type 5. The exponent {,{z represents the trace
over the Chan-Paton factors on the two boundaries.

3 One-matrix integrals

The one-matrix integral (in the double-scaling limit) is dual to the (2, p) family of minimal
string theories, where p > 3 is an odd integer. The computation of the normalization
constant for the case of ¢ identical instantons in the one-matrix integral was done in [25]
using a degeneration limit of the two-cut solution to the matrix integral. We will present
a simpler approach that is similar to [22, 24]. Some useful results about the perturbative
structure of one-matrix integrals are collected in appendix C.1. We follow the conventions
of [24, 47].
The quantity of interest is the integral over N x N Hermitian matrices M:

1 N
Z(N,t) := Vo /dM exp {_t Tr V(M)] (3.1)
N qz. N N
= % / I ‘;f:: I (@i —25)%exp l—JZ ZV(xi)] . (3.2)
T Bi=1 i=1

1<J

As usual, the large-N limit is taken keeping the 't Hooft coupling t fixed.?> The measure
dM is defined as the volume measure that is induced by the metric ds?> = Tr(dM?) on the
space of Hermitian matrices. We diagonalize M = Udiag(x;)UT and change variables to
the eigenvalues z; and U. Here Viy(y denotes the volume of the U(N) group, with a local
measure that is induced on the space of U’s by the above change of variables. The factor
(N!(27)M)~! on the right hand side denotes the volume of U(1)" x Sy which corresponds
to rotating the phase of each column of U and the permutations of the eigenvalues. This
subgroup is left “unfixed” when we change variables from M to the z;’s and U. Also
note that even though we have chosen a convenient normalization of Z(N,t) in (3.1), this
choice will not affect our final result since we shall be computing the ratio of two different
contributions to Z(N,t).
For simplicity, we take the potential to be an even polynomial, with degree p + 1.

(p—1)/2

+ I2h+2 242 (3.3)

z?
2 2k + 2

V(z) =
k=1

We focus on the case where the perturbative contribution to the free energy comes from the
so-called one-cut saddle point. The one-cut saddle point is the one where the eigenvalues
of the matrix are distributed on a single interval [—b, b]. The cut end-point b depends on ¢
and on all the coefficients gor10 appearing in the potential.

3Hopefully, there is no confusion between using the same letter ¢ for the ’t Hooft coupling in the matrix
integral and the open string modulus in string theory.



It is expected that log Z (N, t) has an asymptotic expansion in powers of N =2 [1, 48, 49]:

” 00 2—2
log Z(N,1) £ 3 (f) "R, (3.4)

9=0

This is almost correct. However, a more precise statement is that, in order to get this
asymptotic series, one needs to divide by the Gaussian matrix integral (the matrix integral
with all the coefficients gor+2 set to zero), see the rigorous mathematical treatment in [50].

Z(N,t) > (N

2—2g
log Za(N.0) = gz;) t) (Fy(t) — Fya(t)). (3.5)

The subtlety has to do with the fact that the log Z& contains terms proportional to log N
(see equation (B.2)), and every matrix integral contains these same terms. This has been
discussed in more detail in appendix B, but an intuitive reason for this is that if we compute
the integral via perturbation theory in the couplings gogt2, we get the Gaussian matrix
integral as an overall factor [48].

We want to go beyond the perturbative expansion (3.4) and include effects from one-
eigenvalue instantons [3, 4]. A single eigenvalue in the matrix integral (3.2) at position z;
feels an effective potential

2t
JigFi
In the large-N limit, it is useful to introduce a holomorphic effective potential defined
as [24]

Va1 = V(@) ~ 2 [y ply) sty — ), .7)

where p(y) is the eigenvalue density normalized according to ffb dy p(y) = 1. The actual
potential felt by an eigenvalue is the real part of the holomorphic effective potential. For
a review of some basic properties of the effective potential and more features of the large-
N one-cut saddle point, please see appendix C.1. Here, we just mention the following
important relations [47], reviewed in (C.8), (C.9),

te(z) = M(2)V/a? — b2, (3.8)

() = 5o M)V — a2 O(b — la]) (3.9)

where O(x) is the Heaviside step function and M (z) is a polynomial determined from the
potential by the requirement that the resolvent wo(z) = % (V'(z) — M (2)v/22 — b2) behaves
as 1/x as x — oo on the physical z-sheet.

The one-eigenvalue instantons correspond to the extrema of Veg(x) with  being outside
the interval [—b, b]. In other words, the one-eigenvalue instantons are the zeroes of M (z).
Once we have identified these extrema {z,}, we can define a general ¢-instanton partition
function Z}(N,t) as follows. Let {f,} be a finite sequence of non-negative integers

~10 -



(all being O(N?), not all zero) satisfying 3, o = ¢. Then Z{}(N,t) is defined as the
contribution to the integral (3.2) where a number ¢, of eigenvalues are integrated along
the steepest descent contour of the particular extremum z,, and (N —¢) of the eigenvalues
are integrated along the interval [—b,b] corresponding to the perturbative regime. The
quantity Z(® denotes the contribution to the matrix integral where the integration range
of each eigenvalue extends over the perturbatively allowed region [—b,b]. Once we have
chosen a particular integration contour for the z;’s in (3.2), we can express this contour
as a weighted sum of the steepest descent contours. Accordingly, the partition function is
given by a weighted sum of the Z{fe}s,

Unlike [9, 16, 26], in this paper we will not be careful about the defining contour for
the eigenvalues for the full partition function, and what linear combination of the steepest
descent contours is homologous to the defining contour. In particular, the question of the
existence of the double-scaling limit, at finite values of the double-scaled coupling constant,
is beyond the scope of this work. Hence, we will simply compute Z{%} by integrating the
eigenvalues along the full steepest descent contours.

3.1 Identical instantons

We will consider the most general instanton configuration in section 3.2, but for now we
consider £ identical instantons. To be more precise, we integrate ¢ eigenvalues along the
steepest descent contour corresponding to the e?gtremum x* of the one-eigenvalue effective
ZWO (N t)

ZO)(Nt)"

The definition of Veg(z,t) given in (3.7) was in the strict large-/V limit. Since we want

potential, and we want to compute the ratio

to compute the answer including the one-loop correction, we need to carefully keep track
of 1/N corrections. For this we need to take into account the fact that the original cut
now only contains N — £ eigenvalues. Since the overall coefficient in front of the potential
remains N/t, if we want to interpret the second term in (3.7) as an expectation value in the
matrix model, this integral over N —/ eigenvalues must be evaluated at a shifted value of the
't Hooft coupling, namely ¢ = ¢ —t¢/N. This is so that N/t can be rewritten as (N —¢)/t’.

An important remark is that we need to properly treat the Vandermonde repulsion
between the £ eigenvalues. If £ > 1 and we naively substitute x* for each of the ¢ eigenvalues,
the result will vanish. This means that there is an ¢ x ¢ Gaussian matrix integral that we
need to compute exactly.

Separating out ¢ eigenvalues to be placed near z* in the integral (3.2), we get the

expression

L /N N—t g Nt N V=
O = L YT (- 2P |- |
2O, 1) N!<€> /CO I 5 IT G- esp |- 3 Vi)
i,j=1

N N

N N
X/CI‘ H o H (a?i—xj)Zexp[—t‘ Z Vet (24,6 — tL/N)

i=N—0+1 i<j
i,j=N—t+1

N

N
+ 2 Z Z AO,Q(Z‘i,.rj,t—tf/N)"i‘"'
i=N—41j=N—_r+1

, where (3.10)
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2% N—{
Vet (z, t —t¢/N)) =V (z) — N <Z log(x; — :L')> , and (3.11)
N—{N-—
Apa(z, 2’ t —tl/N) = Z Z log(z; — x)log(z; — 2')), . (3.12)

We used the fact that (eX) = XT3 (X: et Here Co is the perturbatively allowed range
for the eigenvalues and C; is the steepest descent contour of the effective potential around
the non-perturbative saddle point. In the large-N limit with ¢ fixed, the quantities Veg
and Ao are of order unity with corrections of order 1/N 2. The quantity Ap denotes
the connected two-point function of the Vandermonde potential exerted by the N — ¢
eigenvalues. It contributes at the same order as the one-loop Gaussian integral around the
non-perturbative saddle point.

