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Preface

Random matrix theory (RMT) has a long history, starting with the statistics of
nuclear energy levels by Wigner, and it has found applications in wide areas of all
sciences from mathematics to biology. The universality of properties derived from
random matrices has led to a large number of applications such as network
statistics, big data analysis, and biological information. Useful surveys maybe
found in [61, 97, 111, 117, 124].

This book deals with Gaussian random matrix models with an external deter-
ministic matrix source. There are also numerous reasons to consider such exten-
sions of standard RMT theory. For instance for a system in the presence of
impurities with Hamiltonian H = Hy + V, a Gaussian distribution for the impurity
potential V yields a Gaussian distribution for H with a coupling term between H and
H,. However, we have restricted ourselves to a systematic exposition of the main
subject that we have studied in earlier publications, namely the geometric properties
of surfaces of arbitrary genera deduced from RMT with a nonrandom matrix source.

Indeed for a number of years random matrix theory has been known to be a
powerful tool for characterizing geometric properties of surfaces, leading in par-
ticular to explicit solution to 2D quantum gravity, and after Kontsevich’s resolution
of Witten conjectures, to the computation of intersection numbers for curves drawn
on Riemann surfaces of given genus with fixed marked points. Many techniques
have been used in such problems such as loop equations, Virasoro constraints, and
integrable hierarchies. However our work, over a long period, has consisted in
showing that simple Gaussian models with an appropriately tuned external source
provide an elementary alternative approach to these topics. A systematic exposition
of the main tools that underlie this method is the aim of this book. Two properties
are basic: (i) the n-point functions are known explicitly for a given arbitrary matrix
source. This is true for finite N x N matrices. (ii) A remarkable duality holds for this
probability distribution: the expectation value of the product of K characteristic
polynomials over N x N random matrices is equal to the expectation value of the
product of N characteristic polynomials over K x K random matrices.
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Then, an appropriate tuning of the external source generates, in a “double
scaling” limit, well-known models such as the Kontsevich Airy matrix model, the
Penner model and various generalizations. The duality makes it possible to relate
those models to Gaussian models whose correlations functions are known explic-
itly, providing thereby a simple tool to compute intersection numbers.

Among the mathematical techniques underlying this approach, the Harish
Chandra [77], Itzykson-Zuber [80] integral over the unitary group plays a central
role. The random matrices there are Hermitian, and the associated random surfaces
are orientable. However the general Harish Chandra formula holds for integration
over Lie algebras, such as antisymmetric or symplectic matrices for so(N) or sp(N).
The corresponding random surfaces are nonorientable. Therefore one can generalize
to these Gaussian models in a source the same strategy, namely finding explicit
expressions for the correlation functions plus a duality. In the double scaling limit,
this provides explicit results for finding the geometric intersection numbers for
nonorientable surfaces.

Another extension concerns a supersymmetric duality, whose geometric content
is not known to us.

Although the contents mostly consist of a systematic exposition of results
scattered through earlier publications, a few new results are presented in the last
chapters.

Paris, France Edouard Brézin
Kunigami-gun, Japan Shinobu Hikami
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About This Book

We consider Gaussian random matrix models in the presence of a deterministic
matrix source. In such models, the correlation functions are known exactly for an
arbitrary source and for any size of the matrices. The freedom given by the external
source allows for various tunings to different classes of universality. Our main
interest here is to use this freedom to compute various topological invariants for
surfaces, such as the intersection numbers for curves drawn on a surface of given
genus with marked points, or the P' Gromov—Witten invariants. A remarkable
duality for the average of characteristic polynomials is essential for obtaining such
topological invariants. We have presented most results in several earlier publica-
tions, but here we have attempted to present a unified and concise exposition.
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Chapter 1
Introduction

Random matrix theory is an approach to complex phenomena, such as the energy
levels of nuclei, through integrals over N x N randomly distributed matrix elements.
Historically the distribution of the spacings of the eigenvalues was first studied by
Wigner [132], and then computed exactly [50, 97]. Dyson [50] conjectured the

universality of the spacings distribution (appropriately scaled by the non-universal
density of states) which is now well understood, and has also been extended to
Gaussian models with a source [18, 22]. Following ’t Hooft breakthrough in his
study of the 1/N expansion of SU(N) gauge theories [125], in which he showed
that the large N limit consisted of planar Feynman diagrams and increasing powers
in the 1/N expansion to diagrams drawn on surfaces of increasing genera, the 1/N
expansion for random matrices, with non-Gaussian distributions, was introduced
and solved in [13]. It was then pointed out that such matrix models could be used
as generating functions for counting discretized, for instance triangulated, random
surfaces of arbitrary genus [7, 42, 84].

In the early nineties, a study of 2D quantum gravity, the theory of a bosonic string
sweeping in its motion a Riemann surface, was then developed on the basis of matrix
integrals [15]. Remarkably this discretization of the surface leads, in the continuum
limit, to an analytic explicit solution of 2D quantum gravity in terms of integrable
hierarchies [14, 55, 69]. Understanding this integrability and universality is a central
issue of random matrix theory.

The random Gaussian matrix model with an external source, the central subject
of this book, is solvable explicitly and, with appropriately tuned sources, it leads to
explicit solutions to a number of geometric problems.

This article consists of 10 chapters. The second deals with Gaussian averages of
vertices ; N x N Hermitian matrices M have invariant vertices of the form trM*.
The average of products of such vertices gives interesting results depending upon k
and N. The Proposition 2.1 gives the generating function for such Gaussian means ;
its proof is a consequence of the Theorem 3.3.1, which is one of the main theorems
of this book.

© The Author(s) 2016 1
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2 1 Introduction

In chapter three, an external source matrix A is introduced, which couples to the
random matrix M. A key theorem is due to HarishChandra-Itzykson-Zuber, which
enables one to integrate over the unitary group. The n-point correlation functions
are expressed as a determinant of a kernel (Theorem 3.2.2). This kernel is given in
explicit integral form, for finite N and for arbitrary eigenvalues a; of the external
source.

In chapter four, Gaussian averages of the product of K characteristic polynomials
are considered. An amazing duality which interchanges K and N is derived (The-
orem 4.1.2), and characteristic polynomials for o(N) and sp(N) Lie algebras are
considered. There super matrices turn out to be a convenient tool for deriving the
correlation functions.

In chapter five, the universality of the random matrix theory is discussed. The
universality of the sine kernel, independently of the external source, is shown in
Theorem 5.1. The level spacing probability distributions for the sine kernel, for
the Airy kernel and generalized Airy kernels, are evaluated. Airy kernel and the
generalized Airy kernel are related to the singularities of the Green function. The
distribution of the zeros of Riemann’s zeta function is known to be related to the level
spacing distribution of random matrices [100, 105]. The moments of the character-
istic polynomials show the same universal behavior as the average of the moments
of Riemann’s zeta function and various generalized L-functions.

In chapter six, we discuss the algebraic geometrical study of moduli space of
curves, produced by a random matrix model with an external source. As shown by
Kontsevich [89] an Airy matrix model, expanded through trivalent ribbon graphs, is
a tool for computing the intersection numbers of moduli spaces of curves for given

genus.
In chapter seven, curves are generalized to p-spin curves, and the n-point function
U(oy, ...., 0,) are shown to be generating functions of the intersection numbers of

the moduli space of p-spin curves for genus g and n marked points.

In chapter eight, the open intersection numbers with a boundary are considered
through a Kontsevich-Penner model, a matrix model with a logarithmic term.

In chapter nine, the study of characteristic polynomials of chapter four is further
investigated for the Lie algebra o(/N) and sp(N) invariant ensembles. Tuning again
the external source to a singular p — —1 limit, one recovers a generalized Euler
characteristics for non-orientable surfaces.

Finally, in the chapter ten, the matrix model with an external source for the moduli
space of curves is extended to the P! Gromov-Witten case, providing a computation
of its invariants. The Gaussian averages computed in chapter two, are compared, in
the large N limit, to the Gromov-Witten invariants of genus zero.
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Chapter 2
Gaussian Means

2.1 Integral Representation

In this chapter we are dealing with the standard GUE matrix integrals in the absence of
any external source. The Gaussian random matrix theory has a probability distribution
P(M)

P(M) = —expl— = te?) e
= —exp[—=<tr .
Z P
where M is an N x N Hermitian matrix. The partition function Z is thus given by
A
Zy = dMexp[—EtrM ] 2.2)

The integration is performed with the standard U (N) invariant measure over the N
matrix elements. The Gaussian average of a product of vertices [] trM* is given by

([ Juem*) = / dmpPM) | | e (2.3)
i=1 i=1

where k;, (i = 1, ..., n) is integer. The Gaussian means may be computed with the
help of Wick’s theorem, which counts the pairings of the vertices. In Wick’s theorem
for matrices averages, the size N of the matrices appears in the combinatorics and
it is at the origin of the topological properties. The topological dependence on N
was first pointed out by t” Hooft [125] for U(N) gauge theories. In the large N limit,
planar diagrams dominate. For the non-Gaussian case, planar diagrams are discussed
in the approach to two dimensional quantum gravity in [13, 15].

Wick’s theorem for the matrix M;; provides the Gaussian means of products of
vertices. For instance,

© The Author(s) 2016 3
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4 2 Gaussian Means

N
1 ) 1
(ﬁtrM ) = (NUZ_:IM,]M) N/ (2.4)
1 4 1 N? 1
(M) = D S AMMMaMi) = — 2 + =) (2.5)
ik,
Wick’s theorem for matrix elements is based upon
1

(MyMy) = X(Si,kaj,l (2.6)

where §; ; is the Kronecker delta function. In the rest of this section we simply take
A = N in the probability measure (2.1). The n-point function, which is a generating
function of the above Gaussian means, is given by

n

1
Uoy,...,00) = <H ]T[tre""M) = (H Fo, MNaeMb MMy (2.7)
i=1 k, ..... k, i=1

This generating function is also the evolution operator of the n-point resolvent G,,
defined as

L. 1
Gaar, -+ z) = ([ | wtr ). 2.8)

a=1

For instance, the average resolvent G(z) is written in terms of the evolution operator

as
1

z—M

Gz) = ]lv(tr y=1i /0 b dte U (o). (2.9)

From the definition of (2.7), n-point density correlation function R,, is written as

RyOuty vy ) = i Htra(x — M))

/ / dt’ Y,y (2.10)

We have obtained an exact representation for those generating functions U (o1, ...,
0,,), which will be derived in the next section.

NotethatR, (A, ..., A,) is obtained also from the probability distribution function
Pn(x1, ..., xy), which becomes after the integration of unitary degree of freedom,

Py(hi. ... ay) = C[ [ — a2 2 24 2.11)
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N! > o
Rn()"lv"'s)"n): / / d)\'ll+1"'d)\'NPN()"17-"7)\‘N) (212)
WN-=-n!J —00

This n-point correlation function becomes the determinant of the kernel by the
orthogonal polynomial method [97].

Ry(A1, ..., Ay) = det[Ky (A, A))] (2.13)

We will discuss this determinant formula for the case of external source, which
orthogonal polynomial method does not work, in Chap.3 (Theorem 3.2.2).

Proposition 2.1
1

Up — u; + o
(2.14)

du gi u;o; ~ > a?
U(oy,...,op) = N" f\H H(] i)NeZ i0i /At 55 > i det

where the contours enclose all poles at u; = 0.

This Proposition 2.1 follows from Theorem 3.2.1 in the next section which deals
with a Gaussian model with an external source, when the external source vanishes.
Remarkably enough introducing a source provides explicit formulae even for a van-
ishing source, which would be very difficult to derive directly.

For the connected part of the above correlation functions, one simply keeps the
longest cycles in the expansion of the determinant which appears in (2.14). The
Proposition 2.1 determines explicitly the coefficients of the expansions in powers of
Oj.

In the following, the n-point functions (n = 1, 2 and 3) are considered with the
help of this formula.

(i) one point function

)
1 S [ d
U(o) = (—tre”™) = i% S BN T (2.15)
2im u

In terms of the density of eigenvalues
1
p(x) = (Ntrf?(x —M)) (2.16)

one has by definition of (¢) in (2.15),
00 .
U(o) = / dxp(x)e™ (2.17)
—0o0

where o = it. In the large N limit, by the shift of # — Nu and putting A = N, U(o)
becomes
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o0

du 1 1
lim U oty — %= ——J(=2i0), (2.18
ym U(o) = 7{2171 Z;k!(kﬂ)!“ o 1(2i0), (2.18)

where Jj (x) is Bessel function of order one. Its Fourier transform provides thus the
density of eigenvalues

o0 00 2
o= [ ameruin = [ Stinene = 21T =2
oo 2T oo 2m t T 4
(2.19)
One recovers for the density of state p(x), the well known Wigner’s semi-circle.
The finite N expression for U(o) is for A = N, through a binomial expansion,

1 [ du N!
U(o) _% _M oy kz O'ml/tmeZN

o ) 2im & kN — k)l Nk
2 — N!
=ew ok
S NFHN = k= D!k + 1)!
B i Lg% N=1)! 1
- 2HINE (N — 1 — DN+ DIk — 1)

(2.20)

This expression, provides an explicit finite N result for the Gaussian average from
(2.15) :

1 1 =1 1
M = (Zk)!z PINE(N — 1= D) A+ D)k —1)!

1 1
(2k)'Z(H(1— Ve @20

=0 j=lI

(Alternatively one may compute the resolvent

1 di it
Gx) = —./ dte”XU(lt) = ——/ %_(1 4+ — N ltu/x—tz/szz
tJo

2imw

with A = N in U(0) and expand it in powers of 1/x.)

The above equations provide also the 1/N expansions for U(c) and for the aver-
age vertices. The leading large N limit is given by (2.18) and beyond it one finds
easily [28]:
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1 . 1 .
Jy_ I
E(l - = exp[jZ:]: log(1 = 1)1

_ I+1 Id+DU-1D@BI+2)
== T +o (22)

1o (2R k(k — Dk + 1)
(M) = k'(k+1)'(1+ 12N2
| R Dk = Dk = 2)k ~3)(5k ~2) |
1440N* ) O

(2.23)

Okounkov [106, 107] have shown that the Kontsevich intersection numbers [89],
may be obtained by taking a simultaneous large N and large k limit of Gaussian
averages. From (2.23), the limit for large N, large k, and finite k/N, is

1 (2k)! 1 i3 5 k°
My = (4 I 2.4
N M = k'(k+1)'( v TN T 2.24)

In the above equation, the coefficients of £ qu, namely (12;)%!, are the intersection
numbers of the moduli space of curves with one marked point.

1

(T3g-2)g = W (2.25)

In our previous work, we have used the exact integral representation valid for finite
N of those vertex correlation functions, and obtained explicitly the scaling region
for large k; and large N by a simple saddle-point [28]. This led to a practical way to
compute intersection numbers from a pure Gaussian model, much simpler than with
the Kontsevich’s Airy matrix model. The intersection numbers derived by several
different methods will be discussed in Chap. 6.

(ii) two point function

The connected part is given by the shifts u; — Nu; and A — N in (2.14),

Uorom U [dinduy (L + 2N+ 2V
(o1,00) = ——
be N2 Qim)? (un — s + %)z — uy + 2)

L 2, 2
g"1”1+“2”2+ﬂ(01 +05)

(2.26)
Expanding the denominator as

_Z(_)( " Ny ) z (1 + ozu)lmﬂ il 2.27)
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the two point function follows from a residue calculation,

(o2 ) &9} 012k+l+m+10,22t+l+m+1
U, — 2/v of+o3
(@1,02) = 7€ kr%:_o Rk +l+m+ DG +mti+1)

(N+D!(N—m—1)!
X
(N—m—k—DIN —m— 1 — 1)INkF+Hm+

1 12 1 1 1 11 1
= e T (010, + 0703 + (1 = (0702 +0103) + 0703 (5 = 7 + 715)
+--0)
1
N2 (0102 + 201 02 (01 oy + o] 02) + ( + 12N2 )013(723 + .. ) (2.28)
Nothing that
1 1
Ue(o1,00) = =5 > (rMb M), T olloy (2.29)
i k!
the Gaussian means are obtained,
1 1 1 9. o
W(H'MU'M)C =2 W(U‘M trM )c = ]W,
1 3 3 1 3 3 12 3
m(tthrM Yo = N7 m(trM trM?), = N2 + — N (2.30)

(iii) three point function

There are two longest cycles in the determinant (2.14), which contribute to the
connected part U.(o1, 02, 03), which are after the shifts u; — Nu; and A — N,

1
G — A ) — s+ ) s —un + )
1
+ o] 03 02
w —uws+ Pz —ua+ 32 —uy + 3F)

2.31)

Computing the residues in the contour integrals, the three point function reads

o0
(02 +02+02)/2N z (N + YN + DN 4+ m)!

= —e
Uc(o1,02,03) nl!n2!n3!Nn|+n2+n3+3

k,l,m,ny,n2,n3=0
O,]Zm +k—lo_22nz +I—mo_32n3 +m—k

x ((n1 k=Dl + 1 —m)s+m—k)'N +1—n)!(N +m —n)! (N +k —n3)!
Uan +mflo_22nz +k—m 0_32713 +l—k )

1
+(n1 +m—=0D'ny+k—m)(n3+1—k)IN+1—n)!(N+m—ny)(N+k—n3)!
(2.32)
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2.2 Generating Functions of Gaussian Means

The evaluation of Gaussian means has attracted considerable interests in various
fields. A different generating function for the Gaussian means appears for instance
in the work of Harer and Zagier [76] and Morozov and Shakirov [102, 103]. Harer
and Zagier have found a generating function for Cy; = ﬁ(trM 2Ky which reads

ic NFkx2* 1 ((l+x2)N 0 (2.33)
pr *ok—D T 2N 1 — 2 '

This has the very simple large N limit

e — 1
lim Z Czk 1)” === (2.34)
From (2.33) one finds also
o0 2k NNk-H 1
S ok =K (2.35)
o Fek=Dn T T p (-0 - (4 e

where N is the size of the Hermitian matrix M. These formulae can be derived directly
from the above result (2.21). For instance

Nk 2k 00
ZCZk = / dte ™" U (x~/2N1)

-DitJo
/ dl‘% —t(l—x2_2ch)[(1 + i)N -1
2im Nu
1+x2
= i (Y = (2.36)

Morozov and Shakirov [102] have considered the two point function, for odd
powers Cog, +1,2k,+1, as a generating function of .,

" 1 X1X24/1 —
. arctan ( )
=0 1=yt (4 w6 + D) 1=+ ()03 +23)
o0 2k1+1 2k2+lMN
C ad 237
Z L2t o D2k + D! 37

N, ki, k=0
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with Cog 41,2641 = (xtrM* 11 Lirpr? 1) These results can also be derived from
the generating function (2.15) and (2.26) [103]. The Gaussian means have applica-
tions for various problems and further investigated, for instance in [8].

The generating function of Gaussian means is given by the introduction of the
parameters #; coefficients of trM*:.