Let 2* denote the location of an extremum of Veg(z,t) and let us denote the derivative
with respect to z with a prime.* We now approximate the term Vg (x;, ¢t —£t/N) appearing
n (3.10) as follows

Vier(i, t — £8/N) ~ Vagr(z* t)—i—; (2%, 1) (x; x*)Q—%GtV;ff(x*,t). (3.13)

Since we are interested in the answer up to one-loop order, we need to keep the last
term [24]. We also replaced z; with #* in this last term, since we will be evaluating the
z; integral by the steepest descent method. As far as the term Agga(z,2’,t — t¢/N) is
concerned, we can replace it with Ago(z*, 2*, ).

Using these ingredients, we get

N
ZO(N,t) = ZO(N—,t—tl/N) exp [—tf Ve (2%, 1) + 020 Ve (x*, 1) + 202 Ag o (2, 2%, t)]

N dz; IJ_VI (z; — x;)? ex N (2™, 1) ﬁ: 1(ac-—a:*)2
el ¢ 2 O A 2\

N /41 i< i=N—0+1
i,j=N—L+1

(3.14)

We now recognize the second line as a Gaussian matrix integral over ¢ x ¢ matrices. The
exact result for this is given in appendix B, equation (B.1). Writing Z(O(N —¢,t—t¢//N) ~
exp (]X—;FO (t—t¢/N )) and Taylor expanding Fy(t — t£/N) to second order we get®

ZO(N, 1)

BE2 G2 (E + 1)
ZO)(N,t)

N

“The quantity =* depends on ¢ and so the shift in the argument ¢t — t — ¢¢/N causes a shift of order
1/N in the value of z*. However the effect of this is suppressed by inverse powers of 1/N compared to the
terms we keep. Hence we shall ignore this effect.

®As discussed below (3.5), log Z<O)(N, t) has logarithmic terms that invalidate the expansion in power
series in N™2. However these logarithmic terms are the same as those that appear in the gaussian ma-

trix integral Zg(N,t). We show in (B.3) that the effect of the logarithmic terms drops out in the ratio
Z&(N—t,t—tl/N) ZO)(N—t,t—tt/N)

76 (N.D) , and hence it also drops out in the ratio ZO N D)
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where we have defined
A= V:eff(:p*’ t) + 8tF0(t) ) (316)

2
B = exp %dgFo(t) + Ot Veg(a™, t) + 240 2(27, x*,t)] <N2/fo*)> , (3.17)
eff

and Gy(¢ + 1) = [[¢_, "7 is the Barnes-G double gamma function. The quantity N.A/t
is interpreted as the tension of a single instanton. The exponential expression appearing
in the quantity B turns out to have a simple formula in terms of the perturbative one-cut
saddle point, see (C.18). As described in (C.11), the quantity 0;Fy(t) is equal to minus the
real part of the effective potential on the cut. This implies that

A= / dz Vie(z) . (3.18)
—b
We shall see that the quantities N.A/t and B stay finite in the double-scaling limit.

3.2 General multi-instanton configuration

Suppose we integrate ¢ of the eigenvalues along the steepest descent contour of the ex-
tremum z7 (of the one-eigenvalue effective potential), {2 of the eigenvalues along the steep-
est descent contour of the extremum 23, and so on. Let ¢ = )" ¢, denote the total number
of eigenvalues that have been pulled out of the original cut, which now contains N — £
eigenvalues. First of all, we get a factor like the one on the right hand side of (3.15) for
each a. Besides this, we get four new types of contributions involving each pair («, 3) for

o # G
1. The term ¢? 9? Fy now contains terms proportional to lols 02 Fp.

2. There will be a contribution proportional to (ofs Ao 2(2y, 2%, t) with Agg given by
the connected correlator (3.12) of the Vandermonde potential exerted by the N — ¢
eigenvalues in the cut [—b, b].

3. For each z},, the last term of (3.13) is still proportional to ¢. Therefore, in (3.14) it
generates a term proportional to £ £ OpVem (7}, t). After writing £ =3~ 5 (3 this leads
to terms of the form (o lg 0;Veg(x}, t).

4. There are an {,{g number of factors of (z}, — x’ﬁ‘)z in the Vandermonde determinant.

Keeping these four things in mind and repeating the steps in section 3.1, we get

ZU (Nt N 2 Golly +1
z<0><(N,t>) - [‘t?a““a] H{W“ M} [T (Cap)= . (3.19)

« a<f
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where

Aa = Vas(al ) + 0F0(0) = [ da Vi), (3.20)

N

1 . - 2mt
Ba = exp |:281:2F0(t) + at‘/:gff(l'a,t) + 2A072(ﬂ7a,$a,t):| (W) y (321)

Ca’ﬁ = (.’Eg - xg)2 exp |:8t2F0(t) + at‘/eff(xg, t) + at‘/eff(xg, t) + 4A0,2(IL’2, ‘Tg, t)] . (322)

The quantities A, and B, are the same as in (3.16) and (3.17) with 2* replaced by z%, but
we have reproduced them here for completeness.

The quantities B, and C, g turn out to have a simple formula in terms of the pertur-
bative one-cut saddle point, even outside of the double-scaling limit [22, 24]. Using (C.18)
we get,

b 2t 2
&_MWLWKNém»’ (3.23)
2

Cap = (z (3.24)

b
THTh — b2+ /(z5)% — b2, /(ar:g)2 —b?
3.3 The double-scaling limit

The double-scaling limit refers to a procedure where we tune the parameters of the potential
and simultaneously zoom in near an edge of the eigenvalue spectrum, say the left one, such
that the Feynman diagrams dominating the partition sum resemble continuum surfaces [1].
We define the energy variable F via © = —b + ¢F, and also introduce the variable z via
E = —22. The double-scaling limit is taken by sending € to zero and N to infinity keeping
the combination®

e .= Nezt! (3.25)

fixed. At the same time, we tune the coefficients of the polynomial potential V in a suitably
analytic fashion such that Np(x)da approaches ¢ dE times a finite function of E in this
limit. This function of E is supported on the entire positive real axis. There is some
freedom in this process. We want to focus on the so-called “conformal background” [51] of
minimal string theory, where only the cosmological constant operator is turned on. In this
case the density of states p(E) takes the form:”

1
p(E) = e = ginh (p arcsinh v/ E) +0 (6§+2) . (3.26)
T

5Tn the z coordinate introduced in (C.24), the double-scaling limit is defined by zooming in near x = —2~
or z = —1. Using the relation = —2v +~(z41)? 4. .. in the neighborhood of z = —1, and z = —2v +¢E,
we see that in this limit z ~ -1+ \/—cE/~.

"See, for example, [26] for a recent discussion on this and [52] for explicit potentials that lead to the
above density of states in the double-scaling limit. Compared to the conventions of [16], we have set the
constant x appearing there to be x = 1/2. However, if one is interested in taking the JT gravity limit
p — oo [26], one should scale k ~ p2.
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Figure 1. A plot of Veg(E)e~'~% in equation (3.27) for the case p = 7. We have set t = 1.

In general there are ”2;1 extrema in the forbidden region, given by (3.28). These extrema are in

a one-to-one correspondence with the (1,n) ZZ branes in the (2,p) minimal string theory. The
extremum closest to E = 0 is always a maximum and corresponds to the simplest (1,1) ZZ brane.

In this limit, e=° becomes the genus expansion parameter and the perturbative contri-
bution to the partition function has an expansion in even powers of e 0. The precise
relation between e~ and the string coupling g, may be found by comparing the matrix
model results with the string theory results. From now on, we shall use E instead of = as
the argument of Vg and p, and by an abuse of notation, we will denote derivatives with
respect to F also by a prime.

From (3.8) and (3.9) we see that the analytic continuation of 27itp(E) from the interval
[—b,b] on the real line to the complex plane gives V/z(E). Using the form of p(E) given
in (3.26) we get the effective potential

1 1
Vg(E) = —test! {]94-2 sin ((p + 2) arcsin —E) - 5 sin ((p — 2) arcsin —Eﬂ :

(3.27)
We have chosen the additive constant in the potential such that Vg vanishes at £ = 0.
Note that Veg(FE) introduced here differs from that of [16] by an overall normalization
factor. See figure 1 for a plot of Vog(F) for the case p = 7.

Since the zeros of V/;(E) on the negative real axis give the locations of the instanton,
we conclude that the instantons are located at

2 ~1
EZz—(sinm) , ne{l,...,p2}. (3.28)

b

The index n is the same as the one that appears in the label (1,n) for the ZZ branes in the
(2,p) minimal string (see more on this below). From (3.28) and (3.27) we conclude that

Ver(Er;) = (—1)"* pc5+1 2050 277/p)

3.29

s (3.29)
2p

MR = (—1)"testl £ 3.30

eﬂ"( n) ( ) €2 sm(27m/p) ( )
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It follows from (3.19), (3.20) and the relation Veg(0) = 0, that the tension Ty, of the
a-th Z7Z brane is given by,

N N 2p sin(2
Ta — 7~/40¢ — *Vveff(Eé) — (_1)n+1 eSO pﬂn( 7T7”L/p)

Since the right hand side does not involve IV or ¢, this has finite double-scaling limit. In
order to compare this with the string theory result, we need to find the explicit relation
between €% and g, via perturbative computation. We shall not attempt to do this here.
Instead we shall follow [16] and express our result for the other quantities in terms of the
tension of the instanton given in (3.31).

Next, we need to work out the quantities B, and C, g in the double-scaling limit. The
expression for B, before taking this limit is given in (3.23). In the double-scaling limit,
the first factor in (3.23) equals ﬁ. This ¢ in the denominator combines with the 02V.g

appearing in (3.23) to convert the 92 into an 0%. Thus, the combination E%W

equals W. This gives
1 ot )2 1 1)" 7 sin(2 1/2
B, = il = <(_ )" m sin( Wn/p)) for a = (1,n).
° = Zaby \NVA(E))  aswi(nn/p) Sop |

(3.32)
There are no subtleties in taking the double-scaling limit for C, g, since the expression
given in (3.24) remains finite in this limit. The final result takes the form:

* 2 / 2
f_E;—\/_iEﬁ sin % — sin 27
Cap = ion o = Can),am) = SnfT +smzz | (3.33)

NECENEE ey

P
To compare these with the string theory results, we note that (3.19) has the same

structure as (2.25) with B, replaced by B, and C, g replaced by C, 5. Therefore we
need to compare B, with B, and C, g with C, g. First, we see from (2.16) with p’ = 2,
m = m/ =1 that,

2 [ m(n+n’) . 9 (7n—n'|
COS (T Sin 2p

C(17n)7(17n/) B COS2 (71'4'712;”7/‘) Sin2 (ﬂ-(nz—;nl)) N C(17n)7(1’n’)* (334)
Next, using (3.31), we can express (3.32) as
B _1 . [mcot(mn/p)
Bl,n — (Tl,n) 21 §ﬁ . (335)
On the other hand, from (2.24) with p’ =2, m =1, we get
1
_1 . [7 [cot?(mn/p)\?
Bl,n = (TLTL) 21 5 <pQ—4 . (336)

Therefore, we see that there is perfect agreement between the result in (2, p) minimal string
theory and the double-scaled one-matrix model.
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We remind the reader that the result presented here for BT 3 is twice that quoted in our
previous work [16], which only dealt with the case n = 1. This is because we are integrating
over the full steepest descent contour of the saddle point, and we are not worrying about
what linear combination of the steepest descent contours is homologous to the defining
contour.

Let us remark that we can perform a consistency check of (3.31) by comparing the
dependence on n to that obtained from the string theory computation. In string theory,
the tension of the ZZ branes can be obtained, up to an overall proportionality constant,
using the formulas for the boundary state wavefunction ¥;,(P) [6]. Indeed, the entire
dependence on n is given by a multiplicative factor sinh(27nbP) (see equation (5.15) of [6]).
Here P represents the Liouville momentum, which labels the exponential Liouville operators
e?2? with a = (b+b~1)/241P. Therefore we set P to —i(b—b~')/2 in order to get the one-
point function of the cosmological constant operator e2*¢ [18, 53]. Since (e??) = 0, Zqisk
and Zgjsk is proportional to the tension of the ZZ brane, we see that T4, o sinh(27nbP)
with P = —i(b—b~')/2. Using the fact that b = \/2/p, we get T1,, ox (—1)""Lsin(27n/p).
This reproduces the n-dependence of the matrix integral formula (3.31).

4 Two-matrix integrals

The general (p,p) minimal string theory is dual to a matrix integral over two matrices
in the double-scaling limit [42, 43]. Denoting the matrices by M; and My, the action is
% Tr(Vi(My) + Vo(My) — My Ms). Here My and My are Hermitian matrices, both of size
N x N. Using the Harishchandra-Itzykson-Zuber formula [54-56], it is possible to reduce
this integral, up to an overall constant, to the following integral over the eigenvalues

d:Uldyz N X
N'/H JA(y) exp | —— ;(Vl(ﬂfz‘) +Va(yi) —wiyi)| - (41)
i=
Here, the x; are the eigenvalues of M7 and y; are the eigenvalues of Ms. Note that there is
only one power of the Vandermonde determinant for each set of eigenvalues.

In appendix B we present the results for this integral when both potentials are Gaus-
sian. When we vary the potentials to get different integrals, we choose to keep the coeffi-
cients of the quadratic terms fixed. For much the same reasons as discussed in section 3
and appendix B, we obtain a nice asymptotic expansion in powers of 1/N? after dividing
by the Gaussian matrix integral

Z 2-2
log ————- Z6 ZN 9( — F,q(t). (4.2)

We are interested in corrections to log Z that are of order e=™V. A single instanton would
correspond to placing one pair (z;,y;) at an extremum of the effective potential that this
pair feels. Explicitly, from (4.1), this effective potential is

Vest(zi, yi) = Vi(z;) — — Z log(z )+ Va(y:) Z log(y —zy;. (4.3)
JJ#% Jﬁéz
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Reference [23] obtained the normalization constant for a single instanton in the two-
matrix integral. We shall now generalize this to the case of multiple instantons, possibly
of different types. Our results at the intermediate stages will differ from those of [23] since
we express our results in terms of correlation functions in the theory with N eigenvalues
while [23] expresses the results in terms of correlation functions in the theory with (N —1)
eigenvalues [24].

4.1 Identical instantons

In this section, we shall analyze the contribution due to ¢ instantons of the same type. The
main idea is similar to that in section 3.1. We pull out ¢ pairs (z;,y;) and integrate them
along the Lefschetz thimble of one particular extremum of Veg(z;, ;). Let us denote this
extremum by (x*,y*).

We define the following quantities

+ N—/¢

Vies(z,t = t/N)) = Vi(z) - & < log(z — wj)> ; (4.4)
7=1
" N—¢

Vaefi(y, t — tl/N)) = Va(y) — N <Z log(y — yj)> ; (4.5)
j=1

and also the connected correlators of the Vandermonde potentials

N—{N—¢
Aég(m, 2 t—tl/N) = (log(z — x;) log(a’ — a:j)>c , (4.6)
i=1 =1
. N—tN—¢
Aoy t—tt/N) = > > (log(y — yi) log(y' — yj)).. » (4.7)
i=1 j=1
3 N—{N—¢
Aoz, y,t —t/N) = (log(x — ;) log(y — y;)).. - (4.8)
i=1 j—1

It follows from (4.3)—(4.5) that (z*,y*) are determined from the equations
Vll,eff(z*ﬂ t) = y*7 V2I,eff(y*7 t) =" ’ (49)

up to corrections that do not affect the result to the order of the 1/N expansion that we
are interested in.