1 N > 1
Z=— [ dMexp[——trM? —trM* 2.38
Z / expl 5 I + kzz;‘ N rM"] ( )

with Zy = [ dMeN/>"M’ Those Gaussian averages include non-connected parts.
Therefore, it is useful to expand the free energy F' = logZ. The expansion of F reads
(the suffix c indicates the connected parts) :

2

1 17

2 3 4

F= 2N2((t tM)2), + N(trM Je + MM + 1 ().
2

1 t
+53 (M) (rM?)), + 2—]§2<(trM2)2>c TR

1
l1+l‘2+

1 1
= 527 — 2t + e — B+, (239

1

3
—hts + 142+ — NZ

N2

This expansion may be generated with the help of the Virasoro differential oper-
ators. They are defined through the identites

/ 9 (M") [ Nom? + i “emi) = 0 (2.40)
cd EXp[——=tr —tr = .
M, 4TS N

Let us start with the simple n = 0 case, the so-called string equation, i.e.

ad N > 174
am ——trM? —trM*]) =0 2.41
/ aMab(e"P[ St +k§Nr ]) (2.41)
which gives
(—NMpa + 1180 + letk(M"_l)b ) =0 (2.42)
a N ai N P a .
and after summingona=b=1,--- ,N
L. Z=0 (2.43)

with
Loy==N3 +t+ > (k+ Dtr1dy (2.44)
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in which 9 stands for % Similarly for n = 1 the identity(2.40) gives

1 k—1
(Bacpa — NMeaMpa + 3 Mea D Kt (M*™pa) = 0 (2.45)

and, after summing over b = d and a = ¢, one obtains the ’dilaton’ equation
LyZ =0 (2.46)

with
Ly=—N?3 + N>+ Z kty O (2.47)
k=1

The same identity for general n provides the full algebra L,Z = 0 for n > —1 with,

forn > 1,
n—1

Ly = —N*3y42 + 2N?0, + N* D" 0,0, + D _ ktiO (2.48)
1 1

in which L; and L, are given by

Li = —N%3; + 2N, + Zkfkak-H

Ly = —N?04 + 2N?0; + N*07 + D ki 12 (2.49)

These differential operators satisfy the zero central charge Virasoro algebra
(Li, L] = Ll — Liply = (k — m)Lyy (2.50)

Note that the commutation relations may also be used to determine successively all
the L, for n > 2. Finally one notes that L_,, Ly, L; are linear in the derivatives with
respect to the parameters #; and thus act simply also on the free energy. However
the non-linearity of the L, for n)1 gives non-linear constraints on F. Therefore if
the Virasoro constraints can be used easily to determine the lower moments of the

Gaussian distribution, the integral form of U (o1, . . ., o;) turns out to be a much more
efficient method for computing all the n-points moments.
Instead of Virasoro constraints on the partition functions Z(¢;, --- , ,,---) one

can also use recursion relations directly on pure Gaussian means, i.e. with the weight
exp[—N/2 trM?]. Consider an operator (M) = trM¥' - . . trM*"; one can use Sys-
tematically the identities

/ am ! ((Mq)cm’(M) exp[—N/2 ter]) =0 (2.51)
aMab

For instance for ¢ = 0 one obtains
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NEM M - . trMo) = Z ki (trMS1 MR T M (2.52)

(which follows also immediately from Wick’s theorem; (- - - ) refers to the expecta-
tion value with the normalized weight Zio exp [—%V trM?] as same as (2.3)). For q=1
similarly for the same &'(M)

NuM? GM) = (N2 + 3 k) (G (M) (2.53)

and so on.

2.3 Gaussian Means in the Large N Limit

The Gaussian means in the large N limit are easily derived from the expression of
U(oy, ..., 0,), by the replacement

. - Oi N _ — 0
[lim. E(l + Nu,-) = exp (; u) (2.54)

or from the explicit finite N expressions of Gaussian means in the N — oo limit. In
this limit, the n-point correlations U (o, .. ., 0,) becomes from (2.14) by the shift
u; — Nu;and L — N,

‘ dui Z(u»-ki)zr» 1
U(oy,...,0,) = — T det —————— 2.55
(o1 on) fg 27116 € Nu; — Nu; + o; ( )

From this formula, we obtain the following Gaussian means in the large N limit.

Proposition 2.3
In the large N limit, the Gaussian connected averages become

1 2k)!
(—trM ) = L
N kl(k + 1)!
1 1 1 k)!Q2ky)! kik
(—trMZk‘—trMZkl)Cz—z( 1)2( 2)2 1ka
N N NZ (ki) (ko) ki + ko
Lyt Ly, _ 1 @G+ Do+ DY 1
N N i N2 (k12 (kp!)? ki +k +1

1 1 1 1 Qk)'2k)!'(2k3)!
(—trM? — M — ey, — 1 (2k1)!(2k2)!(2k3)
N N N N ()2 ()2 ()2
(lterk, ltrM%“ltrM%“)c _ 1 2k)!(2ky + D!(2ks + 1)!
N N N N4 (ki1)? (k2 !)? (k3!)?

kikaks

1
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1 1 1 1 2k;
(—teM®* — M —trM® — e, = H (2k)! 2 kvkoksky
N N N N N6 (ki")?

X (k1 + ko + k3 +k4—1)

4
1 1 1 1 1 1
(ﬁtrMZk‘ NtrMZklﬁtrM%“ Nterk““)c =6 H W(zkl)!@kz)!

X (2kz + 1)!(2kys + )'k1k2(k1 + ky + ks + kyg)

(lterk]-H ltrM2k2+1 ltrM2k3+lltrM2k4+l ) = H 2k; + 1)!
N N N N T NO (k)2

x (ki 4 ko + k3 + ky) (2.56)

It is easy to check that the Virasoro equation of the previous section holds for
the above correlation functions in the large N limit. The Gaussian means appear in
various applications. Fat graphs, used in topology (and in biology), use the planar
character of the large N limit of Gaussian means [8]. The universal character of
Chern-Simon invariants also uses Gaussian means [96]. In Chap. 10, the Gromov-
Witten invariants of P! will be compared with the expressions of Gaussian means of
Proposition 2.3.

2.4 Gaussian Means in the Replica Limit N — 0

We now return to the probability distribution (2.1) with a parameter & # N. In the
study of the intersection numbers of the moduli space of curves, we have used a
replica limit (N — 0) in [30] and the reason for this replica limit will be explained
below. The integral representation (2.14) for A # N reads

du; o 1
U(U],..., n Nn%H—(l_i__)N > 1/)L+ /)\.det—. (257)

U; ui—uj—i-a,-

Let us consider first the N — 0 limit of the one-point function

1 2 du o
U(o) = T —e (1 + =)V 2.58
@) = N5¢ fZine I+ (2.58)

from which one gets
1 2 du o
lim U(o) = —e% ¢ —e”“/*log(1 + — 2.59
lim Ue) = —e fme og(1+ 77) (2.59)

The contour integral reduces to the integral of the discontinuity of the logarithm
leading to
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sinh (%)

- (2.60)
(%)

lim U(o) =
im U
From above formula, in the replica limit N — 0 of U(o) = ]lv(tre"M ), one obtain

lim 1<trM"> 4kt
m — =
N—0 N A2K4k 2k + 1)!

Proposition 2.4 ([30])

For the n-point functions the replica limit is given by
A' n XO'
lim U(oy,...,0,) = — | [ 2sinhZ— 2.61
Jim UG, .00 = — 1} sinh 2.61)

with x = >, 0.

Using this replica result, the intersection numbers of p-spin curves of the moduli
space of curves with one marked point have been derived in [30]. In Kontsevich’s
model for the intersection numbers of curves, a trivalent vertex trM> has been used.
With one marked point, a one stroke line around a marked point characterizes the
moduli space of a Riemann surface. This one stroke Feynman diagram is obtained
by a N — 0 limit (replica limit).

(2.61) is a generating function for the N = 0 limit of ]lv(trMP1 - - trMP*) by
expanding in the o;’s. Selecting the coefficients of equal powers for every o;, for
instance of (o - - - 03)>, we find

338-20-2%(6g — 4)!  (4g —2)!

3\4g—-2\ __ .
((tI'M ) § ) - 2683 g'(:’)g — 2)'

lim i (2.62)
N—O0N

all other powers of liquoliv((trM 3)k) vanishes unless k = 2 (mod4). This leads to
Kontsevich’s intersection numbers (t;) for one marked point. Indeed, these intersec-
tion numbers (7;) are expressed for one marked point, from the partition function Z
of following Kontsevich Airy matrix model with trM? term in exponent, as will be
shown in Chap. 6,

1 > 1 i
lim ~-logZ = > (tdtn. Z = = / dMe ™’ ~tram? (2.63)
m=1

with Z' = fdMe_”Mz, and 1, = (=2)~@n+h/3 H;ﬂ:_o] 2l + 1)(%)2’”“, where all
eigenvalues of A in Kontsevich model are put equally to A.
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This provides
1

= v (2.64)

(T3g-2)¢

which agrees with (2.25).

From (2.61), the intersection numbers (7,) of one marked point for p-spin curve
(the algebraic geomerical definition will be given in Chap. 7) are obtained. The par-
tition function for this higher Airy matrix model with p-spin is

1 1
7 =— / dMexp[ tr(BPH — AP —tr) (B — A) A”] (2.65)
Zy p+1
with normalization constant Zy [30]and F = 37, ([],,, r,]:l’:’]fi) 1., t,];]" /km j!, where
) o2 m—1
J=p=m .
g = ()0 [ p 5+ D (2.66)

=0

Expanding the partition function of (2.65) and using (2.61), we obtain the intersection
numbers of one marked point by this replica method, for instance we obtain p = 3
case,

.1 pom_1.  2Mm2 Q2m —1)!
- m — _ '—
}/Ln%)N((trM )2y 3 (4m 3).m!(m mivt (2.67)
1 F(ﬂ)
(T8g-5-i1/3.)¢ - (2.68)

(28! 1 ()

A later section is devoted to the intersection numbers of the moduli spaces of
curves by the use of the function of U(c), instead of above formula of N — 0
limit (2.61). In Sect. 5, we will show that, by tuning an external source, the n-point
functions U (o7, . .., 0,) are indeed generating functions of the intersection numbers
of moduli space of curves. Note that the n-point function of (2.14) is valid only for
a Gaussian ensemble without external source. For external source, the formula will
be given by (3.6) in Theorem 3.2.1.


http://dx.doi.org/10.1007/978-981-10-3316-2_7
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Chapter 3
External Source

3.1 HarishChandra Itzykson-Zuber Formula

Anexternal, i.e. deterministic, source matrix A is now coupled to the random matrices
with weight

1 A
PA(M) = —-eXp [—EtrM2 + trMAi| (3.1)
A

The matrix A is an N x N Hermitian matrix. The normalization Z,, up to a trivial
constant, is proportional to exp[ﬁtrAz].

The following integral over the unitary group is due Harish Chandra—Itzykson—
Zuber. Consider two Hermitian matrices A and B. Then the integral over the unitary
group, with the standard Haar measure normalized to one, is given by the following
theorem [77, 80].

Theorem 3.1 (Harish Chandra-Itzykson—Zuber)

det[exp(a;b))]

A(A)A(B) (3.2

/dU exp(trAUBUT) =cy

where A(A) is the Vandermonde determinant Hig(a,- — aj) constructed with the
eigenvalues of A, and cy is a normalization constant cy = vaz_ll jl
This formula is a remarkable example of “localization”, i.e. the fact that the sum
over the saddle points of the integrand is exact.
Proof of Theorem 3.1
This HCIZ formula may be derived by considering the Laplace operator [11, 26],
52

L=-— (3.3)
IX;;0.Xi

Its eigenfunctions are plane waves,
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LeitrAX — (trAZ)eitrAX (34)

One can construct a unitary invariant eigenfunction of L, for the same eigenfunction
tr A2, by the superposition

IZ/dUeitrAUXU% (35)

which is the HCIZ integral. The integral / being unitary invariant, is a function of the
eigenvalues x; of X. The unitary invariant eigenstates are functions of the eigenvalues
x; of the matrix X and they are orthogonal with the measure

(YU1l) = /d)q o dxy U O e X)W (X e ) AR (L X)

Acting on unitary invariant states the operator L reduces to

J— o A(X)
A A ox '

Therefore the lowest eigenstates of this quantum mechanical problems, multiplied
by the Vandermonde determinant A are simply plane waves; the antisymmetry of
A under permutations gives thus a free-fermion Slater determinant of plane waves.
Therefore the unitary invariant eigenstate I is simply equal to det e”* /A(X) up to
a constant. The exchange of A and X implies that this constant is proportional to
1/A(A). (]

3.2 n-Point Function with an External Source

Theorem 3.2.1
1 " du; N o 5 2 1
U(oy, ..., = — utath 1 i u;o; /A +o; /2)»d —_
(1 In) Nnj{il:[]mrial:[]( +u,~—aa)e eu,'—uj+a,-
(3.6)
with the contours around alla, (¢ = 1, ..., N), which are eigenvalues of the external
source A.

(Proposition 2.1 in the previous section is obviously derived from Theorem 3.2.1
when setting all eigenvalues a, = 0).

The n-point correlation function of R, (Ay, ..., A,) is defined as (2.10), which is
the Fourier transform of the n point function U (o1, . . . , 0,,). Without external source,
this n-point correlation function is expressed in terms of a kernel Ky (4;, ;) as


http://dx.doi.org/10.1007/978-981-10-3316-2_2
http://dx.doi.org/10.1007/978-981-10-3316-2_2
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Ry(A1, ..., &) = det[Ky (A, Aj)] (3.7

where i,j = 1,...,n. However, this determinant form remains valid also for the
external source problem.

Theorem 3.2.2 When an external source is coupled to Gaussian distribution, the
n-point correlation function of (2.10) is expressed by the determinant of a kernel, as
in the sourceless case:

R,(Ay, ..., A,) = det[Ky(A;, )\.])] (3.8)

Proof of Theorems 3.2.1 and 3.2.2

Given the unitary invariance of the measure dM, one can assume, without loss of
generality, that the source matrix A is diagonal, with eigenvalues (ay, .. ., ay).

1. Let us start with the case n = 1, i.e.
U(o) 1(t oMy (3.9)
o) = —(re .
N

where o = it and the average is taken with P4 in (3.1), (note that we here nor-
malize U(o) as U(0) = 1).

Lemma

w N
A N (—2x24q
/ | I ([ =—dx; eZ":l( 2)C"jLCMk)A(xl,...,xN) = Ceﬁ P2 aizA(al,...,an)
—00 iy 2

(3.10)

in which A(x;) denotes the Vandermonde determinant A(x;) = [, G — X)) and
C = A~NW=D/2 The proof is easy: after a shift x; — x; + a;/A which produces
the Gaussian factor, one obtains an integral whose result is an antisymmetric
polynomial of degree N in the a;’s and thus, up to a constant, it yields A(a; . . . ay).
Now we return to (3.9). The change to the variables x; and £2, by diagonalizing
M = 2XQ7 yields the Jacobian A(xy, ...xy); the unitary matrix £2 appears
only in the exponent as tr(Q2XQ'A). The integral over the unitary group is then
given by (3.2)

1

Vo) =734

N
/ dy - dxy AQX)(det )™ 22 DM (311
k=1

The antisymmetry in the N integration variables x; implies that the N! terms of the
determinant give equal contributions and thus up to a factor (the normalization
will be given later)
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N
Uo) = dxy - -+ dy A(X)e2 @53 37 pitsk 3.12
(o) ZAA(A)/ X1 v A(X)e k:le (3.12)
Defining a a = a; + itdj; and with lemma (3.10) and the normalization of the
probablllty distribution we obtain
g ‘ AA®)
U(o) = — Z o3 2@ —a)
N A(A)
_ 712/2,\ i T % — @+t 313
I e - (3.13)

k=1 Ik

The r.h.s. may be conveniently written as a contour integral

1 2
U — ot /ZA% ltu/)» 1 3.14
@ Nite 2171 H + u— ay ( )

in which the integral encloses around all the eigenvalues a;, (i =1, ..., N) of A.
The normalization implied by the definition (3 9), i.e. U(0) = 1, is manifestly
correct, since Hszl(l +-Ly=1+ ltz1 o T o).

The case of the two-point function is similar.

u—ay

Let us follow the same line for

1T .., 1 .

U(oy, 00) = <]T]tre”‘Mﬁtre”2M> (3.15)
where o1 = it; and 0, = it,. After using Harish Chandra—Itzykson—Zuber for-
mula, it becomes

A(x) a . .
U , — : Z ( x 2t a; Xi) ity Xoy Fil2Xey 3.16
(01,02) = EA/T]xAm) (3.16)
o0

where x; is an eigenvalue of M and a; of A. Again one can integrate over the x;
with the lemma (3.10)

1 & [igla — a4+ it1Giay = 8ja) + it2 (B, — 8j.0y)]
Uo1,00) = — >
P Hi(/‘(ai - aj)
> eA(ztlaal+zzzaa2—itlz—%lg—tllzfsa].n) (3.17)

Dividing the sum into two terms; «; = o, and @ # « one obtains,
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Ulor, 00)=15 ZH”‘ 4 + it +0) Gios = i) 114110, - & (14027

a; — aj
o l(]
+ i Ay, — Ao, + i(ty — 1) H (aa] —a, + itl)(aaz —a, + i)
2 _ — —
N o Ay, — Ay, Y. (aal ay)(aotz ay)
L[, . L, 5
X expx it1ay, + ithay, — E(t' + 1) (3.18)

Since Ry (A1, A;) defined in (2.10) is given by a Fourier transform

dndty iy, —ih2 (] (g, o) (3.19)

Ry(h1, A2) = an )

the first sum of (3.18), («; = «» case), becomes § function, and can be neglected
for Ry(A1, Ap) for Ay # M. The first term of (3.18) is U(oy + 032)/N of (3.14),
and Fourier transform of this term becomes [17, 18]

N(2 Nn)? //dt]dtze_ltl)nl L2 (o) + 03) = —8()»1 —A2)p(r1)  (3.20)
b

with

+00
p(A) = / ﬂe—”*U(o). (3.21)
—oo 2T

where oy = ity, 0o = it and o = it.
The double sum of the second term, («; 7# &, case), is represented by a double

contour integral,

(242 dudy ittt/ u—v+ity —ity)(u—v)

U(oy, = >
(01, 02) N2t1tze & (2”.[)2 w—=v+it)w—v—it)
N . ;
x H(1+ n )(1+ e ) (3.22)
- U—ay, V—ay
y=1
Since
—v+i(ty — 1) (u— ht
@—vtith —o)e—v) _, L : (3.23)
(u—v+it)(u—v—ih) (u—=v+in)u—v—ib)

the above result is a sum of a disconnected and a connected part. The disconnected
term, which comes from the first term 1in r.h.s. of above equation, leads to the
product of Ky (A1, A1)Kn (X2, X2). For the connected term, shifting transform #,
and f,, t; — t; +iu and t, + iv, Ry (A1, Ap) is expressed as

Ry(A1, A2) = Kn(A1, A Ky (A2, A2) — Ky (A1, A2)Ky (A2, A1) (3.24)
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a2 x 2 determinant of the kernel, which is expressed by

a, — it L 20 2y s
K )\7)L — 14 —ﬁ(u +t )—1I)L1—u}\2‘
v Ao) = N/ 7{2171 E[(u—ay)u—lt

(3.25)
This completes the proof of Theorems 3.2.1 and 3.2.2 for the two-point function.

The generalization of the two point function Ry (X1, A2) to R, (Aq, ..., X,) is straight-
forward.

— L2 i, dui s i
Rn()q,... n)_Nn/HZln ZII%HZ;;@ZFF
() T e

i ol Up—0o ) - 1p ola (up — ug+ity) (up,—ug—it,)

(3.26)

With the shift of variables t, — 1, + iu,,
I [yy di [ du : : :
Rn = — _t : _ﬁ - Z” +20 hp(—itytup)
N"/HZin%HZzne ' '

ay + ltp) (it, — ity) (up — uy) 3.7
Htp+lupHH( E(—uq—i-itp)(up—itq)' (3:27)

p=1a=1
The Cauchy determinant (i,j = 1,...,n)is
1 n(n— i (al_a)(bl_b)
det|: ] = (—D" i ! d (3.28)
a;i — b; [1;(@ — b))

and from this formula with a, = it, and b, = u,, R, becomes

S COP S P
TN ) L 2in Jo L 2in uj — it; ~

y=1 W —ay
(3.29)
Since this determinant id det[K (A;, A;)], Theorems 3.2.1 and 3.2.2 are proved. [

Proposition 3.2.1

This kernel satisfies the composition rule, well-known in the sourceless case,

400
/ Ky Or 1K (1, v) = Ky O, v) (330)

o0



3.2 n-Point Function with an External Source 23

Proof of Proposition 3.2.1

From the contour integrals,

+00 T dndty [ duyduy S (ay =it (ay — it
/ d,uKN()»,,u)KN(M,V)=/ 2 ir)2 ( ’ )( ) )
. oo (27) Qim)= N\ —ay J\uy —ay

1
X —
(uy —ity)(up — ifp)

o= 25 WG+ +3) = (it it p-bur uv) (3.31)

integration over pu, after the shift #, — f, + iu;, provides a § function for #,. The
contour integration over #; around the pole u; = it; reconstructs Ky (%, v). O



Chapter 4
Characteristic Polynomials and Duality

4.1 Characteristic Polynomials

The consideration of expectation values of characteristic polynomials was introduced
in [85] for the unitary group. We here consider the Hermitian matrix for characteristic
polynomials [24]. These expectation values turn out to be often more convenient than
resolvents. Some observables such as

4.1)

G :<det(k—M)>

det(u — M)

give back to averaged resolvents G (u) in (2.9) since

1 1 10—
G(n) = —(t =——GO, W=
() N<rM_M> N 35, G Wl

In addition they satisfy a remarkable duality which will be used in the following.

Theorem 4.1.1 For Gaussian ensemble of N x N Hermitian random matrices M
in an external matrix source A, the expectation value of the product of K- char-
acteristic polynomials (]_LK:1 det(A; - I — M)) is equal to the expectations value by
an average of N characteristic polynomials in an ensemble of Gaussian K x K
Hermitian matrices B, with an external matrix source given by the A:

K

1

Fx(hi, .o hg) = o= dM [ ] det(r; -1 — Myem2wM=47
N i=1

N
1 Lo
= / dB [ det(—a; -1+ iB)e 2"+ (42)
K .
j=1
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with Zy = 2N2gN*/2 7 = 2K K22 5 is an eigenvalue of A, and a,, an eigen-
value of A. This duality has appeared in [24, 30, 72], and has been used to study a
(p, q) minimal string theory [95].

Proof of Theorem 4.1.1

As usual one can take, without loss of generality, A diagonal with eigenvalues
(aj,...,ay). The N x k complex Grassmannian variables W? Yy G@=1,...,N
anda =1, ..., K), normalized for each i and « by

Joron ()0

The product of characteristic polynomials is then given by the integral

K N K N K
[Tdeti-1—m) = / [TTTaviaveesp | DD W — M)yt
i=1 i=1a=1 ij=1a=l
4.4)
This allows to perform the Gaussian average with the identity
L dMe*%trMLHrMX — e%II‘X2 (45)
Zy
The matrix X is here given by
K
Xpg =apbpq — Z v, v, (4.6)
a=1
and
N K K
uX?=wA? =23 S 0, v — > vasvpa 4.7)
p=1 a=l1 o, p=1
with
N
Vap = D VLWL, (4.8)

i=1
The last term of (4.7) is thus —tryz, and it is convenient to use the identity

1 2
—5try

= L [ ape-turinys (4.9)

e
Zg
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where f is an auxiliary Hermitian K x K matrix. Then Fg (Aq, ..., Ag) is written as

Fg(Ap, ..., g) = ZL/Hdngd%a/dﬁei“”(ﬁ*"m*%“ﬂzfﬂilZf=1 avi vy
K
(4.10)

where A is the K x K diagonal matrix with eigenvalues (Ay, ..., Ag). The integra-
tion over the Grassmannian variables leads to

1

Fx(A,...,Ag) =
k(M K) Zr

N

/dﬁe—%”ﬂz Hdet[(kﬂ — a8,y +iBuy]l  (4.11)
j=1

Putting 8 = B + i A, one obtain the duality formula of Theorem 4.1.1. (]

The duality formula in Theorem 4.1.1 is for the Gaussian average of charac-
teristic polynomials. For non-Gaussian distributions, the average of the product of
characteristic polynomials may also be expressed as a determinant [101].

Proposition 4.1 [24] For an ensemble of N x N Hermitian matrices X, with the
probability distribution P(X)
1
P(X) = Z—exp[—NtrV(X)], (4.12)
N

the average of K distinct characteristic polynomials,

K
Fk(kl,...,kk)=<Hdet(Aa —X)>, (4.13)
a=I1
may be expressed as a determinant built with orthogonal polynomials

Fg(hi, ..., hg) det| payr—14i (1))] (4.14)

1
 AG, . hk)
The polynomials p,(x) are orthogonal with respect to the measure d 1 (x)=dxe NV
and normalized by

pn(x) = x" + lower order (4.15)

Proof of Proposition 4.1
After integration over the unitary group, the average of the product of characteristic
polynomials is expressed as
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1 N K N
Fx(a, ..o, hg) = Z—N/Hdu<xi)A2(x1,...,xN)HHw—x,-> (4.16)
i=1

a=1i=I

A(x) is the Vandermonde determinant, A(x)= [[(x; — x;) and the measure d 1 (x) =
e~NV®dx. Zy is a normalization constant

N
Zy =/Hd,u(x,-)A2(x1,...,xN) (4.17)
i=1

The integrand can be written as

K N
Ay, oo, XN AL, o, Ak)
A e, Ao — Xj) = 4.18
(x1, XN)”II( X;) A0 (4.18)

a=li=1

and
A(xy, ..., xy) =det[p,(x,)] 4.19)

since p,(x) = x"+ lower degree. In (4.19), n runs from O to N-1 and m runs from
one to N. The numerator in (4.18) is written as

A(xp, oo, XN A, .o, Ag) = det[ pg (up)] (4.20)

in which a runs from zeroto N + K — 1, b runs from one to N + K, and u;, stands
for x, if b < N, or A, for N(b < N + K. Choosing the polynomials orthogonal with
the measure du(x) as

/dM(X)pn(X)pm(X) = hnbn.m 4.21)

one can integrate over the N eigenvalues,

N—-1

N
/Hd,u(xi)A(xl,...,xN;M,...,AK)A(xl,...,xN)zN!<H h,,)det[po,(xﬁ)]
= " (4.22)

in which & runs from N to N + K — 1 and 8 runs from 1 to K. The normalization
factor Zy is

N N—1
Zy = /Hdu(x,-)Az(xl, o XN) = N!(H h) (4.23)
i=1

n=0

Then Fg (A, ..., Ag) is written as
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PN1) pN+1(A1) -0 prg—1(A1)
1 A A1) - 1
Fx O, ..., ) = Ao AK)det PN (1) PN41(A1) P+K—1(21)
PN k) PN+1(Ak) - - pN+E—-1(AK)
4.24)
O

4.2 Characteristic Polynomial in the Real Symmetric Case

The average of the product of the characteristic polynomial for the real symmetric
matrix X is

k
Fo(hy, .o h) = /dXe*%Xz Hdet(,\,- - X) (4.25)

i=1
where X is a real symmetric matrix, X = X7.

Proposition 4.2.1 ([25])
FiO, ... ) = / dBdDe NTB DD _p N (4.26)

where

_ipT
M= (—(AD—iB) ! D?‘B ) (4.27)

inwhich B isak x k Hermitian matrix and D a k x k complex antisymmetric matrix.
Pf is the pfaffian of the antisymmetric matrix M.

The generalization of the HarishChandra formula, for integration over Lie groups,
such as real symmetric and quaternion symmetric matrices, is given by the following
formula by the use of zonal polynomial Z, due to Jack [25, 26, 78, 81].

Proposition 4.2.2
Ig(X, A) = /dgexp(trng_lA) (4.28)

where g is one of the Lie groups O (k), U (k), Sp(k), and dg is the Haar measure. Let
us use the conventional parameter 3, which takes value of 1,2 and 4 for O (k), U (k)
and Sp(k) respectively. Then the Ig is expressed by the zonal polynomials Z,,

I = Z,(X)Z,(4)
Ig(X, A) = z%(n 1+qa) Zplx,,(l)W (4.29)

m=0 " “g=0



30 4 Characteristic Polynomials and Duality

where o0 = % Xxp(1) is the character of the representation associated to a Young
tableau p, and Z ,(X) is a zonal polynomial [93]. Z ,(1) is a normalization constant,
depending on N.

This Ig satisfies the differential equation,

Vg2 al 1 9
— I =€I 4.30
[Zaxiszﬂ.Z xi—xjaxi:| € (4.30)

i=1

with ¢ = Z,N=1 )\[2. The x-dependent eigenfunctions of this Schrodinger operator
have a scalar product given by the measure

N
(61]¢2) =/deim(xl,...,xN)|ﬂ¢r(x1,...,xN>¢z(x1,...,xN>. (431)
i=1

Changing I to ¥
VXL, X)) = [AG, - )PP (e, xy) (4.32)

one obtains the Calogero-Moser integrable Hamiltonian,

Sl B 1
[Z ax? ’3(5 - 1) 2 m}ﬂ = ey (4.33)

i=1 i(j

In the case B =2, one recovers immediately the HarishChandra-Itzykson-Zuber
formula. However for B =1 and 4, it is difficult to derive a useful formula for
random matrix model with an external source, except for small values of the size N
[26, 78].

4.3 Characteristic Polynomials Fo the Lie Algebras o(V)
and sp(N)

Let us consider real anti-symmetric matrices, which are the generators of the Lie
group O (N).

Since HarishChandra’s formula works for semi-simple Lie algebras, we can con-
sider matrix models made of the elements of a Lie algebra (such as anti-symmetric
matrices for o(N)), with an external matrix source [24, 31]. The steps exposed above
for the unitary case can be repeated for those Lie algebras. The symplectic case is also
of interest. We have shown in [23] that Lie algebra sp(N) appears in the description
of a superconductor vortex in the dirty limit, and we have also studied antisymmetric
matrices coupled to an external source. In the analysis of L functions of type o(N)
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and sp(N), the characteristic polynomials for such Lie algebras have been studied in

the relation to the universal moments of L functions [24]. Since the case of sp(N) has

a similar structure of 0(2N), we expose mainly here o(2N) case, and HarishChan-

dra’s formula for sp(N) and o(2N + 1) will be given in Chap. 9, which play the key

role for the evaluation of the intersection numbers of non-oriented surfaces.
HarishChandra’s formula for a Lie group G reads

det (w-alb)
/ Ad@yalb) g o — 2 wew (detw)e (4.34)
G A(a)A(b)

where a, b are elements of Cartan subalgebra of Lie algebra /. The generalization of
the Vandermonde in the denominator is defined as follows. Forany H € h, A(H) =
[lyca, @(H) where A, is the collection of positive roots, W is the finite reflection
group, called the Weyl (or Coxeter) group. det(w) = =£1.

For the integration over SO (2n),

3 (detw)e? S e

e g = € (4.35)
/SO(2n) Hﬂk(ajz» — af)(b? —b})

where C = 2N — 1)! H?ZTI(Zj — 1)!, and w is element of Weyl group, which
consists here of permutations followed by the reflections (y; — %y;;i =1,..., N)
with an even number of sign changes. The matrix H is written as the direct sum of
visdefinedas H=hv@ hyv® --- @ h,v, withv = (_01 (1)) .

The previous duality (4.2) for characteristic polynomials averages, extends to
Lie algebras of the classical groups, such as antisymmetric real matrices for the
orthogonal Lie algebra o(2N). It reads

k N
<H det(hg - 1— X)> = <Hdet(an - Y)> (4.36)
A A

a=1 n=1

where X isa 2N x 2N real antisymmetric matrix (X’ = —X) and Y a 2k x 2k real
antisymmetric matrix; the eigenvalues of X and Y are thus pure imaginary. The
matrix source A is also a 2N x 2N antisymmetric matrix, coupled to X by trX A.
The matrix A is 2k x 2k antisymmetric matrix, coupled to Y. We assume, without
loss of generality, that A and A have the canonical form: A = av® --- @ ayv.

0 a 0 0---
—a;, 0 0 0 -

A=l 00 0 a 0 |, 4.37)
0 0-a 0 0
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Aisexpressedalsoas A = Av @ - - - @ Axv. The characteristic polynomial det(A -
I — X) has the 2N roots (£iMy, - -+, £iA,). The Gaussian averages in (4.36) are
defined as (---), = 7 degztrXZthrXA ()4 = ZLA dee%IrY2+LrYA in which X
isa2N x 2N real antisymmetric matrix, and ¥ a 2k x 2k real antisymmetric matrix;
the coefficients Z4 and Z, are such that the expectation values are normalized to
one. The derivation relies on a representation of the characteristic polynomials in
terms of integrals over Grassmann variables, as for the U(N) case, but it is more
involved [31].

Here again the HarishChandra formula leads to explicit formulae for the correla-
tion functions. The one-point function for instance is

1 aX
U() = ﬁ(tre A

u+2)*—a? o2
]{ (t7) et (438)
~ No 2711 ot u>—a? u+g

where the contour encircles the poles u = a,,. One may repeat the same tuning plus
duality strategy in this case, leading to the desired topological numbers for non-
orientable surfaces generated by these antisymmetric matrix models,which will be
discussed in Chap. 9. The cases of o(2N + 1) and sp(N) have similar duality formula
as o(2n), and one point function and the intersection numbers for such cases will be
derived in Chap.9.

4.4 Characteristic Polynomials for Supermatrices

This brief introduction to supermatrices and super determinants intends to show that
they are convenient tools to express the characteristic polynomials of supermatrices
and their averaged resolvent correlation functions Gy in (2.8) [27, 130].

Consider the expectation value of a ratio of characteristic polynomials

oo y LT det@u = M) w30
e T 20 \ N, det(ug — M) .\ ‘
with |
(O(M)) 5 = Z—/dMﬁ(M)e—%ler-HrMA (4.40)
A

Such expectation values are interesting; for instance, the average resolvent is given
by P = Q = 1, after taking derivative with respect to A and setting A = u
Let us recall standard definitions for supermatrices: let
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X = (2 Z) (4.41)

in which the matrix elements of a and b are commuting numbers, those of « and 8
are anticommuting. Then the supertrace

strX = tra — trb (4.42)

ensures the cyclic invariance. The super determinant is given by

det det(a — ab™!
sdetX = cta =% (a—ab” p) (4.43)
det(b — a—'a) detb
based on the integral
/ d0dbdxdxe'®X? = (sdetX)™! (4.44)

where @ = (g ), ® = (X 0 ). The formulae are obtained either by integrating first

the commuting variables, or the anticommuting variables first. We use the conven-
tions 6,6, = 6,6, and 6 = 6.
Finally the usual bosonic formula still holds here, namely

str(log X) = log (sdetX). (4.45)

We are now in position to derive the duality formula for (4.39) which we first
write in integral form as

N P 0
FpoQa-ip+) =/HHdegdxgdégdeg

a=1a=1 =1

(e Zam o Oa= Moy =35 O (= Masfy (4.46)

or, introducing the (Q + P) x (Q + P) diagonal matrix A made of ug and A,

N P O ~ ~
FpoChg - pp--) = / HHdegdxgdégdeg<e— PUAGHD M@y | (4 47)
a=1a=1 =1

Since

trXM)

(e A= e%trxz-l—trAX (448)

we have
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P+Q
Xpo = O - @ = Z Pipl. (4.49)
Then
P+Q
tr(AX) = Zan Z ! (4.50)
in which the a,, are the eigenvalues of A,
N P+Q
2 1 A/ [0 Fa
rX?= > > oLd)dhal. 4.51)
a,b=1a,p=1

Let us define the matrix I", (Q + P) x (Q + P)

N —
_ — a0 (D1 12) _(X-x0-x
reegmn-(30)-(0n) oo

This matrix I} is Hermitian but I3 is anti-Hermitian.
To express trX? in terms of the matrix I” some commutations are required and
one obtains easily

rx? = Zstr(l"2) (4.53)
Therefore

N
FpoGha---pg---) = / [1axcaxcadsae;

a=1

- @aA(PE+Z,, 1 n 2P+Q @"4’"4’ LstrI2 (454)
The SUSY Hubbard-Stratonovich transformation reads
/ d Aes "3 AHAD) = groul? (4.55)

in which A is (P 4+ Q) x (P + Q) and like I" as far as hermiticity is concerned.
Then

N
Fp.oha---pp---) =/dA/degdx;dégdeg
a=1

_ @ a P+Q ngn 1 2
DUAD +Z” 1“nz 4> (2 SLI‘A +strAT (456)
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One can integrate out on the x’s and 0’s. The quadratic form in the exponential is

N P+0Q
—PUAP D ay D BLBL + Ag pPEDL(—1)T
n=1 a=1

in which Fg =0for1 < B < Por Fg=1for (P+1)<pB < (P+ Q) The inte-
gration then gives

N
[]sdet "'[(Ae = an)8up — Aup(—=1)"]

I
Therefore we change Ayp(— DHfs — A~aﬂ and one verifies that

strA? = strA?. 4.57)

Then one ends up with the following proposition,

Proposition 4.4

Fp.oOu - ig--+)

_L<H5=ldet(ka—M)>
Zy \ 15 det(up — M) [,

N
- / dAe™ 2504 Hsdet—‘[(AD, — 4,)80p — Aup] (4.58)
1

The above identity (4.58) relates an ordinary integral to a super matrix integration.
In this sense it is not a full duality although it can be used for the large N-limit or
for a super-generalization of the Kontsevich model. However a full super duality
has been derived by Desrosiers and Eynard for expectation values of ratios of super
determinants [51] and our identity appears as a simple limiting case [87].

Arbitrary g

An extension of the GUE duality (4.2) to the three classical Gaussian ensembles
GOE, GUE, GSE with respectively 8 = 1, 2, 4 has been derived by Desrosiers [52],
butitexchanges f to 4/p. However the lack of HarishChandra formula for integrating
over the orthogonal or symplectic group interms of 7;; = (x; — x;)(A; — A;) (i, j =
1,..., N) for general N [26, 78] does not allow one to compute explicitly the k-
point functions and we cannot repeat the steps that we have followed for g = 2.
However we have used supergroup methods to obtain the one and two-point functions
[23, 27, 29].



Chapter 5
Universality

5.1 Universal Correlation Functions

The sine kernel was derived for the Gaussian unitary ensemble (GUE) by Dyson
[50].

1
Ky, ) = —mSin[ﬂN(l —wpA)] (5.1

where p(A) is the density of states, i.e. the one point function. More generally for
arbitrary unitary invariant ensembles the correlation functions are known to have a
universal scaling limit as follows, apart from a scale dependence provided by the
density of states p. For instance the two point connected correlation function of two
eigenvalues A and u has a universal scaling limit, when the distance A — u is measured
in terms of the average spacing 1 /N p, in other words when N — oo and the distance
to zero, so that N(A — ) is fixed.

This universality holds for unitary invariant measures, but it is also true in the
presence of an arbitrary external source matrix A.

Theorem 5.1 For the GUE with an external source, the sine kernel (5.1) is inde-
pendent of the external source A.