Qualitatively, we have the same terms as in the one-matrix case: since there are N — /¢
pairs of eigenvalues that are integrated on the perturbative contour, and the coefficient N/t
does not change, the 't Hooft coupling is shifted to ¢t — ¢t/N. We also get the connected
correlators of the Vandermonde potentials. There is an £ x £ two-matrix Gaussian integral
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that one needs to do exactly. So we have

N—{
Z(@)(N,t ( >‘/c H dxzdyz H _mj)(yi_yj)

1<j
1,j=1

N Nt
X exp [_t > AVai(@i) + Va(yi) — ziys}
=1
N N
dx;dy;
N = | RO (110)
Clim=nZey1 2T i<j

i,j=N—t+1

N N
X exp [— " Z Vi esr(zi,t —tl/N) + Vo eg(yis t — t0/N) — zy; }
i=N—l+1
1 & (1) 2) (3)
+§ Z Z {A, T T, t) + Aga(Yis yjs 1) + 240 5(wi, yj t) 4+
i=N—l+1 j=N—f+1

Here Cy is the perturbatively allowed range for the eigenvalues and C; is the Lefschetz
thimble of the effective potential around the non-perturbative saddle point. Just as in the
one-matrix case (3.13), we need to Taylor expand Vj eg(x;,t —tl/N) and Va e(y;, t —t€/N)
to first order in ¢/N, while the shift in ¢ can be ignored in the connected correlators; indeed
we have already replaced ¢ — t¢/N with t for these terms. Also, we need to Taylor expand
WViefi(zi, t —tl/N) and Vs eg(yi, t — t{/N) to second order in z; — 2* and y; — y*, while we
can replace x; and y; by their saddle point values in the connected correlators. The integral
over C; now forms a two-matrix Gaussian integral that is given in (B.10). Thus, we get

ZONt) = ZO(N —0,t — t¢/N)
£2

X exp [2 (463" 2%, t) + AQY (W ", 1) + 2455 (@ ,*t>)1

N
< exp [ OV en(@*, 1) + 0 Vaen(y,£))] x exp [—t (Vi(a™, y*)}

¢\ 20 , —2/2
X Ga(l+1) (N> (Vilea(@™ ) Vien(y*, 1) — 1) . (4.11)
. . 0 .
Now we would like to compute the ratio ﬁ From the above equation we see that
O (N—p.t—
this involves the ratio W. The main novelty as compared to the one-matrix
case is that we need to Worry about the division by the Gaussian matrix integral. As we
O(N,t)

remarked in (4.2), it is Z S(ND that has a nice asymptotic expansion, and from (B.12) we
see that

Zaga(N — Lt —tt/N) _ N? 0. 2t <1>
log

Zga(N,t) — (Foa(t —t/N) = Fog(t)) — 5 log == + O (
| (4.12)
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We want to emphasize the term — log 27t in this equation, which is novel in the two-matrix
case.® This means that in the large N hmlt we should write

ZO(N — ¢, —t¢/N) N2 ét e, N \3

The multiplicative power of N¥/2 is important since it combines with N~ 340 i (4.11)
to give N~ 22 Tt s important to get this power; otherwise, the answer would not agree
with the string theory result.

Using (4.11) and (4.13), we see that the final result is

m — exp []Z M} B m (4.14)

with the quantities A and B defined as
A = Veg(2*, y*) + 0 Fp(t), and (4.15)
B:= <2N7rt ! eff(J:* )V 1 (y*,t) _ 1) 2 exp B@EFO(t) + O Vieft (2%, 1) + Ot Vo (Y™, t) +
oA ) + 5Aé?%<y*,y*,t> + ANy (416)

These quantities are similar to (3.16) and (3.17) in the one-matrix case. They represent
the on-shell action and the total one-loop contribution about the instanton configuration.
Furthermore, we shall see in section 4.3 that NA/t and B are finite in the double-scaling
limit, representing the tension of the ZZ brane and the exponential of the annulus between
a 77 brane and itself.

4.2 General multi-instanton configuration

We now follow the logic of section 3.2 and generalize to an arbitrary configuration of
instantons. Let us integrate a number ¢; of (z,y) pairs along the Lefschetz thimble of the
saddle point (x7,y7), a number ¢ of (x,y) pairs along the Lefschetz thimble of the saddle
point (x3,y5), and so on. Let £ =) ¢, be the total number of instantons. For each a we
shall get a factor of the form (4.14). Besides this, there are four types of contributions that

give rise to a multiplicative factor Ciaéﬁ

. They are similar to the ones we enumerated in
section 3.2, except that we have more functions to keep track of. Also, the Vandermonde
contribution is now a power of (z7, — 2%)(y5 — yj5)-

After a straightforward, though perhaps slightly tedious calculation, we arrive at the

result

Z(fl,fz,...) (N t)

) N 2 Go(ly +1) "
o P l—tzajeaxtal H{(Ba)% +} H clts (417)

- (2 ) (02 +¢

8We can see from (B.3) that the correction is order 1/N in the one-matrix case, and hence not important
to the order that we are working at. This was discussed in footnote 5.
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with the definitions

Ao = Veg(al, yh) + O Fo(t) , (4.18)
[ 2nt 1 2 1, . .
Ba T < N llleff(x*) 2”eff(y¢§) — 1) €xp [ at FO(t) + atvl,eff(xa) + 8t‘/§,eﬁ(ya) +
+ AR 7) + 5 AB WL v8) + A @ z,yz»] , (4.19)

Cop = (xp — x@)( yf;) exp {@ Fo(t) + 0 Vi en(xy,) + 0 Vo er(yy) + atvl,eff(fUZf)WL

+0iVae(yh) + ASD(ah, ) + A (s v5) + ALY (wh ) + AGH (a5, )] - (4.20)

The quantities A, and B, are the same as what we derived in the previous section, but we
have included them in this result for the sake of convenience. Comparing (4.17) with (2.23)
we see that the matrix model results agree with the string theory results provided we
identify T, with N A, /t, B, with B, and C,, g with C,, g. We shall verify these in section 4.3.

4.3 The double-scaling limit

The details about the saddle point structure of the two-matrix integral and the double-
scaling limit are presented in appendix D. Here, we just present the final results.

The instantons are labeled by two integers (m,n) with m € {1,...,p' — 1} and n €
{1,...,p—1} subject to the identification (m,n) = (p'—m, p—n) [41]. One finds that, in the

N A and By, , remain finite. Using (D.37)

double-scaling limit, the quantities Ty, 5, = 5

and (D.38), we see that

B = (Tr) i\/z <C°t2<7m/ p) = cot?(mm/ p/>)2 , (4.21)

pQ _ p/2

agreeing precisely with the string theory result (2.24).
Finally, we check that the string theory expression for C, g agrees with the matrix
model result for C, 3. The result for C, g from (D.40) is

c _ cos (p—m +Z ) — Cos (“;7, + %) cos (“p—’? - %”) — Cos (”;}l “;')
) mfnd) = cos( + %) — cos (”Z’)” “7"/) - oS (7;—’7"” — M) — cos (“;7' + “7”/) .
(4.22)

After some simplification using basic trigonometric identities, we see that this agrees with
the string theory result (2.16).

Finally, let us make a remark about the ratio of the tensions of the various ZZ branes.
From (D.37) we see that the matrix integral predicts that

/
in TP gy TP
sin T2
I _ (_qym+n T TRy (4.23)
Th1 sin pI,D sin 5

Similarly to the remarks in section 3.3, this agrees with the results from the string theory
side [6, 18, 53]. The boundary state wavefunction ¥, ,(P) oc sinh(2rmPb~1) sinh(27nPb)
which for P = —i(b—b"1)/2 equals (—1)"*""sin =P sin W;)p

- 21 —



Acknowledgments

C.M. would like to thank Mykhaylo Usatyuk for helpful conversations. D.S.E. would like
to acknowledge the Shoucheng Zhang Graduate Fellowship for support. R.M. is supported
in part by AFOSR grant FA9550-16-0092. C.M. is supported in part by the U.S. Depart-
ment of Energy, Office of Science, Office of High Energy Physics under QuantISED Award
DE-SC0019380 and contract DE-AC02-05CH11231. A.S. is supported by ICTS-Infosys
Madhava Chair Professorship and the J.C. Bose fellowship of the Department of Science
and Technology, India.