Proof of Theorem 5.1 [18] From the integral expression of the kernel Ky (X, )
derived in (3.25), the large N limit, N — oo but N(A — w) fixed, is given by a
saddle-point. The density of states of the external source py()) is denoted

1 N
po(A) = ﬁ%‘,m —ay). (5.2)

The unperturbed resolvent is

o1
Go@) = it — = /daf"_(“i. (5.3)

© The Author(s) 2016 37

E. Brézin and S. Hikami, Random Matrix Theory with an External Source,
SpringerBriefs in Mathematical Physics, DOI 10.1007/978-981-10-3316-2_5



http://dx.doi.org/10.1007/978-981-10-3316-2_3

38 5 Universality

Since from (3.13),

Vo) = ]{ 2im H(l B u——ay))el o e

where o = it, and in the large N limit, the integrand of (5.4) becomes

(- aa) et v )

y=1

it ,
~ exp [— Zy: N(Tay):| = exp[—itGo(u)] (5.5)

and 12 /2N is negligible. Therefore the average resolvent,

1 1 o
G = (NtlrZ — M) = —/0 dtU(—it) exp(—12)
satisfies
0G du 1
== f e (5.6)
0z 2imu+ Go(u) — z

The contour circles over the N-poles given by the solution of

"‘+Z

(5.7)

u—ay

which remain close to the a, for z large. In addition there is an (N 4 1)th solution
1(z), which goes to infinity with z

1 1
uiz) =z — E + 0 (-2) (5.8)

Z

Therefore, instead of summing over the first N roots, one takes the contribution of
this external pole #(z), plus the pole at infinity. Then

G 1 du(z)
o =1- e = 1— 7 (5.9)
Z 1+ i) Z

since u + Go(u#) = z. The integration of this equation is

G@)=z—1u(2) (5.10)
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This leads to Pastur’s self consistent equation [113].

G(2) = Go(z — G(2) (5.11)
By the same argument,
0K 1 d 1
o —mg o (5.12)
0Aq T 2im u+ Go(u) — A + ie

with y = N(A; — A;). The term t2/N is neglected. Then, from (5.6) and (5.9), with
i = u(h — ig), we obtain

9K 1. di .. . 1 9 o
SN D pvita—ie) o & gy (pyitaie) (5.13)
a)»l b d)»l Ty 3)»1
Since

i —ig) = A; — ReG () — itp(hy) (5.14)

1
Ky (i, hp) = ——e Y RCEEDginyp ()] (5.15)

Ty

The phase factor of above expression, which differs from (5.1), is cancelled when
combined with the conjugate Ky (A, A1):

sin(@Np(A) (A1 — A2)) 2

Ky (hps o) Ky (ha, Ap) =
N(A1, A)Ky (Ao, Aq) = | ANGY —7a)

(5.16)

O

5.2 Level Spacing Probability Distribution

Let us consider the probability E£(0) that the interval [— %9, %6] does not contain any
of the eigenvalues (xy, ..., xy)

E(9):/ / Pn(xt, ..., xy)dxy - - - dxy (5.17)
out out
with the probability distribution of the N eigenvalues, x, ... ., xy,

N A
Py(xi, ... xy) = C [ [ — x)2e ™V 2= V00,
iG
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where C is a normalization constant and V (x) is a polynomial of x. The integral
being is performed outside of the interval [— %9, %9] [97],

/ dx:(/w—/z)dx. (5.18)

and the n-point correlation function R, (xy, ..., x,) in (2.12) is

R,,(xl,...,x,,)= —/ / dx,,+1'udePN(xl,...,xN). (519)
(N _n)! —00 —00

Then E(6) may be expanded as

N
E@)=1 —N/ p(x)dx + ?/ / Ry(x, y)dxdy + - - - . (5.20)

LA [
2 2

The natural scale for the level spacing 6 is of order % Then the short distance scaling
limit is defined by 6 goes to zero and N to infinity, with fixed N6. In this limit

N/i 0(x) = N6p(0) +0(]lv). (5.21)

6
2
Therefore one replaces 6 by the scaling variable s
s = N6p(0) (5.22)

In this scaling limit, E(s) is expressed as

E@=> =" / T / " dn - dxydet[K (x;, x))] (5.23)

| s
n=0 n 2

s
2

where K (x, y) is

K(x,y) = —S“f([;x__y)y )l (5.24)

This leads for small s to the expansion
2 4

T T
E®)=1—s+ —s*— —s"+ 0’ 5.25
(s) s+36s e +0(s") (5.25)

Let us now introduce the eigenvalues X;(s) of the kernel K: Then
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vffwwmw@=mmm (5.26)

s
2

E(s) = [J(1 = &) = det[1 — K] (5.27)
i=1

The level spacing probability distribution p(s) is obtained by

2

d
ps) = EE(S). (5.28)

A closed equation for E(s) for the sine kernel was obtained by Jimbo et. al. [83].
Since, as shown above, a generalized kernel governs also the case of an external
source, one can generalize E(s) and p(s) to the external source problem. Furthermore,
as will be discussed in Sect. 5.3, an Airy kernel governs the edge of the spectrum. For
that problem Tracy and Widom have obtained p(s) using a Fredholm determinant
method [126]. Other kernels, such as the one which governs a gap closing distribution,
are of interest and the same technique can be used to handle those generalized kernels.

The Fredholm determinant relative to an interval [a, b], is given by the expansion
of the determinant (5.27)

X qyn b b N
E(a,b)zz(nl') / / [ | dxedet(K (x;. x)] (5.29)
. a a p—q

n=0

where i,j = 1, ..., n. Extending the analysis of Tracy and Widom [126], a Hamil-
tonian system may be derived, which leads to coupled nonlinear differential equa-
tions. We now follow the presentation of [22].

Considered a kernel, relative to an interval (a, b), of the form

_ 9P’ — ¢ (x)
= e )

K(x,y)

(5.30)

For the usual sine kernel ¢(x) = sinx, and ¢”(x) = —¢(x). It is the structure
(5.30) which generalizes to edge problems and source problems. The operator K is
introduced as

[X.K1=1$)(¢'| — |¢) (o] (5.31)
in which X is a position operator. It is convenient to define g(x) and p(x) as

1 1
~|9), = (¢’ = 5.32
—=19), P = @l——I0) (5.32)

q(x) = (x|

and the Fredholm resolvent K by
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_ K
K = —. (5.33)
1-K
Note the simple relation,
. g K 1 S|
(x =K = x[[X,K]ly) = [ | X, ——= | I¥) = x| —~[X, K] =~1y)
—K 1—-K 1—-K
A (5.34)
From the definition of the kernel K (5.31), and then (5.34) reads
Rixy) = qg)p(y) — q(y)p(x) (5.35)

xX=Y

Since g(x) and p(x) depend upon the interval [a, b], we denote them now q(b, a; x)
and p(b, a; x) to emphasize their dependence on the interval. Consider now the
derivative of ¢(b, a; x = b), with respect to b ; it consists of two terms

dq(b, a; b) 1 1 89K 1
94050 _ (pD—— 1) + (b]
ab 1-K

~ = 5.36
1—K8b1—K|¢> (5.36)

where D is the derivative operator. (x|D|f) = f’(x). From the definition of K,

K (x, y)

o = K@x.3)3(b—y) = (x|K|b){bly) (5.37)

Then the second term of (5.36) is K (b, b)q(b). The first term is

1 1
b|D——|¢) = p bl |D, ——=
(bID-——19) p<>+<|[ 1_K}|¢>>

1 |
=pb) + (| ——=I[D. K]——=1¢) (5.38)
1-K 1-K

The commutator is

A a d\ »
(x[[D, K]ly) = (5 + 5) K(x,y) =Kx, )@y —a) =50y —-b] (539

and it reads to A
[D, K] = Kla){a| — K|b){b| (5.40)

Thus (5.36) becomes

dq(b, a; b)

m = p(b, a; b) + K (b, a)q(b, a; a) (5.41)
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Similarly, for p(b),

43

(5.42)

(5.43)

ap(b, a; b .
Jiﬁil=—ﬂhmm+KMMMhmw
Let us now take a symmetric interval (—b, b) with a = —b and denote (b, —b; b) =
Q(b). Then
dQ)  9q(b, a; b)I dq(b, a; b)|
a o da =

The last term involves

dq(b, a; b) 1 oK 1 .
= (b = -_— ~ =-K ba bv 5
52 <|1—K(361)1—K|¢> (b, a)q(b, a; a)

A nonlinear differential equation follows

. ~ 2Q2
Q(b) = P(b) + 2K (b, —b)Q(—b) = P(b) (1 — T)

(5.44)

(5.45)

with Q(—b) = —Q(b), P(—b) = P(b),and K (b, —b) = LBXL) Similarly, for P(b),

. 2p?
P(b)=Q(T—1).

The logarithmic derivative of the level spacing probability E(s) is given by

2P2Q?

K(b,b) = P* + Q* — -

If we replace b by b = %s, the coupled equations are

2
d_sz(l_‘_lQ2), d_Pzg(“i—l).
ds 2 s ds 2 s

For small s, the solution of this system is

0="2 S3+0(5) Pelts+let06)
=——— s = s+ =5 57),
218 ’ 8

and ~
H(s) =K(b,b) =1+ s+ s> + O(s°),

E(s) = exp |:— /s H(s’)ds':| =1—s+0(@".
0

(5.46)

(5.47)

(5.48)

(5.49)

(5.50)

(5.51)
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5.3 Universality Classes at an Edge and at a Gap Closure

1. Edge distribution

Near the edge of the spectrum, in scale at which the eigenvalues are within a distance
N~!/3 of the edge, an Airy kernel governs the spacing distribution. It is defined as

_AWAIY) = A0AG)
_ —

K(x,v) (5.52)

where A;(x) is an Airy function which replaces the ¢ (x) of (5.30). In the Airy case
it satisfies ¢”(x) = x¢(x). The probability E(s) of the previous section is now
considered for the interval [s, oo].

As in the sine kernel case, the Fredholm resolvent K (a, b) is given by

R(a.b) = q(a)p(b) —i(a)q(b) (5.53)
a—

From the differential equation ¢” (x) = x¢ (x), one obtains

9 0
(8_ + —)K(x, y) = —=¢x)d(y) (5.54)
x dy
[D, K] = —|¢)(¢|® + Kl|a){a| — K|b) (b (5.55)
where @ is defined as
OO =00 —a)db—y) (5.56)

with the Heaviside function 6 (x). As in the sine case,

dq(b K
% = pb) — q(b)u+ K (b, a)g(a)
2 = b ) + up(h) ~ 290 + Kb, apl@ G-37

where u = (¢|q),v = (¢|p). The Fredholm resolvent K (b, b), which acts as a
Hamiltonian H (b), is now

H(b) = K(b, b) = p*(b) — bg*(b) — 2up(b)q(b) + 2¢* (b)v

1
+5,—_laip(a) = p(b)g(@)l(g(a)p(b) — p(a)q(b)) (5.58)

and indeed it has the Hamiltonian property

OH®) _,0q(b)  AH®) _ dp(h)

— , - . (5.59)
ap(b) b aq(b) b
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The derivative of this Hamiltonian is

lg(b)p(a) = p(b)g(@)]?

dH®) _
o - 1O+ b—ay (5.60)
If we now set a = —%,
0 s
?)(aa) = pla) — q(@)u — K(a, b)q(b),
81;:) = aq(a) + up(a) — 2q(a)v — K(a, b)p(b) (5.61)

The Hamiltonian H (a) becomes

H(a) = p*(a) — ag*(a) — 2up(a)q(a) + 2¢*(a)v + K (a, b)[q(a)p(b) — p(a)q(b)]

(5.62)
Taking now a large b limit, K (a, b) can be neglected. From the relation
w—2v=qg> (5.63)
we obtain »
a
q(2 ) — ag(@) + 24 (@) (5.64)
da

which is a Painlevé equation of type II.
The solution for large s behaves as g(a) ~ :i:%\/E and H(a) ~ %52. Therefore
the large s spacing distribution behaves as

E(s) ~ exp [—%ﬁ] (5.65)

2. Gap closure

We consider now a matrix source A which possesses only two eigenvalues a, = a
and a, = —a, both of them N /2 times degenerate. In the large N limit, the resolvent
(Green function) satisfies [16]

1 1 1
zz(z—a—G(z)+z+a—G(z)) (5.66)

This reads
G —2:G’+7°G =74+ > - 1G (5.67)
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Therefore, for a> = 1, G ~ z% for z small, and the density of state p(x) behaves as
p(x) ~ x3 near the origin. For |a| > 1, a gap appears around x = 0. Therefore, the
case of a source a, = £1 corresponds to a new universality case [21]. The kernel
is now described by a Pearcey integral [9, 21, 22, 110, 115, 127], i.e. a higher Airy
function, The expression of the kernel K(A, A,) with an external source a,, = =a,
is given in (3.25). The gap closure scaling is governed by the large N- limit

A =NTdx, A =Niy
K(x,y) = NiKy(NiAy, Niko) (5.68)

The density of state p(A) is given by K (X, 1), and the derivative of p(}) is

1 0
Nap(k) =—dpM)Y ) (5.69)
with

T dt N 24 N n(a2 412 :

¢(A) = / Ze—;t +¥In(a?+%)—Niti (5.70)
—00

du Y2 _Nin(a®—u?)+Nuk

Y(A) = ereLELE (5.71)

In the large N limit, with a® = 1, it reduces to

+00 d[ )
X0 :/ Eef%tﬂNnx (5.72)
—00
du .
V() = / ﬁeﬂ Nk (5.73)

These two functions satisfy

") =xp(x), ¥ (x) = —xy(x). (5.74)
This new kernel K (x, y) has a form slightly different from (5.30) [21].

Theorem 5.3 When the external source a,, = %1, the gap closure kernel (3.25) is

given by

POV =" YY) — @Y ()
xX—=y

K(x,y) = (5.75)

Proof of Theorem 5.3 The kernel is given as


http://dx.doi.org/10.1007/978-981-10-3316-2_3
http://dx.doi.org/10.1007/978-981-10-3316-2_3
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N—1 ay—zt
Ky, ) = (=1) / fzml_[(u_ay)u_n

—7(u +12)—Nithi+Nujt (576)

X e

The derivative of the kernel,

%K(vaz,y—i-z) =—px+2)¢¥(y+2) (5.77)

From this equation, one finds
d
(x —y)a—ZK(X+z,y +2)=—-[0+2) - +lpx+ 2V (y+2)

=— (qﬁ/”(x +)Y O+ +dx+)v" (v + Z))

d
—a—z(qb”(x TV +D) +oa+ )Y 6 +2) -+ IV +z))
(5.78)

The integration over z gives

x—NKx+2z,y+2)
= —(qb”(x +)YO+D+ P +)Y v +2) —d' x+ )Y+ Z))
1C(x,y). (5.79)

Since the kernel satisfies

0 0
(3 + )K(x ) =—¢@0)¥ () (5.80)
x 0

using (5.74) and setting z = 0 one finds

0 0
(8x+ 5 )C(x y)=0 (5.81)
This leads to
Clx,y)=Cx—y) (5.82)

When y = 0 and z = 0, from (5.79) one obtains

XK (x,0) = —=(@" ()Y () + )Y (x) — ¢’ ()Y ' (0) + C(x) (5.83)
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Forx — 0, one finds lim,_,(C(x) = 0, since ¢’ (0) = ¥ (0) = " (0) = 0. Therefore,
the kernel is expressed as stated in Theorem 5.3.2. ]

When the external source a is close to %1, the scaling region of this new univer-
sality class, described by a parameter « [22] defined by

2
2
a=14+—a. (5.84)
VN
Then the previous two functions ¢ and i are modified as
o dt :
d(N) = / _67%#7&[24’”)\ (5.85)
oo 2T
which satisfies

¢" —2a¢’' —1p =0 (5.86)

The 1 (A) is also modified as
v =20y + 2 =0 (5.87)

Following the previous analysis for a = =1, the kernel is then expressed as

Proposition 5.3.1 The kernel K(x,y) in the scaling region for a*> = 1 + ﬁa

becomes

_ 'Y () — " YY) — ¢V () + 2a¢ ()Y ()
x—y

K(x,y)

(5.88)

Proof of Proposition 5.3.1 Following the previous analysis for Theorem 5.3, we
have obtained the kernel governing the scaling region a> = 1 + \LFNO‘ [22]. ]
The large A behavior of ¢ (x), for fixed «, is obtained by a saddle point method.
Changing ¢ to A'/3t, one finds that the term at> becomes negligible compared with
the other terms of order A*3. Then one obtains the large x behavior of p(x) as x'/3
as before.

The level spacing probability p(s) for this gap closure case is also studied by the
Fredholm theory as in the Airy kernel case. The level spacing function E(s), the
probability that there is no eigenvalue inside the interval (—%, %) centered around
the singular point s = 0, is given by the Fredholm determinant

n

—1)" b b
(n!)/“./ HdXI

=1
x det[K; xlij=1...n (5.89)

E(a,b) = det[l — K] = z
n=0
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where the interval (a, b) is (—%, %) The kernel K (x, y) in (5.75) is not symmetric,
since two functions ¢ (x) and v (x) are different. Therefore, the kernel K (x,y) is

defined by the restriction of K to the interval:
K(x,y) =Kx, )00 — a)0(b —y) = Kx, )O®), (5.90)

where 6 (x) is the Heaviside function, and for convenience the notation ® stands for

O =00 —a)fb—y). (5.91)
From .
logE(a, b) = trlog(1 — K), (5.92)
one obtain R
dlogE(a, b 1 0K
logkta.b) _ _ (1 3Ky (5.93)
b 1—K db
From (5.90), one finds .
0K (x,
&Y _ k. b)s(y — b). (5.94)
b
The Fredholm resolvent K (b, b) is defined as
_ K
K = ~. (5.95)
1-K
From (5.93) and (5.94), one obtains
dlogE(a, b -
ologE(a, b) _ Kb, b), (5.96)
b
and similarly
dlogE(a, b) ~
————~ =K(a,a), (5.97)
da
When the interval (a, b) is symmetric, namely it is (—3, $), one obtains
dlogE(s) 1/0 d logE(s)| P s s (5.98)
——" = — — — JogE(S)|pm—ges = —K| =, = ). .
ds 2\op 9 ) OB mems 22

This leads to the following proposition,

o (s 8 ,
E(s) = exp|:—/0 K (E E) ds ] (5.99)

Proposition 5.3.2
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To solve K, six functions are introduced. These are obtained by the action of (1 —K)!
on the two functions ¢ and , and on the their first two derivatives.

b
qo() = (1 —K)"'¢(x) = p(x) +/ K (x, y)¢ (y)dy
b b
+/ / K(x, Ky, 2)¢(2)dydz + - - - . (5.100)

It is convenient to use Dirac’s notations

1

qo(b, a; x) = (x| )
1-K
1
(b, a;x) = (x|——=1¢"), (n=1,2)
1-K
1
pab.aix) = YO ), (=0,12). (5101
where .
L(y,x) = @)Ky, x). (5.102)
When x = b and a = —b, these six functions q, and p, become functions of the
single variable b. They are denoted as
On(b) = qu(b, =b; b),  Py(b) = pu(b, —b; b). (5.103)

These six functions satisfy the following differential equation of b, (a dot means
taking the derivative with respect to b).

. 2

Qo =01+ EQ1P1Q0,

R 2 )

01=0,— ZQIPI — Qou,

. 2

0> = b0y + ZQIPIQZ = O,

. 2

Py = —bP, — l_]QlPlPO + Pru,

. 2 )

Py =—Py+ EQ1P1 + Py,

. 2

Py = —Pqy,(b, a) — EQ1P1P2. (5.104)
where the two auxiliary functions u and v are defined as

u= (Ylq), v=(¥lq) (5.105)
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Using operator notation,

(X, K1 =1¢") (/| = 16") (¥ | — 1) (¥

and

. 1 1
— K = —[X,K
(x—=y (x|1—1<[ ]1_ [¥)

= q1(x)p1(x) — @2(X)po(y) — go(xX)p2(y)

The derivatives of q, (b, a; b) for fixed a is

dqn(b, a; b)
b

1 [(aK\ 1
bID———¢p"™) + (b A(—)——T &
= (b| - |¢> (1_K 25 I_KW>

1 1
= qu+1(b, a; b) + (b —[D, K] —|p™
Gn+1 <H_K I_KM>

A

K 1w
+ (bl ——=1b) (bl ——=1¢"")
1-K 1-K

where D is thf derivative operator: (x|D|f) = f'(x).
Then [D, K] reads

N 0 d
(*xI[D, K]ly) = (5 + 8—y)K(x,y) + (x|K|a)(aly) — (x[K|b){bly).