A String theory computation of the exponentiated annulus

The goal of this appendix is to derive the formula (2.9) for Magj_; 2—1 and also to present
some details of the derivation of (2.10). Recall the definitions

o

Foa(t) := (g * — 1) = o= )*/ 40/ 3 {q(2pp’j+p—p’)2/4pp’ _ q(2pp/j+p+p/)2/4pp/] ,

Jj=—00
q:=e >, (A.1)
o dt
Mk,l = exp |: 2Fkl(t):| . (A2)
0 t
We want to derive a simple explicit formula for My ;. The main identity that we will
need is
oo dt —2mwht —2mhat h2
— Tt _ T = 1 — A.
|5 el = Slog 12, (4.3)

This identity is valid for hi,hy > 0. If either h; or hs is negative, we can use the right
hand side to compute the analytic continuation of the left hand side. The use of analytic
continuation may be justified by noting that in string field theory the steepest descent
contour for a mode with negative h runs along the imaginary axis instead of the real axis.

When (k,1) # (1,1), we can use the analytically continued version of (A.3) to perform

the integral over ¢, which gives us”

Mg =] H(zppl‘j”*p)? (kp + p')” }{<2pp’j+p—p’>2—(k:p—Zp’)2Hé

Ca L@+ p+p)? = (kp =102 | | 2pp'i +p - ) = (kp+1p')?

=TI { 2pp'j + (k+ Vp+ (1 + 1)p')2pp'j — (k= 1)p — (1 = 1))
2pp'j + (k+1)p = (I = 1)p")(2pp'j — (k = )p+ (1 +1)p')

JEZ

(2pp'j + (k+ 1)p— (1+ 1)p")(2pp'j — (k= 1)p+ (I - 1)1?’)} :
2pp'j+ (k+)p+ (1 —1)p)2pp'j — (k—1)p— (1 +1)p)

9As discussed in appendix E, for special values of (p’,p) we get some vanishing exponents of ¢ even for
(k,€) # (1,1). For now we shall ignore this problem and simply use the fact that the problematic terms
cancel pairwise. However we should keep in mind that for these special values of (p',p), our string theory
results remain somewhat formal.
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=11 (+57+9) -5 %) U+ - %) (-5 +5)]
e |+ - -+ 8+ + 5 (-5 - 1) |
1 (5 +5) U+ 5 +5) U5 -5) +5 - 5]
U+ -5 0+5-5) i+ 5 +5) U+ 5 +5) ]

(SIS

[NIE

(A.4)

In the last step we have made a j — —j transformation in the second and third factors in
the numerator, and in the first and fourth factors in the denominator. Now we can use the

infinite product identity

j+a a 1+9-_7 1— %  sin(ma)
jel_[Zj‘i‘b bjg*1+§_ jgle—g’;_sm(wb) (A-5)
to get
)
7 _sin(ﬂ (lQ_—; — ]“2—;:,1)) sin(w (l;—; — k—‘p,l)) sin(rr (l_—; + ’“2—;,1)) sin<7r (H—; + L_p,l))
[ (22) — s (252 (s (2452 —sn (2521 wo
" | (o () e (D) (e () i ()| |

This gives us the result (2.9) that we needed in the main text.

Armed with this formula for My, we can see that the product formula for N, ,
in equation (2.7) telescopes. We first do the product over all values of (2k — 1,2/ — 1)

except (1,1).

([

=1 k=21=1
n in2

= (H M,y 2l—1> (Sm
=1 (Sin2
n t2

= <H My 2l1> © (
I—1 i cot?
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o (3) o () o (252 (552)
(sin? (G2 —sin? (7)) (sin? () — sin? (554 )
(5) — sin? () (s (5))] :
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Now we compute the remaining product over [, but leaving out Mj ;.

: (o) () o 22
Migi-r =M l 2w .o (m(l-1
z oo () oo () - o ()

Combining (A.7) and (A.8), we get

1
N = M1 [COtQ (57) ~cor (?)] N (A.9)
’ 7 cot? (ﬁ) — cot? (%)

which is the relation (2.10) that was used in the main text.

B Gaussian matrix integrals

The one-matrix gaussian integral. In the main text we need the following integral,
which is the Gaussian one-matrix integral written as an integral over the eigenvalues [47]

L (17 da N& a2\ | Ga(t+1 £/
Za(l) = @/1;[1 o A(z)? exp <_t22> = (22;;/2) (;[) : (B.1)

i=1

Here G> denotes the Barnes-G double gamma function. This equation is exact, and, in
particular, is true even if £ is of order V. This can be derived using the fact that Hermite
polynomials are orthogonal with respect to the Gaussian measure [47]. We note that the
asymptotic expansion of Zg(N) reads [47]

log Zg(N) = N? @ logt — Z) +O(log N). (B.2)

We identify the first term as N2Fy (t)/t%. In particular, note that terms of order N log N

or N are absent. This will no longer be the case in the two-matrix integral. The above

expression implies the following result that we need for our calculations
Zg(N —4,t —t{/N) N?

log Za(N.1) = (Fo,g(t —t¢/N) — Fog(t)) + O (]17) . (B.3)

Volume of U(£). We can use the result (B.1) and the equality between the two in-
tegrals (3.1) and (3.2) to check the expression (2.22) for the volume of the group U(¥).
Picking V(z) = 2%/2, the Gaussian integral over the matrix in (3.1) can be done in a

trivial fashion by doing ¢? separate Gaussian integrals over the individual matrix elements
of M. The upshot is that

27Tt>52/2

Za(l) = Vo ( N (B.4)
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Equating the right hand side of this equation to (B.1), we get

(2n )%(Zz—i—é)

Universality of the logarithmic terms. If we consider a general potential V(M) of
the form given in (3.3), then Fy(¢) differs from the result for quadratic potential, but the
logarithmic terms remain unchanged. One way to see this is as follows. Introducing the
function r(&) satisfying the “string equation” [1, 47, 49|

(p—1)/2
2k +1
t&=r(&)+ Z 92k+2<k+1> (), (B.6)

the planar part of the free energy can be written as

n=r [ a0 - ologr(e). (B.7)

This integral is obtained as a continuum approximation to a discrete sum [1, 47, 49], with
errors potentially given by the Euler-Maclaurin formula. Note that r(§) ~ t£ as £ — 0.
The relation r(§) = t£ would be exact for the Gaussian matrix integral. The integrand
in (B.7) thus behaves as log{ near the lower limit £ = 0. It is for this reason that the
combination

r(§)

Ra(t) = Fo(t) = [ a1 - 9log "1 (B.5)

Z(N,t)

is better behaved and log Za (N D) has a good asymptotic expansion without logarithmic
terms [47, 49, 50].

The two-matrix gaussian integral. The two-matrix Gaussian integral is given by [57]

dxdz N & (eix?2 eo?
Zaga(l) : é‘/H Y A(y) exp <_tz< 121 +22yl—6390z‘yi>> (B.9)

i=1

12 G E)

£\ 3(+0
) (creo —c3)73%¢2 (B.10)

= G0+ 1) (N

The lemma in the appendix of [57] allows us to reduce this integral to the one-matrix
Gaussian integral. Alternatively, one can derive it using two-matrix orthogonal polyno-
mial technology; the orthogonal polynomials are still the Hermite polynomials. Again,
this expression is exact and can be used for ¢ of order N. The asymptotic expansion of
Za2(N) reads
2

log Zg2(N) = N (;bgt - ;logclczcg_c3 - i) - %NlogN—i— %N logQ;-t + O(log N) .

(B.11)
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We identify the first term on the right hand side as N?Fp ¢(t)/t*>. Note the presence of
terms of order Nlog NV and N. Using the above expression we see that

2 71’
o ZGQ(éVG,ng\tf,t§€/N) N N (Foc(t—t/N) - FO,G(t))—élo 2t+O<N>' (B.12)

Comparing this to (B.3), we see the presence of an extra logarithmic term [23], which will
be important in our analysis.

C Saddle point technology for the one-matrix integral

In this appendix we shall review some results in the theory of one-matrix integrals that we
need. We refer to [24, 47] for more details, whose notations we also use.