The first term is —¢ (x)¥ (v). Then, since

[D, K1 = —|¢)(¥|© + Kla)(a| — K|b)(b|
one finds
¢, (b, a; b) -
T = qn+1 + K(b, ll)‘ln(a) - Q()(b)quﬂ)
and
g = (x

1
= (X X——=1¢) + (x| [
1-K

! X] (o)
1-K’

1 A 1
= xqo(x) + (x| ~[K, X] =)
1—-K 1—-K

= Xqo — V2g1 + U192 + v3qo

where uy = (¥1q0), v2 = (¥'lgo) and v3 = (V" |qo).

51

(5.106)

(5.107)

(5.108)

(5.109)

(5.110)

(5.111)

(5.112)
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For p,(x), one obtains similarly the following equations.

1
Pa(0) = (=D)" Ny F | ——x), (5.113)
1—-L

with i,(y, x) = @)K (y, x). The derivative operator D acts as
[D, L] = =B} (Y| + la)(alK — |b)(bIK (5.114)
in which © is a local operator defined by
OO =80 =)0 —a)o® —y) (5.115)
Therefore, one obtains

opn(b - K
pa; ! = i ®) — oY1) + pu@K (@ b (5.116)

with p_1, which is

n 1
P19 = ("1
1 A1
= 2 ~ (v Ll 1)

= —xpo(x) — p1(X)(¥lq1) — p2(){¥lq2) — po(xX)(¥1q0),

(5.117)

where

GIX, L) = (0 = 0O MK, %)
= @(y)(|¢')(1ﬁ/| — ")yl — I¢)<I/f”l)-
(5.118)

Noting that ¢ (x) is an even function of x and ¥ (x) is an odd function, one finds
uy = vy = 0. Also (¥|q2) = (¥|qo) = (¥"|q0) = 0. Non vanishing quantities are
uy = (¥l|q1) and v, = (Y'|qo), which are denoted simply as u and v.

The derivative of this u with respect to b becomes

iw=—2P,(b)0:(b) (5.119)

Since R
0K
s = K(x,y)8(y — b) = K|b)(b], (5.120)
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one obtains R
ou 1 0K 1
— = (YO
ap = Y

=~ =" ) (b)gq1 (D).
S TR n®)

This leads to

du _ b b
7 —p2(b)q1 (D).

The derivative with respect to a is similar.

ou
Pyl P2(a)qi(a).
a
Then, by putting a = —b, one obtains

ou

u
'=—a=7 - —la=— =—2P b b
u 8b| b 8a| b 2(D)01(b)

which is (5.119). For v, one obtains similarly,
v =2P;Qp.
From the derivatives of u and v, one finds

u+v=-2PQ

QO:Ql(l-i-g), P2=—P1(1—g)

and

53

(5.121)

(5.122)

(5.123)

(5.124)

(5.125)

(5.126)

(5.127)

From (5.126),(5.119),(5.125) and (5.104) one verifies the closed coupled equations

foruandv.
2P0, = ii iy +2W+(+)
— =i — - u(u +v),
22 u+v bu-+v
200 P, % i 2"N2+(-|-)
- =V — - = v(u+v
om0 u+v bu-+v

(5.128)

Taking the derivatives of these two equations, one obtains coupled equations for u

and v
d*u 21
%—i- ?—1 b(u+v)+u+v(vu+2\1u)
wooo_ . 20(ir)*
L ) A
(u+v)2( v—l—u)} P+ v)
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d3v+ 2\')+1 b+ ) 1 (ii¥ + 20¥)
e u+v iy + 2uv

b u-+v
o 2i(?
+m+wﬁh+”}+ww+w_

In the large b limit, the solutions of these equations are

The kernel K (b, b) is expressed as

K(b, b) = bP,Qq + Q2P1 + Q1Py — uP1Qy — vP20,

1
—%Mm—&&—&m?

This kernel K (b, b) becomes again a Hamiltonian

H() = K (b, b)
. OH . OH
Qn = S5 Pn = -
P, 00,

which indeed provide the differential equations (5.104). Thus, one finds

dH(b) 2
T QoP> + ﬁplQl
u—+v (i)?
2 202 (u +v)?’

For large b, from (5.130) one obtains

5 16
3

Universality

(5.129)

(5.130)

(5.131)

(5.132)

(5.133)

(5.134)

which leads H(b) ~ 3 x 2=5b3 =3 x 2-%s3. Thus E(s) behaves in the large s

limit as s
E(s) = Dexp|:—/ H(s/)ds/i| ~ exp[—9 x 2755,
0

(5.135)
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where D is a constant. The exponent % agrees with the exponent 8 of the density of
state p(x), namely % =2B+2, inwhich B = % is the exponent governing the density
of states near the gap closure point.

In this closure gap singularity, the n-point function U(oy, ..., 0,) becomes the
generating function of the intersection numbers of p-spin curves (p=3), which will
be discussed in Sect. 7.2.

3. Higher edge singularities

Higher edge singularities may be obtained by an appropriate tuning of the external
source eigenvalues a,,. The next singularity is obtained with a source matrix possess-
ing three distinct eigenvalues, with a,, = ay, as, as, each one N /3 times degenerate.
The new singularity corresponds to a choice of three numbers which satisfy

1
—=0,n=3,4) (5.136)

1
P
a, a3

The a, (@ = 1, 2, 3) are the solution of the cubic equation
14+ Bx+yx*+8x°=0 (5.137)
with
,32=9:|:3\/6,y=%(,82—3),8=%(,32—3) (5.138)
The solutions for the a; are [29]
(ai, az, az) = (£0.52523, £0.41127 £ 0.46403i, £0.41127 F 0.46403i),

(a1, as, a3) = (£1.0076, F0.71801 & 0.33908i, 0.71801 F 0.33908i)
(5.139)

Both solutions give a density of state, which behaves in the vicinity of the edge as
1 . . . .
p(A) ~ A7 Indeed in the large N limit, the resolvent satisfies

1 1 1 1
6@ =3 (z T4 -G T ice—Go Titas G(z)) (5.140)

This corresponds to a singularity governed by a higher Airy function, which satisfies
¢ (x) = x¢ (x) (5.141)

The singularity corresponds to p = 4 of p-spin curves, and will be discussed later in
Sect. 7.2.


http://dx.doi.org/10.1007/978-981-10-3316-2_7
http://dx.doi.org/10.1007/978-981-10-3316-2_7
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The next singularity p = 5 is obtained with four distinct a; , % times degenerate
and

1 1 1 !
G(Z):Z(z—al—G(z)+z—az—G(z)+z—a3—G(Z)+Z—“4_G(Z))

(5.142)
provided the ai satisfy
: + : + : + : =4
ZTatata="h
1 1 1 1
—+—+—4+—=0, (n=3,4,5). (5.143)
ai 30 Y

The solutions (up to 4 digits) belong to three different classes [29]

(ar,az,a3,a0) = (p+1i§, p—i§,—p+i&§, —p —i§)
(p = =£0.7769, &£ = £0.3218)
(a1, ar, az, as) = £(0.6249, —1.014, 0.5336 + i0.4735, 0.5336 — i0.4735)
(a1, a», a3, as) = £+(0.2806 + i0.5117, 0.2806 — i0.5117, 0.4337 + i0.1589,
0.4337 — i0.1589) (5.144)

All these cases give a closing gap singularity for the density of state p(X) ~ As.
This gap closure singularity is related to the p = 5 spin curve of Chap. 7. The kernel
K (x,y) has been studied in [21]. It is given by

K()\. /‘L) / 1 %(t6+u6)—ilk+u//,. (5 145)
' 2im u— lt

The scaling limit is obtained by scaling # and u as N ’%, and A and p as N ~%. The
scaled kernel K (x, y), which is a generalization of a gap closure kernel (5.75), is

K(x,y) = [45””( W) =" Y () +¢" Y ()
- d) (X)W'(y) + oY ], (5.140)

with

o0
¢ (x) =/ ﬂe_%m'i”‘
oo 2T

¥ (x) = / 2‘5—3‘[@*%“‘4“ (5.147)

These two functions satisfy


http://dx.doi.org/10.1007/978-981-10-3316-2_7
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&
ﬁfﬁ(x) = —§X¢(X),
5

d 1
ﬁw(x) = 5)mp(x) (5.148)

and one can repeat the same analysis leading to a Hamiltonian system which governs
the level spacing distribution.

5.4 Distribution of Zeros of Riemann’s Zeta Function

It is well-known that the distribution of the zeros of Riemann’s zeta function on
the critical line are in total agreement with the spacings of eigenvalues of the GUE
ensemble of random matrices [100, 105]. It is interesting to compare the moments
of this distribution to the average of characteristic polynomials.

Let us begin with the characteristic polynomials and extend the probability mea-
sure to non-Gaussian distributions governed by polynomials V (x)

P(X) = ¢ 2"V (5.149)

For this probability measure, the average of characteristic polynomials of proposition
4.1 for A; = - -+ = Ay = A satisfy the following relation in the large N-limit.

Theorem 5.4

K—
e MV R (L A) = QENp(W)K e K H (5.150)
=0

(K+l)'

where the factor [y (Kf'H),

potential V.

is a universal number, i.e., it is independent of the

Proof of Theorem 5.4 [24] The proof starts from the expression of (]_[f:1 det(A; —
X)) for distinct A7, in the Dyson limit N(A; — A;) fixed, which is universal, i.e.
independent of the polynomial V (X). One then sets all the A; = A, i.e. zero Dyson
limit.

Let us consider first the Gaussian case

1 N _,
PX) = —exp(—EtrX) (5.151)

for Hermitian matrices of size M x M (it is interesting to disentangle M and N).
We return to the expression of the correlation functions Fx (A, ..., Ag)of charac-
teristic polynomials in terms of orthogonal polynomials (4.24). For a Gaussian, the
polynomials p,(x) are Hermite polynomials,


http://dx.doi.org/10.1007/978-981-10-3316-2_4
http://dx.doi.org/10.1007/978-981-10-3316-2_4

58 5 Universality

_1\n
o= Nln) e Lyt

dx
(—1)"1’1! dz e*N(%ZZerZ)
= N %—Z”‘H (5.152)

From (4.24) and above integral representation of Hermite polynomial,

Fog (A1, ..., Aok)
2K—1

D" | NE
T AG. - hk) NK(ZM“’( D H(M+l) %H M+l o ZZZ
=1

x det(e Nhatr) (5.153)

This formula is exact for finite N and M. We can expand the determinant in (5.153),
and keep only one of (2K)! terms, antisymmetrizing instead of integration of z;. We
have

(_1)1( 1 2K—1
Fog(hys.oosdog) = Hen
2k (A1 2K) AQhy, ..oy Agg) NKCMA2K=1) ZI})( o

In the large N limit (and M /N = O(1)), the integrand has two saddle points for
every z;, namely the two roots z., of z> 4+ A;z + 1 = 0, for every z; independently
(i.e. there are 22K saddle-points). Let us denote A and x,, the parameters

1 2K
TR ZAZ (5.155)
=1
and
Xo = 2Np(L)(hg — M), (5.156)

the scaling variables, with Ziil x, = 0, The dominant saddle-points in the large
N-limit correspond to K roots equal to z; and K roots to z_ , i.e. up to a permutation

z(A) =z4(Ap), I=1,...,K,
a0 =z (\), [=K+1,...,2K (5.157)

Noting that in the scaling limit in which all the z, (X;) approach z; (1) and the z_ (&)
approach z_(X)


http://dx.doi.org/10.1007/978-981-10-3316-2_4
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A, ..., dzy dz_\K&-D 1
(z1 2K) (ﬁi) (icos)*: H

A()\l,...,)uzK) dr di | <I<K.K+1<m<2K )\l_km

= (ND)K 2 p(0)K K I1 ! (5.158)

XI — Xm
1<I<K ,K+1=m=<2K

in which we have used A = 2sin¢, so that Wigner’s semi-circle corresponds to the
density p(A) = %cosqﬁ. We now compute the contour integral

2K
N 1
exp [—5 > va»} Fax (b . dag) = @aNp ()< e ™™
=1 ’
K 2K

K K
x%}_[l%exp [—iza:ua]H]_[ual_xlA(ul,...,uK) (5.159)

a=l1[=1

by summing over the 22K

x— 0,

saddle-points and one finds in the limit A; = A, in which

exp[-NKV (M) Fog (A, ..., A)

e 1w [T die < W
= QENp()* e ngxp —lZua g A, )
a=I a=1 ¢

o

(5.160)
The last factor in the contour integration reads
K K K K-1
f{Hdﬂexp —i>u HLA(u u )=K'HL (5.161)
a=1 2 a—1 ’ o 11431{ v .1:0 (K_’_l)‘ -

The non Gaussian case results in simply a modification of p (1). We have thus obtained
the Theorem 5.4.

]

Let us now compare with the moments of the zeta function ¢ (s) computed in [40],

| R 1T Sde(n) , 2
7/0 ¢G5 +inl dt=?/0 dt|§n%+” ~ ypay (logT) (5.162)

where dx (n) is the Dirichlet coefficient, defined by dg (n) = >
ay are

1, and y; and

ny---ng=n
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1!
= l]:! T (5.163)
a =H[(1 _p—lwzdk_@} (5.164)
b4 Jj=0 P

Note that the factor log T is indeed the asymptotic density of primes as in (5.150)
and the factor y; is also common to both. The universal coefficient comes from the
combinatorics. Similarly we have considered in [24] the integral of a product of ¢
functions on the critical line [ ¢(1/2 + it + iA,), integrated from 1 to T over .
Again this is analogous to the contour integration of characteristic polynomials and
the combinatoric coefficient (5.150) is also present.

The Riemann zeta function is one of the generalized L-functions, which show the
same universal behavior. The ubiquitous occurrence of the coefficient y; in (5.150)
and in (5.162) is attracting interest.



Chapter 6
Intersection Numbers of Curves

6.1 Kontsevich Airy Matrix Model

Witten [134] conjectured that a generating function of the intersection numbers of
the moduli space of curves on a Riemann surface with marked points, is a solution
of the KdV hierarchy. Kontsevich [89] has proved this conjecture with the use of an
Airy matrix model. In addition it has been realized that matrix models of this type
are examples of an exact closed/open strings duality [63].

The definition of intersection numbers on the moduli space of algebraic curves, is
mathematically quite involved and we refer the reader for proper definition to ([89,
134]). It deals with the moduli space .#, of algebraic curves (or Riemann surfaces) on
C, of genus g with s marked points. The dimension n of the moduli space for curves
of genus g and s marked points is given by 3g —3 45 = n due to Riemann [118]. To
each marked point is associated an integer n; so that3g —3 +s =n; + - - - + n, for
s marked points. The meaning of n; within a matrix model will be specified below.

The intersection theory of Kontsevich relies upon an expansion of a matrix inte-
gral, which produces so called ribbon graphs. The ribbon graphs generated by the
double lines Feynman graph expansion of a matrix model make a triangulation of the
moduli space. The computation of intersection numbers is reduced to counting the
automorphism of Feynman graphs. Algebraic geometrical definition of the intersec-
tion numbers are given in the next chapter. We will here show the several intersection
numbers, based upon Airy matrix model, through Virasoro equations.

Theorem 6.1 (Kontsevich)
The Airy matrix model is a generating function for the intersection numbers of
the moduli space of curves:

i
F(tyg, t1,...,) = log(exp (gtrM3)) = (exp (Z tﬂ,-)) (6.1)
where the matrix average of a function ( f (M)) is defined with a weight
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(f(M)) = ! / dMf(M)exp [—%trAMz] 6.2)

where Z is a normalization constant. The expansion parameters t;. are defined as

b=t (63)
and the generating function F (ty, t1, ..., ) expanded with coefficient t;
ok

F(ty, t1,...,) = {(exp |:ZI,‘L',:| = kz T, rlk‘ )l_gﬁ (6.4)

provide the intersection numbers as coefficients. Note that the size N of the matrix
M is absorbed in the trace over powers of the A. Therefore, Kontsevich’s formula
for the intersection numbers is valid for finite N. It is necessary for N to be large
enough to avoid algebraic relations between traces of increasing power.

6.2 Evaluation of Intersection Numbers of Curves

The intersection numbers may be computed by several methods. The following three
methods have been used successfully:

(i) edge singularity from Gaussian means (2.24), [28, 106]

(i1) replica method based on the replica formula (2.61), [30]
(iii) duality method for the n-point function U (o1, ..., 0,) in presence of a simple

external source multiple of the identity A = 1, [29, 32].

(1) In (2.24) we have given the Gaussian mean + (trM 2Ky in the limit k — oo and
N — oo in a scale in which £ 7 1s finite. The genus one coefficient of K ~7 18
simply 15> Which the g = 1 intersection number

1

(T3g—2)¢ = W' (6.5)

The scaling limit corresponds to the Tracy—Widom edge of the density of states.
Therefore, this edge scaling domain is obtained by coupling to a constant exter-
nal matrix A = 1, which simply brings the edge of Wigner’s semi-circle to the
origin.

(i) Asshown in Sect.?2.4, the intersection numbers are described by ribbon graphs,
which circulate between the marked point as one single stroke line. For one
marked point, the Gaussian means in the N — 0 replica limit, corresponds to
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one stroke line Feynman diagrams, with trivalent vertices.The computation has
been done by this method in [30], reproducing (6.5).

(iii) From the duality relation (4.2), with a unit matrix source A = 1 (¢; = 1), one
obtains a dual model for matrices B. In the large N limit, it reduces to Kontse-
vich’s Airy matrix model. The n-point function U (o7, . . ., 0,,), with this simple
choice of external source A, becomes a generating function of the intersection
numbers of curves. For the one point function this yields

U(o) = l/ d_”e%[(“%“)s—("—%a)s] (6.6)

o 2mi

which yields immediately (6.5) if one uses the identification spelled out below
in (7.25).

6.3 KdV Hierarchy
Kontsevich’s matrix model is
7 — /dMe—'gtrM»*—gtrAzM
— s / dMeseM = suam? ©6.7)

where the matrices M and A are N x N Hermitian matrices, and shift M — M —i A
is used.
Following Kontsevich [89], we factor Z as

Z=[]0u+21)2Y (6.8)
a,b

where ), are eigenvalues of A.

The free energy F = logZ in (6.4), which is the generating function of the inter-
section numbers, has hierarchical structure. Kontsevich has shown that the second
derivative of this free energy F with respect to t#y, satisfies the Korteweg de Vries
equation (KdV).

3*F
= 6.9
T (6.9)
v av. 133V
= (KdV equation) (6.10)

an o T

This KdV equation is the first of a hierarchy of differential equations,
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vV 0R,
77 2o 6.11)
at, dto
with the Gelfand—Dikii differential polynomials R,,.
R — OR,y1 1 (3V y R 1 9°R, 6.12)
e o 2n+ 1\ iy 4 g ) ’
This gives for instance,
1 1 3%V
Ry=-V>4 ——. 6.13
2= T 19

Alternatively one can use differential equations (or Virasoro equations) for Y in
(6.7), which becomes L,,Y = 0, [43, 70].

19 e
L =—— 2k + )i 2
=33t 2 Z<+)k + 4l
1
L0=———+ Z(2k+1)tk - +E
L=t 2 1 Z(Zk—}-l)t -+ Z (6.14)
" 28t,,+1 k 8tk latn k. '

and the intersection numbers can be computed from the differential equations (6.11)
or (6.14). The expansion of Y is obtained from (6.14), by the relation of 7, and 1, as
ty = 2n+ D,

Y =1+ ! +1 + 25t3t+ltt—|— 25 +lz . (6.15)
- 6l T ogh Tag ol T+ gl T s o5k
and free energy F' = logY becomes
F—]t3+]t+1t3t+]tt+]t
T 60 gt T g0 Ty 0T g

15, 1 1 29
s + —toty + totz + —t, —bty + - (6.16)

* 1152 6 24 5760

From (6.4), the intersection numbers for p = 2, with genus g determined by the
relation 3g — 3 + 5 = Zi n;, are evaluated as

<®M=Luwﬂﬂﬂﬁzmmﬁ=ﬁ,

(t4)g=2 = 152" (6.17)



Chapter 7
Intersection Numbers of p-Spin Curves

The duality formula presented in Chap.4 and the explicit results for the n-point
functions with an external source, make it possible to compute the intersection num-
bers of a moduli space of p-spin curves, a generalization of Kontsevich intersection
numbers considered in the previous chapter.

7.1 Moduli Space of p-Spin Curves

Let ¥ is Riemann surface of genus g with s marked points, xi, . ..., x;. Integer p
(p = 2) is introduced, and label each x; by an integer m;, (m; = 0,1,..., p — 1).
(after the consideration of following conditions, x; is labeled by an additional non-
negative integer n;). The canonical line bundle K of X has degree 2¢g — 2. Let O (x;)
be the line bundle of degree 1, and the sections are functions with a simple pole
at x;. The line bundle .¥ = K ®; O(x;)~"™ has degree 2g — 2 — >, m;. If this
degree is divisible by p, then .7 has p'" roots. There exists a line bundle .7 such
that 7®P ~ ..

To each marked point one associates now a dimension n; and a “spin” m;. The
relation giving the dimension of the compactified moduli space %g,s is now written
according to Witten [135]

3g—3+s=>nm+D (7.1)
1
with
D= 1) (1 2) + ! i (7.2)
=g — _ = — n; .
p P
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The intersection numbers are now labelled by the double indices, dimension #;
and spin m; such as (7, ), for genus g.

In Kontsevich spinless case the m; are all equal to zero, and p = 2 so that D
vanishes. As we will see in a matrix model generalizing Kontsevich Airy model, this
double label, dimension and spin of a marked point, corresponds to an expansion in
powers of trw;”%" with an external source matrix A.

The intersection numbers of s-marked points are represented with the first Chern
class ¢y and with the top Chern class c¢p(7') and a spin value (m =0, 1, ...,p— 1),
which contribute to the dimensions of the moduli spaces of (7.1). ¥ is a vector
bundle, ¥ = H' (X, K ® ") = H(X, Hom(7, K)) [135]. This top Chern
class c¢p(?) is Euler class, and when p = —1, indeed as will be shown later, the
intersection numbers becomes Euler characteristics.

T Tonmde = /ﬁw Hq(f)"‘cD("V) (7.3)
i=l1

;Szl

where .%; is a cotangent line bundle at a marked point x;.

The dimensional constraint of (7.1) must hold, otherwise the intersection numbers
are vanishing. The generating functions of the intersection numbers of p spin curves
as matrix models have been studied in [1, 89, 135]. Witten conjectured that in this
p spin curve case, the generating function will satisfy a higher KdV hierarchy. The
spinless intersection numbers have been studied within Teichmuller spaces [99], but
such studies p spin curves in Teichmuller space have not appeared yet. We mention
here the relevant case, in which arithmetic Euler characteristics with character p was
studied for Abelian variety. This case has similar automorphism as p-spin curve at
least for small genera. Deuring mass formula for genus one is

p—1 1
— = Z —_— . (7.4)
— #Aut(E)

where the sum is over the number of isomorphism classes of supersingular elliptic
curves in characteristics p [128]. For higher genus g, the generalization of above
formula is,

g(gﬂ)

1 _1)
ZA:#Aut(A) Hé“(l—Zk)H(p +(=DH (1.5)

where the sum is over the isomorphism classes of principally polarized abelian vari-
eties, £(z) is Riemann zeta function and ¢(1 — 2k) = (—1)*£:, with Bernoulli
number By,

2%k
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B_SB_691B_7B_3617 (7.6)
T 66 0 27307 T 6 T 510 '
Above formula contains arithmetic Euler characteristics of x (Sp(2g, Z)), which
has been known as [122]

8
x(SpQ2g. 2)) =[] ¢(1 =2k (7.7)

k=1

These numbers x (Sp(2g, Z)) of lower genus (g = 1, 2, 3) appear in the coeffi-
cients of the intersection numbers of p-spin curves, in Sect.7.2. The Euler charac-
teristic x (Sp(2g, z)) is interpreted as a volume of orbifold or Satake’s ¥ manifold
[121], which is Gauss-Bonnet volume formula [75].

7.2 Intersection Numbers of Spin Curves
The generalization of Kontsevich Airy matrix model is defined simply as [1, 89],

1 iy
Z,= dBeriB" —uBA (7.8)
Zy

As for the p = 2 Airy case, this matrix model may be obtained as resulting from
the duality on the expectation values of characteristic polynomials by an appropriate
tuning of the external source. For this, one uses an external source A with (p — 1)
distinct eigenvalues, each of them being % times degenerate:

A= diag(al, I P ) B ,ap_l).

Theorem 4.1.1 yields the duality formula. The r.h.s. of this duality formula (4.2)
reads in this case,

p—1 il
(Hdet(aa—iB)%) exp|: Ztrlog (1__) pN log(H )})
i “= 49

The left-hand side of (4.2) is (Hf det(A; — M)) averaged over N x N matrices with
external source A. The matrices B are thus K x K. The value of K is arbitrary in
this analysis, except that it should be large enough to be able to treat as independent
the successive powers >, (1/aq)™.

We now expand the logarithm in powers of B, and chose a source matrix A whose
eigenvalues fulfill the following conditions:

P*ll P*ll p—1 1
lgzp—l, 1ﬁzo, (m=3,...,p) Z} T A0 (7.10)
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By tuning the external source as (7.10), in the large N limit, the higher order terms
except B”*! can be negligible, and the non-Gaussian matrix model is obtained. This
provides the matrix model Z, (7.8).

1 1 +1
Z,= — [ dBexp tr(BP™ —tr(BA) (7.11)
Z() P +1
—1/(p+1)
In doing so we have rescaled the matrix B by a factor —i % > ag% Tt

is because we work in the large N-regime, in which the rescaled B is finite, that we
can drop the higher powers of B in the expansion of the logarithm. For instance the
next one N BP*? after rescaling has a coefficient proportional to N~'/("+D_This is
the scaling at the edge of spectrum. For the p = 2 case, it is well known for the edge
of semi-circle law.

As a concrete example let us consider the case p = 3. The external source
a; = 1, a, = —1, with degeneracies N /2, is the solution of the previous constraints.
In the dual problem we expand up to order B*, take B of order N ~!/4, and obtain in
the large N limit,

N
([T det(a —iB)) = ([det(1 + B*)]*) = /dBe*%“B“"N“BA (7.12)

i=1

For generalized Kontsevich matrix model, the intersection numbers are evaluated by
several different methods as indicated in the previous section as (i)—(iii).
(1), (ii) the replica method of limy_,oU (o) provides as (2.68),

__Lrey
(12)2g! 1(35L)

(T%(8g757j),j>g (7.13)

where spin value j =0 forg =1,4,7,10,...and j = 1 forg =3,6,9,.... For
g=2,5,8, ..., the intersection numbers are zero.

(iii) As alternative approach, instead of replica limit of U (o) (N — 0), the use of
formula of U (o) under the external source A is proposed in [32], and developed in
[32, 35]. It turns out that U(oy, ..., 0y) is a generating function of the intersection
numbers of the moduli space of p-spin curve, when the external source A has a
condition which gives the vanishing coefficients of (u + %)’" (m=1,...,p).

Theorem 7.2 ([32])

The following s-point function of Gaussian matrix model with an external source,
obtained by the conditions for the external source a, of (7.10) and in the large N
limit, is a generating function of the intersection numbers of the moduli space of
p-spin curve, which is defined in (7.3),
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s
! / | | duiefcl S L+ )P — = EHrh
AN

(2i7) el

. 1
x e~ 2iz1 % det 1 (7.14)
ui —uj+ 5(0; +0;)

U(U]7"'an) =

with C; = 2 1, c=>"r, ! H,, and C; = = 1Za I . The numbers C;, C and
C, are obmmed from the expansion of (7.9) with the condition (7.10).

Proof of Theorem 7.2

The proof of Theorem 7.2 is to show that it provides the intersection numbers eval-
uated from Z, in (7.8). By the definition of U (o1, ..., ;) in (2.7), it is a Fourier
transform of the resolvents (tr)\l%B . ~trM+B). This resolvent is obtained from the
characteristic polynomials by taking replica limit (k — 0 limit). For one point func-

tion,

k
([ T detra — M) als,—
a=1

1 3
U = 1 — d)\ oA
@ kli%k/ ‘ Zﬂ, 9
im o 9 > trlog(Ag —M)
= lim o [ drett 37— (XTI
= lim l d)»ea)‘k(tr 1 eklrlog(A—M))
k—0 k A—M A

= [ dre®*(tr ! ) (7.15)
A—M

Noting the duality formula is

Hdet(x — M), <H det(a; — iB)) 4 (7.16)

the right hand side of above equation leads to Z, for generalized Kontsevich model
of the intersection numbers of p-spin curves, up to normalization constant,

tku.j

Z,=>([ToH ] kj, (7.17)

knj n.j n,j

with

(7.18)

k
Iyj = Ctr /7 z
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where C is a constant. Putting all A, = A, the trace gives a factor k, and 1, ; is
proportional to k. Then replica limit k — 0 of U(o) of (7.15) selects the single
trace, which means the one point marked point (s = 1). The Fourier transform in
(7.15) gives just the inverse of A, 0 = % Thus, the evaluation of the coefficients of the
trﬁ, is equivalent to the coefficient of the power of o in U (0). The coefficients
are intersection numbers.

This argument is extended to s-marked points case. The coefficients

1+ jy . .
an:1 a,ﬁ”"“ TP of the expansion of U(oy, ..., oy) corresponds to coefficients
of [1,, tr =575 » an intersection number for s-marked points, ([],, T, .j,). O

The expression for one marked point U (o) at the critical point is obtained from
(7.14). The determinant in (7.14) becomes

o

v = - / 2 gttt (7.19)
o) 2in

—Cho

with ¢ = % > aé% The irrelevant factor e is neglected. Expanding the expo-

nent, this one point function is

1 d
U(o) = —/_—uexp[—csup]
o) 2in

X exp [_c (P(P —D a2 PP DR =D =3 5 s )}

314 5142
(7.20)
This integral yields gamma functions after the replacement u = (-£)'/7,
1 1 * L
Ulo)= —- ditr e
oprw  (co)l/r J,
o ef%a“%c%t‘*%771’”’*');7;62”"*”a“‘*%c%z"%+~~
TR 1 p-1 1
- rt+=-)-2—yr(1--
Nom (co)l/p p 24 p
(p—Dp—-31A+2p) , 3
r{1——
* 51423 Y
(p—5(p—1DA+2p)8p* —13p —13) 4 ( 5)
_ vrfi-2
714332
(0 =T(p =11 +2p)(T2p* —298p> — 17p* + 562p + 281)
« — vir(i=21)+ (7.21)
914+15” p '

with y = cr o> . There appear fraction power of o due to the double scaling of
large N and tuning the external source, although (2.7) has an integer power of o'. The
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condition of the dimension of moduli space for one marked point s = 1 becomes
from (7.1)

p+DRg—D=pn+m+1 (7.22)

The intersection numbers (z,,,,), for genus g are then determined as

1 1 o
U)=> (Cnm)s =T (1 - ;’")czrfpg-la@g-”<'+é> (7.23)
8

For genus one, the intersection number is

p—1

— (7.24)

(Tl,O)g:l =

For more than genus two (g > 2), the intersection numbers of one marked point
become 3
_(p=D(p=3U+2p I'A—7)

wmdg=2 = 725
nmlg=2 p 5143 r( - ) (729

(p—5(p— DA +2p)@Bp>—13p—13) I'1=2)
p? - 714332 ra-— %)

(Tn,m)g:3 == (726)

oy = =D = D(+2p) T2t = 298p) — 1797 + 562p + 281)
et p* - 9415

r- %)

X —— (7.27)
ra-— 1+7)

(Tam)g=s = (p — D(p = 3)(p — N1 +2p)(3 +4p)(32p* — 162p> + p?
11 ra=9
11453 (1 — L)

+ 326p + 163) (7.28)

(Tam)g=s = (p — D(p — 11)(1 +2p) (530688 p° — 5830544 p” + 16589332 p°
+ 8955300p° — 65056373 p* — 26944928 p* + 85178190 p>

1 1 ra--=9

pSI3L.7-5.43 (1 — Lm)

+ 80708428p + 20177107) (7.29)
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(Tam)g=1 = (p — D(p — 13)(1 +2p) (276480 p'° — 4162944 p° + 19373392 p*
— 15701284 p" — 85580336p° + 90672709 p° + 223326185p*
— 61441286 p> — 299056874 p> — 189131035p — 37826207)
13
S ra—329
6

(7.30)
14733 _ 14m
pt 151473° (1 = )

(Tam)g=s = (p — D)(p = 3)(p = 5)(p — 15)(1 +2p)(3 +4p)(5 + 6p)
x (462976 p® — 6035600p7 + 19687956 p° + 7469268 p°
— 80449429 p* — 28891344 p> + 110585438 p*
1 1 ra-=9)

103042188 p + 25760547) —
* Pt )p717!.5-4832r(1—%)

(7.31)

(Tam)g=o = (p — D(p — 17)(1 +2p) (43867 - 47 . 90p'*
— 444463 - 127 - 3321913 4125652557 - 37 .23 . 27 p'?
— 6071689831 - 31 -28p'! 419841 - 11699 - 131 - 7223 p'°
+ 116212686067 - 643 - 22 p® — 1409311 - 86627 - 59 - 7 - 3 - 28
— 1431305011 - 13781 - 17 - 3p” + 724878602897547 p®
+ 65033 -359 - 137 -37-31%-7-3p° 4 199710238499 - 491 - 3p*

— 2544870788486423 p° — 2461465523248055 p°

1 1

— 940301719307839p — 134328817043977) — ———————
P ) F oW 753

ra-1

x ———" (7.32)
ra—Hm

The integers n and m should satisfy the condition of (7.22) for non-vanishing inter-
section numbers. The ratio of gamma functions becomes by this condition,

ra— =t ra- =1t
14 _ )4 .
ra-45=m - rm+2-2g— %4

(7.33)

Therefore, this number is a rational number. The common denominator of I” function,
I'(l— I’LT'"), shows that the intersection numbers for m = p — 1 are always zero, since
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this gamma function diverges. This shows that the Ramond part, which corresponds
tom = p — 1, is decoupled from Neveu-Schwarz part im = 0, 1, ..., p — 2). The
expressions for the intersection numbers of one marked point for arbitrary p up to
genus nine (g = 9) are verified for the cases of p = 2, p = —1 and p — oo, which
are known. Also above expressions of the intersection numbers are consistent with
the results of p = 3,4 and 5 [91]. The expressions of p — oo and p = —1 are

lim (), = (1 — 2g) = (—1)¢ 2% (7.34)
po—t1 8 2g ’
and B,
. _ 1
I}LH;O('Cn,m>g = (=1)* —(2 ne )p +O0(P*) (7.35)

where B, is a Bernoulli number, B; = %, B, = 30, B; = 42, .. These two expres-
sions will be derived in Sects. 7.5 and 7.7 (Propositions 7.5 and 7.7).

The expression of genus one coincides with the Duering formula for the Euler
characteristics x (Sp(2g, Z)) times 27¢ in (7.4). The numerical coefficients of the
intersection numbers up to order g = 4 coincide with the arithmetic Euler char-
acteristics x4; for instance, 244“( D¢ (=3)¢(=5¢(=7) = 9,4£15, which appears
1n the coefficient of genus four. For genus five, the coefficient | 452 is equal to
3 30 (—1)2(=3)¢(=5)¢ (=7)¢ (—=9). Thus there appears a difference of a factor 3. For
genus g > 5, the coefficient of the intersection numbers differs from the arithmetic
Euler characteristics x 4. The coincidence of the coefficients of the intersection num-
bers to arithmetic Euler characteristics x, for g = 2 and g = 3 is understood by
considering the difference of dim M, = 3g — 3 and dim A, = 1g(g + 1). A, is
Abelian variety of genus g. They become same for g = 2 and g = 3. (g = 1 is
exceptional since dim M, = 0. For g = 4, these dimensions become different by one,
which is related to Schottky problem).

The intersection numbers for small p in (2.15) are explicitly obtained to all order
of genus from U (o). This generating function U(o) for p =2, p =3 and p = 4
are expressed by simple exponential function and Bessel functions [21, 36]. In the
following, we set ¢ = 1 in (7.21) for simplicity.

1w
Ulo) = eBe (p=2) (7.36)
2702
1 N2/3 0
_ (_ /3
veor=ys (3Na)1/3A’( 4337 )

i () ()] e o
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—1 mo“ 1 LS
)

1 i 1 3 T ont ! (p—4)
= — _— _— o N =
8~ minil(n+ %) \160) \64 P

m,n=0

.;;

(7.38)

and the intersection numbers, therefore, are written for arbitrary genus g for p = 2,
and p =3 as

1
<fn)g = (24)88! (P = 2)
1L T (0 8g—5-m B
<Tn,m)g - (12)gg‘ F(ZTTm)’ ( = f, m = O, ], p= 3) . (739)

For p = 2, it reduces to the expression of Kontsevich model in Chap. 6 [89]. For

p = 3, above result is just expansion of Airy function, as can be seen in explicit inte-

gral representation. For generalized Airy functions for p)3, we consider Airy-Hardy

integrals. One notes that the Airy-Hardy integrals Ei,(x) are given by Tchebycheff
polynomials [74, 129]. The Tchebycheff polynomials are

T, (x) = cos(narccosx) (7.40)

with
To(x) =1, Ti(x) =x, Th(x)=2x>—1,

T5(x) = 4x> —3x, Ty(x) = 8x* —8x> +1.
The Airy-Hardy integral (generalized Airy integral) is
o0
Ei,(x) = / exp[—T,(t, x)]dt (7.41)
0

with a Tchebycheff function 7, (¢, x) defined by

n it
T,(t,x) =2x2(-)"T, { —=) - 7.42
n(t,x) X(l)l(zﬁ) (7.42)
The generalized Airy integral is expressed as a Bessel function [129].
Ein () = VXK 1 227)
n 2n
. 1
Eiy(—x) = n\/}[l% 2x") + I,%(2x”)]— (7.43)

2nsin(3;)
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Ei, (x) satisfies
(n=3)

Ei(x) +n*x"?Ei,(x) = nx 2 (7.44)

The explicit intersection number for p = 4 in (7.37) is obtained by the use of Airy-
Hardy integral Eis(x) in (7.43). For p > 4, however the expression as a Airy-Hardy
integral is not useful.