C.1 The large-N limit

We consider integrals over an N x N Hermitian matrix M in terms of the eigenvalues, the
matrix integral is defined via

-1 /H Zi \ ()2 exp (—ZV i > : (C.1)

We take the potential to be an even polynomial, for simplicity. The planar free energy Fj

is defined as

1
Fo(t) := lim thlogZ(N t). (C.2)

N—oo
We work with the one-cut solution in which the resolvent takes the form

wo(z) := lim e <Tr 1M> = /b dyLy), (C.3)

-b r—y

The support of the eigenvalue density p(y) is on the interval [—b, b]. One can show that [24]
2two(z) = V'(z) — M(x)Va? — b2, (C4)

where, if V(z) is a polynomial of degree d + 1, then M (x) is a polynomial of degree d — 1.
It will be understood that Va2 — b? ~ x for large |z| on the physical sheet. Both M (z) and
b can be determined using the fact that wo(z) = 1/ + O(z") as * — oo on the physical
sheet; they depend on t. An important relation that will be useful for us is [47]

0 1

ot o (two(z)) = Nk (C.5)

The holomorphic effective potential is defined via [24]

b T
Vesi(x) ==V (x) — 2t /4; dy p(y) log(y —x) =V (x) — 2t LA dz’ wo(z") — 2tlog A, (C.6)

where the limit A — oo is understood in the last expression. Since we shall define the
double-scaling limit by zooming in near the region x ~ —b, we have defined Vg(x) such
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that it is real on the negative z-axis. A consequence of the large-N saddle point equation
is that the real part of the effective potential is constant on the interval [—b, b]. Using (C.5)
we get the derivative of the effective potential with respect to t:

—x—~/m2—b2>

; (C.7)

O Vert(z ——2/ do’ ——— 2logA——210g<

It follows from (C.3) that the imaginary part of wy in the interval [—b,b] is given by
7wp(z). On the other hand, we see from (C.4) that the imaginary part of 2twy in the same
interval is given by M (z)v/b? — x2. This gives

p(x) = 27Tt z)Vb2 — 22 O(b— |z|). (C.8)

From (C.6) and (C.4) we also have
ve(x) = V'(2) — 2two(x) = M(z)V a2 — b2, (C.9)

Next, we collect the following results for the planar free energy and its t-deriva-
tives [24, 48]

o(t) =—= da:p - = eff(—b), (C.10)
O Fy(t) = —Veg(—D), (C.11)
OPFy(t) = QIOgg : (C.12)

To derive (C.10), we need to use the fact that the real part of Vig is constant on the cut,
and so V(z) — 2t [ dy p(y) log |x — y| = Veg(—b) for € [—b,b]. Using this to simplify the
Coulomb-repulsion term in the on-shell action for the defining integral (C.1), we get

t)=—1/b dzp(x) +/ / dzdy p(x)p(y) log |z — y|

/ dep(a S Vear(=b) (C.13)

as desired. To derive (C.11), we use the relation 0;log Z = y—;ffb dz p(x)V (z) which
follows directly by taking a t-derivative in the definition (C.1). Using the large-N ap-
proximation log Z = N2Fy/t? and (C.10), we get (C.11). To derive (C.12), we take a
t-derivative in (C.11) and use (C.7), together with the fact that V/;(—b) = 0 so that ;b
does not contribute.

We also need the connected correlator of two resolvent operators [58, 59] (for a recent
exposition, see [26])

1 1 1 r1x9 — b?
R , T T = —1] .
0221, 22) := < r:zl—M razg—M>C 2(xq — x9)? (\/x%_bQ\/x%_bQ

(C.14)
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We integrate this twice to get the connected correlator
Apa(x1,x2) == (Trlog(M — 1) Trlog(M — x2)), . (C.15)

We first integrate over xo and get

/xzd,R (21, 2}) 1 1 x3 — b? N 1 (C.16)
T T1,To) = — ) .
oo 2 10,2351, 52 2(:1,‘2 — 1‘1) 2(1’2 — :L‘1) 37% — b2 2 /x% — b2

At large |x1|, this expression behaves as ;UIQ so we should not have any problems integrating

it. The final answer is

Ao ) 1 | 2(wyw9 — b + \/x% - bQ\/xg - b?) €17
0,2\Z1,22) = —; log . .
207 | (@ + ol = 0)(aa + \fad — 12)

Eventually, we will need the following combination, which we get using (C.7), (C.12)
and (C.17)

b

2
T1T9 — b2 + \/:c% — bQ\/x% — b2) '

(C.18)

exp (8?1‘70 + 8t%ﬂ‘($1) + 815‘/eff($2) + 4A0,2($1, $2)> = (

C.2 A more geometrical perspective

We will now recast some of the above formulas in terms of a more formal perspective, using
the language of algebraic curves. This will help us in understanding the generalization to
the two-matrix case. We follow the notations of [60].

The starting point is to define a function Y (x) via

Y(2) = V'(z) — 2 <Tr ! > | (C.19)

Using (C.6), we note that Y (z) = V/z(x). We can use a Schwinger-Dyson equation in the
defining matrix integral to show that Y (x) satisfies a polynomial equation

Y(z)? =V'(2)* — 4tP(x), where (C.20)
Plz) = % <Tr (W)> . (C.21)

Let us define the spectral curve X as
Y= {(u,v) € C*|v? = V'(u)* + 4tP(u) = 0} . (C.22)

We can restate the Schwinger-Dyson equation as the statement that the point (x,Y (z))
lies on X, with Y (z) defined in (C.19).

If V(z) is a polynomial of degree d+1, then P(x) is a polynomial of degree d—1, which
makes the right hand side of (C.20) a polynomial of degree 2d. Note, in particular, that if
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V(x) = 2%/2, then P(x) = 1. If we do not insist on using an even polynomial, then we can
take d = p — 1 in order to describe the (2,p) minimal string. The “one-cut assumption”
can be rephrased as the condition that d — 1 of the roots of the polynomial V'(x)% — 4t P(x)
have multiplicity two, so that V’(z)? —4tP(z) = M (z)?(x —a)(x —b). Here a and b are the
cut endpoints. The roots of M (x), which are d — 1 in number, are precisely the locations
of the one-eigenvalue instantons.'® Note also that, in the immediate neighborhood of a
one-eigenvalue instanton, the equation defining the spectral curve looks like y? — cz? = 0
(for some constant c), clearly exhibiting the “double-point” singularity [41].

If all the roots of V'(x)? — 4tP(z) were distinct, the spectral curve ¥ would have
genus d — 1, and we would have an eigenvalue density supported on d distinct arcs in the
complex-x plane. In the one-cut solution, d — 1 of these arcs have length zero, giving us
d — 1 distinct one-eigenvalue instantons, as also argued in the previous paragraph.

Let us now specialize to the one-cut case. The curve defined by (C.20) admits a
uniformization parameter z with the projection to the x-coordinate given by
b—a

+fy<z+z’1), V= (C.23)

a+b
2

xr =

The special property of the above map is that the cut end-points * = a and x = b get
mapped to z = —1 and z = 1. These are also the points where dx/dz = 0. We need two
copies or sheets of the xz-plane to cover the z-plane, the “physical sheet” is the one whose
z-image contains z = 0o, the second sheet is the one whose z-image contains z = 0. The
boundary dividing the z-image of these two sheets is the unit circle in the complex-z plane.

Further specializing to an even potential, so that b = —a > 0 and b = 2+, we see that,
on the physical sheet we have

T :'y<z+z_1) , Va2 =4y =~ (z—z_l) . (C.24)

Thus, we see that many of the formulas in the previous section would be somewhat simpler
when written in terms of z. For instance, we can rewrite (C.7), (C.17) and (C.18) as

Vet = —2log(—v2), (C.25)
Ap2(z1,22) = —log Rl S log Az , (C.26)
V21— V%2 Z1z2 — 1
exp (32Fb + O4Vear(w1) + OWVen(2) + 4Ana(a x))—("’mf (C.27)
Xp (O Fo t Veff (X1 t Veff(L2 0,2\T1,22) | = 7(2122_1)2 . .

D Saddle-point structure of the two-matrix integral

In this appendix we shall review some relevant formulas in the large-N and the double-
scaling limit of two-matrix integrals. We follow [61] and [62].

ONot all of these one-eigenvalue instantons survive in the double-scaling limit. To get the conformal
background of (2,p) minimal string theory, we can take a polynomial of degree d + 1 = p, or we could also
take an even polynomial of degree d 4+ 1 = p + 1. In either case, only (p — 1)/2 of the d — 1 one-eigenvalue
instantons will survive in the double-scaling limit.
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D.1 The large-N limit

Recall that we have defined the two-matrix integral via

N o N
Z(N.1) = %/H dxzz:yzA(x)A(y) exp [—JZ > Vilz) + Valyi) — wiyz‘)} . (D)

i=1 i=1

Up to an overall normalization, this integral is proportional to
N
Z(N, 1) /dMldMg exp {—t T (Vi (My) + Vo (M) — M1M2)] D2

via the Harishchandra-Itzykson-Zuber formula [54-56]. In order to get to the (p/, p) minimal

string, we can take Vj to be a polynomial of degree p and V5 to be a polynomial of degree

p’ [43]. To get back the one-matrix case, one can set p’ =2 and integrate out the matrix Mo.
We define two functions Y (x) and X(y) as follows [61]

Note that in terms of V} og(z) and Vo cq(y) defined in (4.4) and (4.5), we have

Vien(z) =Y (x),  Vaoer(y) = X(y). (D.5)

We have suppressed the dependence on ¢, with the understanding that both sides will have
the same dependence on t. Let us define the spectral curve X via

¥ i={(u,v) € C? | (V] (u) —v)(Va(v) —u) — P(u,v) +t =0}, where (D.6)

Pl = L (1 (v«ui - E'l(Ml) Vi(o) - X}(M)» | .

It can be shown, via Schwinger-Dyson equations, that both the points (z,Y (z)) and
(X (y),y) lie on the spectral curve ¥ [61]. Generically, we can use either x or y as the local
coordinate on ¥. The projection to x ceases to be a good coordinate when dY (z)/dz = cc.
Typically, this will happen when Y (x) has a square root behavior near some z. A similar
remark holds for projection to y.

Like in the one-matrix case, we work with the case when 3 has genus zero (apart
from the singular points to be discussed below). Denoting the uniformization parameter
by z € CU {00}, we can coordinatize ¥ as [61, 62]

(X(2),Y(2)) € &, (D.8)
p'—1 p—1
X(z)=yz+ > arpz ¥, V() =72+ Bt (D.9)
k=0 k=0

This means that for given x, we can find a z such that z = X(z), Y(z) = Y(2), and
for given y, we can find a 2’ such that X (y) = X(2/), y = Y(2'). The map X : z — =z is,
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generically, a p’-to-1 map except at p’ values of z where dX(z)/dz = 0. This means that we
need p’ number of z-sheets to cover the z-plane, or, equivalently, to cover ¥. The “physical”
z-sheet contains the point z = oo, near which the resolvent 3 (Tr ﬁ) behaves as 1. The
boundary of the physical x-sheet on X is where the eigenvalues of M are distributed. Of
course, analogous comments apply to the map Y(z) : z — y, with p’ replaced by p. The

important distinction is that the physical y-sheet contains the point z = 0, near which the
1

resolvent + (Tr =5, ) Pehaves as

If y = Y(z), then (z,y) € ¥. On the other hand, (X(y),y) is also on ¥. However it
does not follow from this that x = X (y), since in general (x,y) and (X(y),y) belong to
different Riemann sheets. Exceptions are the “one-eigenvalue instantons” since it follows
from (4.9) and (D.5) that they are located at the points (x*,y*) satisfying

=Xy, y =Y. (D.10)

It then follows that if X(z*) = z*, then Y(2*) = Y (2*) = y*. These represent ZZ branes in
minimal string theory after taking the double-scaling limit [41]. However, in the neighbor-
hood of (z*,y*) the points (x,Y (z)) and (X (y),y) belong to different branches and there
will exist two distinct values of z, call them z*) and 2*®)| such that

(% y") = (X)), ¥z ) = (X (z*?), ¥(z*?)). (D.11)

In the neighborhood of these points the equation defining ¥ looks like a(z — 2*)? — B(y —
y*)? = 0 and the surface is singular.'!

Now we come to the calculation of the objects that we need, namely those that appear
in the formulas (4.18), (4.19) and (4.20). Using the expressions in [62], it was shown
in [23] that

*(1)
z dX
Ao = eﬁ(x* y*) + O Fp = / dz 37(2) (Z) . (D12)
2*(2) dz
It also holds that [62]
OlFy = 2logy, (D.13)

which is directly analogous to the equation (C.12) in the one-matrix case. Further, we have
the following equality of one-forms [62]

dz

O ()|, AX(2) = = HX(W)lyoy(sy V(=) = == (D.14)

In the one-matrix case, the analog of this equation would be (C.5). To get an expression
for the ¢-derivatives of the effective potentials, note that the definition (4.4) implies that

Viei(z) = A do' Y (2') + (Vi(Ay) — tlogAy) (D.15)

1 As a simple example, consider the “figure-8” curve defined by z* = z? — y?, embedded in R? and
parametrized as (z,y) = (sint,sin¢cost). The point (0, 0) is a double point, and corresponds to both ¢t = 0
and t = 7. In the discussion of the one-matrix case in appendix C.2, the two values of the uniformizing
coordinate at the instanton locations are related as 22 = 1/z*(1).
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where the limit A, — oo on the physical z-sheet is understood. Using (D.14) we see that
if we introduce the variable 2’ via ' = X(2’) then,

z 1 d2 2 d
/
OV efi(z) = — /Agc dx P logA, = — //;x/"f — log A, = —log(z7), (D.16)
where we used the fact that © ~ vz near = 0o on the physical z-sheet, see (D.9). This
equation is the direct analog of (C.25) in the two-matrix case. Similarly, we have

Y 1 d2/ z d
0,V :/d’———l A:/ = _logA, = —1 , D.17
Va,ei(y) Y Ty og Ay a7 og Ay og(v/2) (D.17)

where we used the fact that y & /2 near y = co on the physical y-sheet, see (D.9). Finally,
the connected two-point correlators of the Vandermonde potential, defined in (4.6), (4.7)
and (4.8) are given by [23, 43|

X - X
Aég($1,$2) = —log W, for z1 = X (1), z2 = X(22), (D.18)
Y(z1) =Y
A nam) = —1og 2L oy ), =Y, (D19)
Aé?%(ﬂﬁbw) = —log (1 - Z) ) for z1 = X (21), y2 = V(22). (D.20)

These formulas generalize (C.26) to the two-matrix case. From now on we shall drop the
*’s and add a subscript « to a variable to denote its value at the a-th saddle point.

Using these formulas, let us compute the quantity C, g defined in (4.20) that appears
in the general multi-instanton contribution to the partition function:

10g Ca,5 = 10g[(2a —25) (Yo —ys)] + 21og 7 —log(28D7) ~log(2}7) ~log(7/22)) ~log(/25)

To — T Ya — Y z(2) 2(2)
_lngiﬁl_IOg;—ﬁQ_IOgl_il —logl—il :
(1) (1 (2) (2) (1) (1)
Yea = V23 v/ 2’ — 'y/zﬂ 2o 23
(D.21)

In writing these formulas, we have to pick the branch z&l) for z, and the branch zg) for

Yo We now see that the log~y terms cancel and the contribution log[(zq — 28)(ya — ¥3)]
from the Vandermonde factors also cancels with the corresponding factors from A0%2 and

A(()?%. Simplifying a bit, we find'?

Zél) . Zél) ZéQ) . Zé2)
log Co g = log RO ENOR (D.22)

12 A5 a consistency check, we can see that this expression is consistent with the one-matrix results where
2 = 1/2511). To see this, we multiply (C.27) with the contribution from the Vandermonde (2o — )2
and use o = Y(za + 1/24) and the corresponding relation for zg. This gives Cq,p = ;"‘:1756 % in

agreement with (D.22).
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Now let us come to the computation of B, defined in (4.19). Again, we have to pick
(2)

the branch z&) for x4 and the branch zy’ for y,. We first simplify the exponential piece
appearing in (4.19):

—8t Fo + OV off + 01 Va.ef + Aé% + Aé% + A8

:ﬂ%vl%<<hl%Wh>—l(y$<@ﬂ

1 2)12 dy 2&2)
—210g< (A G ))—log(l—zg) . (D.23)

We see again that the log~ cancels out and the expression simplifies to

1 1 1
exp [2@2}70 + OVi ot + Ot Voo + 5,43}; + §A((f§ + Aéﬁ]

m»—n

1 dX gy, dY 3
L0 L (‘aZ(Z )z )> '

The prefactor term in (4.19) combines nicely with the second term in the above equation.