In the large p limit, the intersection numbers become

lim (7, ) pé+ 0 (7.45)

_ g
p—00 29)'(2g)

where B, is a Bernoulli number in (9.30). Since the Bernoulli numbers are related
to the Riemann zeta function

tQ2g) = 22g“n28%, (7.46)

this large p limit of the intersection numbers are expressed as

8
li n,m =
pggoh’ ) (2m)2x8g

¢(2g) (7.47)

The derivation of this result will be given in (7.170) of Sect.7.7.
For more than one marked point, the formula for U (o1, . . ., o) for p-spin curves

gives the intersection numbers. After rescaling of the parameters, u; — u; — 3,
o; — 0;/N, the term of two point function U (o7, 07) is expressed as

1 1
Uy — s + 5 (01 + 02) Uy — Uy — 53(01 + )
N o0 X
= dxe* = )sh( — 7.48
e xe S (ZN(01+02)) (7.48)

The two point function U (o1, 0,), after the external source eigenvalues a,, are tuned
to the critical values of p spin curves and by large N limit, becomes

U(oy,00) = 2N ! /oodx/duldugsh L)c(crl + 0p) Jeimux
o1+ 0oy 2mi)? J 2N

N 1 1 p+1 1 p+1
con| - X (e ave) (o) )]
(7.49)

Two point function U (o1, 07) is expressed in the power series with the intersection
numbers (T, im, Ty ms ) g
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I+ 1+
U(U], 02) = Z (Tnl,nnfnz,mz)gpgr (1 - pml) r (1 - m2)

ny,na,my,my p

01'11+(1+m1)/1702'12+(1+m2)/17 (7.50)

X
with the condition,

2¢(p+1)=pn +ny) +my +my + 2. (7.51)
If this condition is not satisfied, the intersection numbers are vanishing. For instance,

the intersection numbers of two marked point for p = 3 has been evaluated from
U (o, 02) [35]. For p = 3,

Uloy. 05) 2 /md h (2222 (36,4
) = T A S
70 = o T o Gan B fy 2 o0

[ V2 [V
X A,‘ (y — 4.—3]/30'1/ ) A,’ (—ay — 4”—31/30'2/ (752)

, and Airy function A;(y) satisfies

where a = (2—;)1/3

Al (y) = yAi(y). (7.53)

The value of Airy function at origin and its derivative become

3723 1 1 , 313 1 2
Ai0) = re/3) 27131/3F (3) 40 = ra/3) an (3)
(7.54)
which provide the factor of gamma function in (7.50). By the integration of parts,
the intersection numbers of two point are obtained in genus two. The terms of genus
two becomes

(A;(0))? 43 23 11 113 53

U(o1,00)[g=2 = W(_Ul Poyl? — —a/'Pa)
17 g3 11 553 113 2/3 _14/3 755
5O _?01 o, " =00, 7). (7.55)

From this expression, the intersection numbers of genus two are obtained,

1 11 17

— = — = ——. 7.56
Yk (T1,173,1) g=2 1320 (12,172,1) g=2 1320 (7.56)

(T0,1T4,1)g=2 =

For genus three [35],
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| 1
(10,077,1) g=3 = 31104° (10,177,0) g=3 = 15552
( ) > ( ) 19
T T -3 = — T T -3 = —
10T6.1)g=3 = 37700 11T6.0)g=3 = 7o
( S (. 1
D0T1/=3 = 5177787 \P21T0/e=3 = Zo760
(3074 Doy = 2 (a1 Ta) e = (7.57)
BOW1e=3 = Saazp0°  \BIH0e=3 = 29960 ‘

This results are in agreement with the previous evaluations of recursion relations [86,
92].

For p)3, the same method can be applied, and for instance in the case p = 4, the
following intersection numbers are obtained.

1 1

(10,072,0) g=1 = 3’ (T1,0T1,0)g=1 = 3 (T0,2T12) =1 = % (7.58)

1

=— 7.
320 (7:59)

(T0,1T4,1) g=2

Further results are obtained up to p = 7 in [35].
For general p, from (7.49), the intersection numbers of two point are evaluated
in terms of the polynomial of p. For genus one,

—1 _ 3
p_’ (10,271, p—2)g=1 = rP—- (7.60)

(10,072,0)g=1 = o 21

This agrees with the results of special values of p = 4, 5,7 in [53, 91]. For genus
two,

:u%4Xp—$Qp+D

(T0,0T4,2) g=2

’

5760
(To1721) _ =D =2(p+2)
0.1T4,1) g=2 2880p
—1 —-3)2p+11
(T0,2T4,0)g=2 = (P )(19,5760); P ) (7.61)

These results are in agreement with the previous results for special values of p = 4, 5
[86, 91, 92, 139], obtained by the recursion relations.

The present approach, based on a random matrix theory and use of the generating
function of s-point functions, is indeed a very different way of computing intersection
numbers.
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7.3 s-Point Function

The expression of U (071, . . ., 0y) provides the generating function for the intersection
numbers of p spin curves of s marked points due to Theorem 7.2 of (7.14). The three
point and four point function are particularly important to find the algebraic structure
of the p spin curves.

The generating function, which is free energy F, is defined with the parameter
t,.m for the intersection numbers

F = Z<H<rn )

o (7.62)

n,m

withs = > d, . This is a generalization of Gaussian case in Sect.2.2.

In three marked point, s = 3, the non-vanishing intersection numbers appears for
genus zero. The necessary condition of the dimension of the moduli space, when
g = 0and s = 3, becomes from (7.1),

3 3
(p+D=pD mi+D> m+3 (7.63)
Hence
ny=ny=n3=0, Zmizp—l (7.64)
i=1
This reads to [135]
(‘CO,mITO,mz Tm3>g=0 = 8m1+mz+m3,p72 (765)
The string equation is
oo p—2
—_— == Tto.i1 Lot 1.m 7.66
3l00 Zfl 0, 0/+;n;) +1, 3fnm (7.66)
with -
N’ =8ivjp-2 (7.67)

For the convenience, we define ((t,, , ---)) as

a a

0ty m, Oty m,

((Tnl,ml e ‘Cnx,mx» = (768)

For ¢, ,, = 0, it reduces to the intersection numbers (T,, u, - - Tn,m,)-
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Proposition 7.3.1
The four point function is expressed as a product of three point functions, which
is called as topological recursion equation [135],

<<Tn1+1,m1 Tnz,mg Tn3,m3 Tn4,m4)>

= Z ((Tnl 1 Tnaums TO,m/>>77m " ((TO,m” Tns,ms Tn4,M4>>

m',m"

(7.69)

Proposition 7.3.2
There is a crossing symmetry due to the exchange of the indices since the permu-
tations of 2, 3, 4 yields invariance.

I
<<Tn1,m1 Thy,ms TO,m’>>77m " <<TO,m”7:n3,m3 Tn4,m4>)

[

= ((fnl,m] Thns,ms t(),m’))r/m " ((TO,m” Tho,mo Tn4.m4>> (7.70)

Corollary 7.3.1
When all t,, ,, = 0 for (7.69), it becomes

(Tnl-H,ml Tnz,mg Tn3,m3 Tn4,m4 >g = E (Tnl ,my Tnz,mz TO,m’)g/

m'.m"

m’m"<

xn T0,m" Ty ms Tng.ma ) g—g' (7.71)

The dimensional condition of left hand is
(p+1DQRg+2) =pmi+ny+nz+ng+ D)+ m+ma+mz+my)+4  (7.72)
The dimensional condition for the sum of two terms of right hand is

(p+1)Q2g+2) = p(ni+na+n3+ns+1)+(m;+my+ms+ms)+(m' +m”")+6

(7.73)
Since m' +m” = p — 2, two dimensional conditions coinside.
Corollary 7.3.2
'
(Tnl my Tnyms TO,m’ > n <7:0,m” Tns,ms Tngymy >
'
= <7:n1,m] Tns,ms TO,m’)"I (TO,m”Tnz,mz Tn4.m4> (774)

where 1™ is (7.67).
These Egs. (7.69), (7.70) are equivalent to Gelfand-Dikii equation in the next
section (Proposition 7.4). ([l

The structure constant C;jy is obtained from F for the genus zero,
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< T0,m; T my t m3> = |1 = Cm my,m3 ( ‘ . ‘ 5)
0, 0, 0, 0 'n.m=0 ) )
1 8 8 f 8 f 8 f s 1

By n™" in (7.67), and with the definition,

£=>" Cijmn™* (7.76)

one finds from the crossing symmetry of (7.74)
Cijkckml = Cimkckjl (777)

This is a Witten-Dijkgraaf-Verlinde-Verlinde (WDVV) relation [43, 44, 46, 135].
There are two terms, which come from the connected parts of the longest cycles
of the determinant in (7.14),

det(a;j) [ongest = @12a23a31 + A13a21a32 (7.78)

witha;; = (u; —u;+ %(ai +o j))_l . These terms are expressed by the integral form.
The term of aj,a>3a3; becomes [32]

1 1 1

up — Uz + (01 + 02) uy — uz + (02 + 03) uz — uy + (o3 +01)

2 o0 o0 X
= dx d Sh —U+G +O'
G1+62+U3/0 /o Y (2( l ’ 3))

o +a3

X|:e—”22x 01+62 y— (x+y)u|+vu2+xu;+e 2x— y—xu; yuz+(x+y)u;:|

(7.79)

From (7.14), with the scaling x — Ull/p, o; — o;/N, and with the notation N’ =

N (”p—‘cl)l/ P the three point function related to the term of a,a3a3) is expressed by

2N dvidvadvs X
U, = d h
1 p——— (03) / x/ / (27[)2 S (ZN’UI (o1 +07 +a3))

we ZN,alpx 2N’ 02 y—ivy (x+( 2)”))+tvv2+z(

b GG (12)G(v3)

2N dvidvydvs x
U, = d d h
2 al+a2+a3(as) / x/ y/ Ty (2N"’1 ("‘“”"3))

NEY
xe e x

oy to3 ) 9 2
N7 02 y—ivix—iyva+i((; )T'X+( )’ V)V3G(V1)G(V2)G(V3)

(7.80)
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where

R GO (—1"(p — 1)1 +2m oo
Gl = eXp[ Z Qm + )22 (p — 2my N2 T

(7.81)
The intersection numbers (T, m, Tn,.m, Tns.m;) 18 Obtained from the coefficients of
1+ml 14+mp 14+m3
ni+ nyt == nyt—
91 ) 03

For genus zero, the intersection numbers of three marked points are obtained from
above expressions. From U,, the relevant terms of order of genus zero are obtained
by the expansions of sh function and exponential functions,

1 1 92 1 q1
/ d / /dvldvzd\/3 o/ oo\ 7 o1\ 7 11
X — % — ) xv 030, =
(2 )3 O_% o3 yv3 o3 3 30, 2y
3

: . 1 g ltay  1+(p-2-41-q))
xe MGy () Go(n) Golvs) g =0y T oy T oy (7.82)
where Go(v) = e » s’ . Hence, it gives
<r0,lll T(),qz":().p—Z—ql—@)g:() =1 (7.83)

which agrees with (7.65). Hence the generating functions F of the genus zero
becomes up to three marked points are obtained as

[
F=-1y, ((p=2)

6
[
Fzzlo,o fo,1,  (p=3)
F = rooton + tooto.? (r=4
=3 0,0 10,2 ) 0,0%0,17 p=
1 1
F=§foof03+toof01l‘02+§t01, (p=25) (7.84)

From these expressions, the structure constant Cjj in (7.75) is obtained.

The four point function U (o7, 03, 03, 04) for p spin curves has an integral expres-
sion (7.14). With the same notation as three point function a;; = (0; — 0 + %(O’i +
o j))’1 , one of the longest cycle of the determinant of U (o1, 02, 03, 04) is

1
12023034041 = (a2 + ax)(azs + asy)
o1 +o0y+o03+ 04

1 1
X —
(Ml—u3+%(01+202+03) Ml—ua—%(01+204+03))

2 oo
— _ / dxdydze—x(ul—uz)—%(dz—tm)x
oy +02+03+04 Jo
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X Sh(lx(al +o0y 403+ 04)) |:eéy(ferUz)éz(tfﬁm)y(uluz)z(uzu«t)
2

+e—%Y(01+<72)—*Z(<71+<74) y(ur—uz)—z(us— M|)+e 3 (02+03)— 3 2(03+04) =y (uz—ut3) —z (3 —u4)

+ e*%y(oﬂras)f 12001 +04)y(uzu3)z(u4u1)] (7.85)

From these four terms, U;, U,, Us and U, are expressed by the same scaling as
1 1

three point function, x — o/ NL X, u; — io; " N'vy, etc. With the notation o =
o1 + 0y + 03 + 04,

AN (1T [ T AT
U =— — dxdydz | —— || dvish | 50/ Gvi
= (04) /o ray Z/(Zn)‘*H e (ZN’U1 G)H "

1 1 1 1 1
X CXP[—QN, (02 — 040y’ x — TN (o1 + 02)02 Y= 3n (03 +04)05"z

1 1 1
. .02\ . .(O1)" . .[(O03)"
—ixvi—1 | — y+iyva +i | — xvy —izvs+1 | — V4
(oa] o3 (o

(7.86)

U, = N7 (1 % dxdyd d G
2= (07) /0 ”Z/(z )4HV’ ( )H )

1 1

1 1
exp[*TN,(ffz —o4)0"x — =— (o1 + 02)02 Y= on —— (01 + 040y’ z

X

2N’

1 1 1 1
, .fO02\” . .fOo1)” , o3\ 7 .[03\”
—Ixv)y —1 | — yvi+iyva+i | — xvy+iz| — vi—1|{— V4
o] o3 o4 o4

(7.87)

INB 1\
Us=-= (0_4) /o d”ydz/(z )4H ’Sh( )HG(V’

1 1 1 1 1
X exp[—ZN/ (02 —o4)o" x — N — (02 +03)0)y — N — (03 + 64)03 z

1 1 1
. .[02\" . .[O1)" . .[03\"
—ixvi+1 | — yvy —iyva +i1 (| — xvy —i1zvz+1 | — V4
03 o3 Oy

(7.88)




7.3 s-Point Function 83

INB [ 1\7 [ - PR
Uy = — — dxdyd —_— dvish | —oa/ G (v
o= () L e [ e TTavon (5 ) [ oo

1 1 1 1 1
X exp[— SN (02 —og)o” x — N (02 +03)0, y — 2—1\’/(61 +04)05 2
R ] (Y e (o I (]
—ixvi+i | — yv3 —iyva+i | — xvy—i|— wva+i | — Fa%|
03 o3 o4 ol
(7.89)
The term 07" o,/ o\ ~"/PP~D/? \which yields the intersection numbers,

(70,170,170, p—2Tp—2)0, is obtained from Uj for the genus zero, for instance. In the
large N’ limit (genus zero),

1 4 1
or\r [*® 1 o4 + 1 AW A
Uz = — (0—4) (/0 dxdya'z/ Wndvix (70“1 X 50302’ yv)i 0—3 yv3
i=1
p
X exp|:—l— ZVIP —ixvy —iyvy — izv3]
P =
1
X exp|i | — xvy+i | — yw3t+i | — V4 (7.90)
o3 03 oy

Expanding the last factor, one obtains the term, one obtain

g1 2+ap  p-l-gi—artaz  p-l-a3
o," o ! o, 7’
2 3 4

terms. This reads to (T, 144, T0, 144> T0, p—2—q1 —go+¢3 T0, p—2—¢3 ) g=0-

7.4 Generalized KdV Hierarchy and Gelfand-Dikii
Equation

Proposition 7.4 (Witten conjecture [135])
The generating function F of the Intersection numbers of moduli space of p-spin
curves satisfy p-th Gelfand-Dikii hierarchy equations;

or Res(0"* %) (7.91)
— = —c¢, mRes » .
31‘0,031‘”,,” ’
with "
—Dp"
Cam Dy (7.92)

T p+m+1)

and with pseudo differential operator Q.
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The differential operator Q is introduced as

p—2
Q=D"=> u;(x)D' (7.93)
i=0
Qr =D+ wD™ (7.94)
)0

with D = 3, and Q"% = (Q7)"+".

The fractional power of the differential operators, pseudo-differential equations,
has been investigated by Gelfand and Dikii [64—66]. The Witten conjecture about
p-spin curves are studied, and proved by Faber, Shadrin and Zvonkine [58], based
upon the Givental’s results [67] for Gromov-Witten theory.

For p = 3, the generalized KdV equation becomes Boussinesq equation, which is
known as the shallow water wave equation (propagation of tsunami). The Boussinesq
equation [10] is

Byy =aBy, + b(Bz)xx + ¢Bixxx (795)

where the suffix means a partial derivative; a, b and ¢ are parameters. In the case of

the shallow water equation, y is a time, and x a space coordinate. In terms of 7y ¢ and
fo.1, the Boussinesq equation becomes

2F 2( ?F )2 *F
3l0’12 B 3

— ) +— 7.96
3[0'02 810’04 ( )

The pseudo differential operators K is defined as,

K= kD (7.97)
i=—00
i 9
D=—— 7.98
7P 0x (79%)
The decomposition of K is

o0
K=K.+K_, Ki=> kD' (7.99)

i=0

and the residue of K is defined as

resK = k_, (7.100)
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The Gelfand-Dikii equation is

.00 n41Em Cn.m

o,

(7.101)

with [QT’T, Ol = —[QT—’T, Q]. The Eq. (7.101) becomes a equation of #; and also

for equation of v;,

p
1+

res(Q7), 0<i<p—2 (7.102)

Vi = —

The Gelfand Dikii equation for F' now becomes

3’F
-y, (7.103)
al‘o,oal(),,‘
8Q n+l+m Chom
] = . . 7.104
latn,m [O4 0l NG ( )

From these Gelfand-Dikii equation and a string equation, the intersection numbers
are obtained. [91, 135]

The Virasoro equations for p-th generalized KdV hierarchy are obtained [45, 62]
from p — 1 matrix model of Douglas [55]. For p-th generalized KdV hierarchy, we
need W, algebra in addition to Virasoro algebra, which will be discussed briefly in
chapter eight for open intersection numbers.

7.5 Euler Characteristics and the Negative Value p = —1

The negative value p = —1 corresponds to the Euler characteristics. This is because
the Penner model [114] for Euler characteristics is obtained in this limit in (7.11).
From the general expression of the intersection numbers of p-spin curves in (7.24)—

(7.27), with p = —1, the intersection numbers are
(T)g=1 = : (T)e=2 = :
fle=t =715 We=2= g
(T)e=3 = : (T)e=a = 1
Ple= = Thsy et T o4
1 691

(T)g=s = _ﬁ’ (T)g=6 = %
(0) 7 3617
T 7 = —— T _Q = —

=77 Tar V=T g160

43867

(T)e=9 = =% (7.105)

14364
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where we denote (1), as (1), in (7.24)—(7.32), since for p = —1 the suffix n, m
looses meaning. The index n; of intersection number ([ t,, ;) takes a value of
n; = 0, since there is no first Chern class ¢;(.%;)" = 1 in (7.3) and only the top
Chern class cp (7)) exists, which is the Euler characteristics.

Proposition 7.5 s
Euler characteristics y (4 1) are

— B
X(AMg1) =1 —2g) = (—l)gz—; (7.106)

where By is Bernoulli number in (9 30). Euler characteristics are x (]1,1) = —1—12,

X (M) = = X (M3, = — 55, ..., which coincides with (7.105).
Proof of proposition 7.5

In the limit p — —1,

1

1 du —Nog™Z

e L‘770
2im

o s (i

By the shift of u as ou, one finds that U (¢) is independent of . After u — %u, by

U(o)

N
) (7.107)

setting
-1 1 -y
u = (u _ 1+ey) (7.108)
u —e
U (o) becomes
U e Ny
(@) = N/Zn 1—e y)z

With the integration by parts, it becomes (t = Ny)

1 o0 B,
U — df—— = E — — 1" 7.109
@) N/o tl e ﬁ n ( ) = ( )

n=0

with By = 1, B; = 2, B, = é, By =0,B, = —%. These another definitions of
Bernoulli numbers B,, are used here. ézy, = B,(—1)"*!. B, is defined in (7.6). The
Euler characteristics for an orbifold with one marked point is thus given by (7.106),
obtained from the limit of p-spin curves with p — —1, and it does agree with the
result of [76, 114]. O

Higher correlation functions may be obtained by the dilaton equation (2.47) in a
recursive way,

(11,0)")g = 28 — 24+ n){(t1,0)" ")e (7.110)
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with .
(T10)g = X (M 41) = ¢(1 —2g)=(—1)g2—§ (7.111)

Hence the Euler characteristics of s marked points x (/_//g,‘v) are expressed as

2¢ — 1

XM g5) = {(110)")g = — 20!