To see this note that V' g(z) = 4 and Vj 'r(y) = %—)y(. Thus, we get
1
27t 1 dX Ay dX oy dY ) >_2
Y L S _ oY . D.24
B jvﬁt_w(wu )2 (@) - S ) (D) (D.24)

D.2 The double-scaling limit

Finally, we discuss the double-scaling limit. The double-scaling limit is defined by zooming
in near a point on X that corresponds to an endpoint of the distribution of the eigenvalues
of M; (the symmetry between M; and My is broken by which potential has a higher
degree). This is a point that lies on the boundary of the z-image of the physical z-sheet.
We appropriately choose the parameters in the potentials V; and V5 and introduce new
variables x,y, z and new functions X , }7, X and Y as,

T =cy+de? z, y=cy+ dyag 7, z=cy+ dzaéi, (D.25)
X(y) = e+ d,EX@). V(@)= e, +d,eE V@),
X(2) = ey +d T X(3) V(2) = ¢y +dyet Y(Z), (D.26)

for appropriate constants ¢, ¢y, ¢, dy, dy,d,. We now take the limit N — oo, ¢ — 0, while
keeping fixed the combination

/

N
50 = ~ dpd,c2t's | (D.27)

The analog of the conformal background for the one-matrix case is a special choice of the
parameters of the potential V1, V2 and the parameters cg, ¢y, ¢;, dg, dy, d, such that [18, 41]

XE)=Ty(), I =T0). (D.28)
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Here T}, denotes the Chebyshev polynomial of the first kind which is defined by the relation
cospf = Tp(cosf). Equation (D.28) also implicitly defines the functions X and Y after
eliminating z. In the new variables the spectral curve of the conformal background of the
(p', p) minimal string is the following curve [41]

S = {(#9) € C|Ty(&) — Ty (3) = 0}. (D.29)

with Z being the uniformization parameter of this surface.
The relations (D.10), (D.11) defining the instanton locations now take the form:

P =X(), §=Y@), (D-30)
@7 = (X@EW), yEW)) = (XE®), yE®)). (D.31)

These represent the singular points of 3 and correspond to the instanton locations. Ex-
plicitly, there are (p’ — 1)(p — 1)/2 singular points on ¥ given by

_ _ anp’ ™m )
@) = (1) c0s ™2 (<1)"cos T2 ) | with (D.32)
me{l,....p =1}, ne{l,....,p—1}, (D.33)

and subject to the identification (m,n) = (p’—m, p—n) since these two labels give the same
point on the curve . We have omitted the stars from the notation to reduce the clutter,
since the subscripts m, n make it clear that these values refer to the singular points. Each
of these singular points corresponds to two distinct values of the uniformizing coordinate
z. Explicitly, these are

zZD = cos (71;71 + m) ) 5(2? = cos (7;m - m) . (D.34)

From the analysis given above, we cannot determine which of the two values COS(%I + ’%)
corresponds to 57(,1,)71 and which to zﬁf?n. However, exchanging them changes the signs of
T, = NA,/t and (B,)? computed from (D.12) and (D.24), respectively, and leaves Cq g
computed from (D.22) unchanged. Since we only compare the combinations BaTal/ % and
Ca,p with the string theory results, this ambiguity does not affect our analysis. Ref. [23]
resolves this ambiguity using a physical input.

Let us now compute the on-shell action of the instanton labeled by (m,n). Using (D.26)
and (D.27), we can recast (D.12) as

N _ s [ s dX(Z)

In particular, since f('z“,(ﬁ)n) = )?(Eﬁ,%)n) = Zm,n, the constant terms ¢, and ¢, in (D.26)

drop out of this equation. To evaluate this, we first compute the indefinite integral of
—~ d ~

Tp(2) =Ty (2):

1 1

[t ity =2 (= L - @)+ 0
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where C is the constant of integration. Taking the difference between this indefinite integral
expression evaluated at the two values of Z in (D.34), we get

/ /

N s n 2pp .ommp . Tnp
T i= 7Am’n =0 (=)™ ”p/2 — sin p sin Pt (D.37)

We now take the double-scaling limit in the formula (D.24) for B,. The result is

—50/2£ X ) dy (2) _di dy
5&1)_5&Q)<dz(z I @) - FE D)

=

Bn=c¢

=

I (—1)"+7 gin T2 gin 7700\
_ S Vor (2pp( 1) sin = 7P sin =7 ) (D.38)

2sin T1 I Tt sin 7 sin? 7;—7}1 — sin? T2
Note that the overall sign of B, ,, can be changed by changing the orientation of the steepest
descent integration contour in the complex eigenvalue plane. This sign is not significant
since the string theory computation also has a similar ambiguity.
Finally, we discuss the double-scaling limit of C, g. Since z just undergoes a shift and
rescaling by 5%, we get from (D.22) that

_ e T > " %8
Ca = Z 2@ X )’ (D.39)

B O VRN ¢ RN )

2o Zﬁ o — ZB
with Z, given in (D.34). This yields

™m ™ ! 7m’) <7rm wn) <7rm’ ™ )
cos (T + ) — cos m cos (T — ) — cos -
C _ ( v ) ( T v’ P v p
(m,n)(m/n') = cos (Wm N m) ~ cos (w B m,) oS (ﬂm _ m) _ cos (Wm, n m/)
1% D p p’ p P’ p
(D.40)

As expected, Ty, B, and C, g all have finite expressions in the double-scaling limit.

E Integer dimensions in the open string spectrum

Our analysis in the main text shows perfect agreement between the matrix model results
and string theory results for the instanton partition function. However we shall now argue
that for some class of instantons this agreement is somewhat formal.

For (m,n) type ZZ branes, the spectrum of open strings is built by the action of ghost
oscillators and matter and Liouville Virasoro generators on Liouville x matter primaries
x ghost vacuum ¢;|0) of dimension:

hie =

1 1
2m — 2k — 1 2n — 20— 1)p'}? —p/)?

oy (2m )p+ (2n '} +4pp,(p P75,

0<k<m-1, 0<¥¢<n-1. (E.1)

If hge is a negative integer for any k, £, then by acting with ghost oscillators and matter
Virasoro generators we shall produce zero modes. This means that in (A.1), the power
series expansion in ¢ will have some constant terms. This in turn will produce logarithmic
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divergence in the integration over t. The finiteness of the final result (A.6) shows that the

net coeflicient of the logarithmically divergent term vanishes, but in the spirit of string field

theory the correct procedure is to interpret the divergences caused by individual terms as

arising from integration over zero modes and to carry out the integration over these zero

modes carefully. Since our analysis ignores this subtlety, our results remain somewhat

formal. We shall now determine under what condition we get such additional zero modes.
The expression for hy may be written as

hee = —4;1)/ [(2m — 2k — 2)p+ (2n — 20)p"] [(2m — 2k)p + (2n — 20 — 2)p']

= - p}p [ap + (b + 1)p][(a + 1)p + bp]

/

= —ab—(a+1)(b+1) —ala+1)Z — b+ 1| with
b p
a=m-—-k—1, b:=n—f¢—-1, 0<a<m-1, 0<b<n-—1. (E.2)

Since p,p’ are relatively prime, in order that hy ¢ be a negative integer, we must have
P laa+1),  plbb+1). (E3)

A simple solution is a = b = 0 with hyy = —1. This corresponds to the product of
the identity fields from the matter and Liouville sector and the ghost vacuum ¢1|0). The
zero modes produced from this sector correspond to ghost zero modes associated with the
breakdown of the Siegel gauge. These have already been taken into account in our analysis.
But there are other solutions. Here are some examples:

p=2 p=15a=0, b=35,
p=6, p=55 a=2, b=10,
p=6, p=35 a=2, b=14. (E.4)

For such pairs (p/, p), the string theory results remain formal for (m,n) type ZZ instantons
withm >a+1,n>b+1.
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