Qg +s5—3)!B, (7.112)

This result agrees with the previous results of [76, 114].
The Structure of Polynomial of p in the Intersection Numbers

The expressions (7.24)—(7.32) show an interesting structure. The intersection num-
bers are factorized for the polynomial of p. The complicated term of p except trivial
factors, denoted by Q(p), has a structure as

Q(p) = Ap™ — (p+1B(p) (7.113)

where A is a coefficient of highest order term, and B(p) is a polynomial of order
m — 2. For g = 3,

0(p)=8p> —13p—13=8p> —13(p+ 1). (7.114)
For g =4,

Q(p) = 72p*—298p> —17p*+562p+281 = 12p* — (p+1)[298 p> —281(p+1)].
(7.115)

For g =5,
Q(p) =32p* — (p+ D[162p> — 163(p + D]. (7.116)

These interesting structures of the factor (p + 1) for the sub-leading terms in
Q(p) remain up to genus nine, and it seems valid to all order in the genus. In the
large p limit, the intersection numbers become ﬁBg, and the difference with
the expression of the Euler characteristics ¢ (1 — 2g) = (—1)4B,/2g comes from
the ratio of gamma functions. Therefore, there is an interesting relation between the
p = —1 Euler characteristics and the limit p — oo for intersection numbers. The
case p — +oo case will be discussed in Sect.7.7. Related to the relation between
p — oo and p = —1 cases, we consider the (p + 1) expansion around p = —1. For
small p + 1,

U(o) = l/dle%[(”%)”ﬂ—(”—%VHJ
o 2

I [du (u+75 N p+1 u+g , o? )
- - 1 —1 1 - 1
a./271 (u_%) [*N 2 Og(u_%) Og(u 4)]+0(([7+ )

(7.117)
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By the change of variable (u + §)/(u — 3) = ¢, and y — y/N, up to order
(p + 1), it becomes

y

1 du eV p+1 v

Uo)=— | ————e 7|1 — —— (21 — 2 olog(l —e#
O =5 | e [ 5 (2logo — - —2log(1 — ))]
(7.118)

The terms of order (p + 1) are evaluated by the use of expansion,
2 n— lB y on

log(l — e %) = — = + log>- n-! () 7.119
og(l—e ) T log +Z< A T G (7.119)

n=1

Thus we find the series of the perturbation of (p + 1), and the term of order (p +
1) is expressed by product of two Bernouill numbers of (7.119) and (7.109). The
coefficient of the highest order of p in B(p) will be evaluated by 1/p expansion in
Sect.7.7. Therefore, there exists a relation between p = —1 and p — oo cases.

Analytic Continuation of Positive p to Negative Value

The analytic continuation of positive p > 0 to negative p < 0 corresponds to
the analytic continuation from SU(2),_,/U(1) to the SL(2, R)|,—2/U (1) Wess-
Zumino action with level |p| — 2. The analytic continuation to negative p in the
matrix model means

N / dBe 1B A (7.120)
The corresponding U (o) reads
1 d a\p+l _ (0Pt
U(O’) = m% Ziilre,,il[(u-i-f) '—(u 7) ] (7121)

with negative value of p. The matrix model of (7.120) is obtained from the duality
formula of (4.2) by the tuning a;. We divide a; to two groups b; and ¢, {a;} = {b;, ¢;},
withi =1,...,Nandl=1,...,N;,j=1,..., N, and Ny + N, = N. By formal
expansion of large b; and small ¢}, it becomes

N
(H det(q; — i B)) = Hdet(b; —iB) Hdet(eJ iB))
i=1 j=1
— (eZ, tloglby (1=i B /b))l o 2. wlogl—i Bl +ic;/ B)]y (7.122)

The following constraint for b; eliminates the term B2 in the Gaussian distribution,

1
Zb_,zo’ Zl:b_,z:] (7.123)
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and constraints for c;

N> Ny Ny
D=0, > ci=0,....> " #0 (7.124)
j=1 j=I1 j=1

provides (7.122) in the scaling limits Ny, N, — oo,

7 = dBe¢ trB~" 4+ Natrlog B+tr B A (7125)

=z
where Z, and ¢ are normalization constants, and B is Hermitian matrix. This anti-
polynomial matrix model with external source becomes equivalent to (7.120) when
there is no logarithmic term. Thus we found for negative p case that the character-
istic polynomials of duality formula in (4.2) gives the partition function Z of anti-
polynomial matrix model with logarithmic term, which has been discussed in [98].
Also by the tuning of external source b; and c;, from the characteristic polynomial,
we obtain

7 — /dBez’”l Cny B™ +3, €y trB~"2+Notrlog B+trB A (7.126)

and we will discuss in Chap. 8, open intersection numbers for Kontsevich-Penner
model for which all coefficients c¢,,, and c,,, are vanishing except c¢,;,,—3. In Chap. 10,
Gromov Witten theory of P! for stationary sector is shown to be related to above
partition function.

7.6 The Negative Value p = -2

For p = —2, the one-point function reads [30]

1 du I
U()=— @ —e wtou (7.127)
o 2im

The contour in the u-plane is parallel to the imaginary axis through the point u =

—% at which m is a maximum in the real direction. The change of variable

u=3(-1+ #g) gives

1 dx __a*
—e 1+a? (7.128)

Az /o | x?

The expansion forl o small reduces to Gaussian integrals.

Uo) = —
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1 9 , 9.25 , 32.52.7

1
Uo)= —— (-0 — —
©) =3 e (86 3077 TS 218

a4+...) (7.129)

This expansion is indeed the same as the limit when p — —2 from the general
p-spin curve case of (7.24)—(7.27).

Uo) ! [r(1+1) p—1 F(l 1)+ } (7.130)
No'tox p 24 7 p

with y = o>t7 . Since the expansion of U (o) in (7.21) for positive p was derived
from the Gaussian integrals, the small o expansion due to this Gaussian integrals
can be obtained for negative value of p cases from the analytic continuation from
positive to negative values of p.

This result has a relation to the unitary matrix model with an external source,
which has been considered before as a simple gauge theory. It is

Z= /dUexp[tr(c*U +CU"M) (7.131)

where U is N x N unitary matrix (UTU = 1), and the external source matrix C is a
given fixed complex matrix. Gross and Witten [71] found the third order transition at
some critical value g., (C = 5%), and Brézin and Gross [12] found also a third order

transition governed by the parameter tr(C TC)‘%. This model has a weak coupling
expansion, i.e. when the eigenvalues A; of C'C are large, in terms of the parameters

1
= —— —w(Cioy"2 (7.132)

L
>

This unitary matrix model is equivalent to an Hermitian matrix model,
ZB — /dBetr%JrklrlogBthrBA (7133)

with k = —N. Here the matrix B is Hermitian N x N, and A is an external source.

This equivalence has been noted by Mironov et al. [98]. The logarithmic term is

similar to the Kontsevich-Penner model, which will be discussed in the next chapter.
Let us return to the duality formula in Theorem 4.1.1,

N n
/ aM Hdet()ha _ M)e—%trM2+trMA _ / dB Hdet(a, _ iB)e_%trBz‘*"BA
nxn N

a=1 xN - i

(7.134)
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when the external source a; vanishes. The r.h.s. coincides with Zp in (7.133) for
n = k. When we take the zero-rplica limitn — 0, the s-point function U (o1, . . ., o)
gives the Fourier transform of r.h.s. of (7.133) with s = N.

The weak coupling expansion of the unitary matrix model has been obtained by
[37], and it reads

1 1
= —————det | — Ly, V) (7.135)
Mao*am 7

i i)

The large-A expansion of the Bessel function is given by

ezﬁ 12—%
1,(2«/X)=ﬁ 1— +--- ). (7.136)
T

Defining
N

I1 ! X2k (7.137)

O_H‘/_+\/Tllk%

i(j

the partition function Zp is expressed as

B @k+2N)2 -1 1 (Qk+2N)? — D((2k +2N)? — il
ZB—ZU|:1—716 ;«/HJ’_ 512 ;
L@k N)2 = 1)((2k + N)* —9) A al ’
— _ 2
S 8; T + (2k +2N)* —17) (Z )
+} (7.138)
When k = —N, this expression reduces to the partition function of the unitary

matrix model. The above expansion can be compared with the expansion of U (o)
for p = —2 and it will be discussed later [33].

1 2 1 2 2
Uo) = —2—(—(; (42— 1) 407 2 (47 = DA - 9)
(- )
— o W@kz — D@ =94k = 25) + o' — ]1:[1(4k2 - @2j =Y
)
— o’ —— [ [k - 2j - 1)2)~|—0(06)), (7.139)
13522 11
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which is derived from

d 1\
U(o) :f Z;iem (”: ) ) (7.140)

Also from the expression of U (o) for general p of (7.21), this expansion for k = 0
is obtained by putting p = —2.

Note that the constraints of (7.123) and (7.124) of a; provide the expression of
U(o) as

u—a; +o la "
U(O_) %2711]1 J +uo

u—a;

Ny
j{ 1—(u+o)/bll—2[ u+o\ 1+ 5 Juo+Lo?
2m l—u/b, u 1-4

=1 j=1 u

Ny
z/%(uwr) o= (7.141)
Tl u

This leads to (7.140) for p = —2 and gives the general negative values of p expression
(m =|p[—1).

This equivalence between the two models for N = 0 (replica limit), may be seen
also from the Virasoro equations, which were derived by Gross and Newman [70].

92 Zy

U (7.142)
9C0C] v

Zy is function of the eigenvalues A; of CCT only, and this equation becomes [12]

Zy 1 (0Zy 9Zy 1 IZy
-7 - =—(z,-> %) (7143
972 +Z#;Aa—/\b(axa axb) Aa( v Zb: a)\b) (7.143)

This leads to the differential equations. With Z; = Z,Y, it becomes

e 1 1
—0pY = k4 =)ty + =Y
o Z ( + 2) koY + 16
k=0
oo 1 1 n
—0Y =) (k + 5) Udien + 7 D hrdoi¥, (02 1) (7.144)
k=0 k=1
with 7, = —ﬁ Zh(t)’“’% and 9, = % Note that these equations, are consistent
with (7.139) for p = —2 by appropriate renormalization of #,,, but there is no Virasoro

operator L_; in this unitary matrix model. The differential equations of (7.144) can
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be solved, restricted to single 7, terms,

32 52.32_ 53.32.72

1 _
42 Ell— 47-2l‘2— A1 34 (7.145)

logY =

and one finds by a multiplication of appropriate normalization factors, it agrees with
the single sum terms in logZ of (7.138). For the comparison of Y with the expansion
of U(o) of p = —2 in (7.21), both expressions agree with normalization factors,
ie. (=D(2k + I (k + 3)/I" (%), which becomes —1,3/2, —15/4,3-5-7/2%,

.. This gamma factor is due to the definition of U (¢'),which has Laplace (Fourier)
transform of one particle density of state, and the definition of 7. By multiplication
of these factor to U (o), we obtain above logY, since

1 3 5.3 3.52.7
Uo) = 1¢ ol o o TP (7.146)

6 29 713 T o

The strong coupling expansion for this unitary matrix model follows from the
expansion of the Bessel functions for small arguments; it yields

2
1 1
Z=C|1+ — A+ —r— Ai _ k2 O\
+NZ +2(N2—1)(Zi: ) 2N(N2 Z +0069)
(7.147)
where C is a constant.

The equivalent one point function from the p-spin curve correlation function at
p = —2, after the shiftu — (u — 1)/2, s

1 [d 1\*
U(o) = _% Y e (X +
2 ) 2in u—1

f ut 1) (7.148)
m'a’” 27i (u? — 1)’” u—1 '

where k = —N. This contour integral is around the origin, but since the integral falls
off at infinity, it is replaced by the contour over the discontinuities across the cuts
which run from (1, co) and (—oo, —1). This contour integral becomes

d N 2 % 1)k
7{ i ea<»«3n(“+ ) =——sin71k/ g Erh " (7.149)
1

2im u—1 T (x — 1)ktm

which vanishes when k is integer. With an Euler beta function, one finds

O . I(—k—m+1)
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With the expression

F(—k—m+1) 17
S ;1:[ (7.151)

'(—k +m) —12

up to an additional constant and to an overall factor, one finds

@m—-2)!'1 7 1
U(o) = Z:; o L vz (7.152)
where k = —N is inserted The expansion for large o corresponds to the strong
coupling of (7.147) since = = >_. A". Therefore the strong coupling expansion
of the unitary matrix model is indeed recovered from the p-spin curve result with
p = —2 [33]. The poles in this strong coupling expansion is an anomaly noted by
de Wit-"t Hooft, but not a real divergence [49, 120].

7.7 Gauged WZW Model of SU(2);/U(1),
SL(2, R)x/U(1) and Black Hole

The Wess-Zumino-Witten (WZW) model [131, 133] of a conformal field theory has
interesting relation to random matrix theory with an external source. The random
matrix theory with external source provides p-th degenerate singularities, as shown
in previous sections, and and their singularities are equivalent to the singularity of
SU(2)x/U (1) Wess-Zumino -Witten model, or conformal Wess-Zumino algebra,
where the level k is related to p as p = k + 2. The matrix model can be interpreted as
conformal field theory [90] without external source. The relation of Wess-Zumino-
Witten model for SU (2);/ U (1) coset space to p-th spin curves of Riemann surface,
generated by random matrix theory with external source, is more intriguing. This
relation can be seen in the Virasoro algebra of p-th generalized KdV hierarchy. In
the following, we show the correlation function of Wess-Zumino-Witten model for
SU(2)x/ U (1) case, which is related to n-point correlation function of U (o7, . . ., 0;,)
for p-th spin curves.

The Wess-Zumino-Witten model is described by the two-dimensional non-linear
o model with a metric p/ plus an additional I"(g) term [88, 116, 133],

A 1 i Aala A Al Ay
I(g)=—g/ d*oJpp (g 88-87'9;8) —ill (7.153)
X

where ¢ runs over a compact Lie group. When X is a Riemann surface without
boundary, the I"(g) reads

re@) = d3aeijktr(§_18,~§ 879,887 008) (7.154)

127



7.7 Gauged WZW Model of SU(2)x/U(1), SL(2, R)x/U (1) and Black Hole 95

where dB = X. The full action is 7 (g) multiplied by an integer k, which becomes
the number of level.
S =kI(g). (7.155)

The current algebra of Wess-Zumino-Witten model has been clarified by [88]. The
extension to cyclic discrete group Zy, including two dimensional Ising model
(N = 2) and three state Potts model (N = 3), has been analyzed by parafermion
current algebra [138].

For the gauged WZW model of coset space SU(2)/U (1), the coset of the Lie
group for g is made of 2 x 2 matrices, and the correlation functions are [136]

(Un,(z1) -+~ Up (25)) = (gu1(@)" - - - g1 zs)™) (7.156)
where U, (z) = g}, = €M@ and g, is a (1,1) component of a coset of the Lie
group g,

R e? 0
g= ( 0 e"¢)' (7.157)

The three point function is given by the so called ¢ — a system, a being a connection,

(/M9 im (@) ginsd @)y :/Dq&Daeif: P(k+Df+E) | pinid (@) pina(22) yinad ()

(7.158)
where f and R are curvature of U (1) field and Ricci scalar of X. This is non-
vanishing iff rn; +n, +n3 = k. This result is well known as chiral algebra of A4~ =2
minimal model at level k = p — 2.

(Unl (Zl)Unz (ZZ)Um (z3)) = 8n1+n2+n3,k- (7159)

This is a chiral ring for genus zero. We have indeed found in (7.83),

(f(),nl T0,n, t(),m)g:() - 511|+n2+n3,k- (7160)

For genus g, the gravitational operator 7, (U,) can be introduced as r-th gravitational
descendant of primary field U, and their correlation function is expressed by the
formula of the intersection numbers of (7.3).

These considerations exhibit the relation between the parameter p of the p-spin
curves and the level k of SU(2);/U (1) coset space as

p=k+2. (7.161)
This shows that gauged WZW conformal field theory for SU (2),/ U (1) is equiv-

alent to the present moduli space of p-spin curves. This WZW model has a .4 = 2
supersymmetry, and the central charge ¢ becomes
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6 6
c=2—-——=2-— (7.162)
P k+2

The central charge ¢ of the .4~ = 2 supersymmetric minimal model is 3k/(k + 2)
and the central charge of gauged WZW model is (—1) from the above value due to
U (1) gauge field. Thus the intersection numbers of the moduli space of p-spin curves
describes the correlation functions of the gauged WZW model with level k = p — 2.
There are interesting relations of p spin curve to parafermion theory, which deals
with the cyclic group Z,_,. The central charge c is same for both theories as (7.162)
[138]. When p =4, it gives ¢ = 1/2, which is the central charge of two dimensional
Ising model. Two dimensional 3-state Potts model, which has central charge ¢ = 4/5,
isrelevant to p = 5 spin curve since the central charge in (7.162) coincides with 4/5.

We turn to the non compact case for p < 0. At the transition point of the unitary
matrix model in Sect.7.5, some relations to a black hole have been discussed [6,
123]. The two dimensional black hole of the symmetry SL(2, R)/U (1) has been
investigated [46, 137]. The two dimensional current algebra of SL(2, R)/U(1) is
known to be unitary, and the coset SL(2, R)/U (1) is a modular invariant model.
The gauged WZW model of this SL(2, R);/U(1) is a realization of the analytic
continuation of k, from positive to negative value, k — —k of SU(2);./U (1) WZW
model, since SL(2, R) has a signature (—, +, +) [54].

The central charge c for the coset SL(2, R);/U (1) with level k is therefore,

3k 6
1=2+—1. (7.163)

= —— —
k—2 k—2

Comparing to the relation ¢ = 2 — 6/p, we find | p| = |k| — 2, where p is negative
spin value of p-spin curve. There are two interesting regions: (i) k — oo, where the

o model couples weakly to the black hole, and (ii) k = %, (p= —%), which means
that the black hole has a central charge ¢ = 26, and it is described by a bosonic
string.

The gauged WZW model is described by the choice of g as [137]

. cosf sinf
g = coshr + (sinhr) (sin@ _ cos 9) (7.164)
with & = it; it has a Lorentz signature,
do? = dr? — (tanh’r)ds? (7.165)

and the black hole solution has been obtained.
Let us now consider the limit p — —oo. Since the analytic continuation from
positive p to negative value p is valid, this limit corresponds also to p — o0.
From the expression of the intersection numbers for p-spin curves, the limit
p — —oo has been obtained in [35]. Starting form
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1 p+l 1 p+1
U(o) = /— Xp[ ((u + 50) - (u — 50) )i| (7.166)

with o — o/p and u?*' = x?, one finds in the limit p — oo,

2 dx 1 2 1 2(gh<
U o) = — - +11 e_ 1 (s 3)
@) No 2in

1
2 2 2 T
~r(z < aZ) . (7.167)
No p p+1 2
This is expanded as

o= () G) @ [ (T o

Expanding now

sh(Z)i| ad B,o?"
lo 221 = (! (7.169)
¢ [ <) Z:]: @n)'2n
and dropping the irrelevant terms, we find
U(o) = 1——2( yn-! o | 2 1+2 (7.170)
(2n)'2n No ’

This large p limit gives the intersection numbers with one marked point.

Proposition 7.7
The intersection numbers of moduli space of p spin curve of one marked point is
given in the large p limit as

lim (7,n)g = (=1)% ———— % pE. (7.171)
p=oo” 29)'2g)"

The Bernoulli numbers B, which appear in this expression, are indeed the same
as in the p — —1 limit. The difference of numerical factor comes from the gamma
function in (7.25)—(7.32).

From the relation

! +
e —1 2

1 n —
;=——(UU(0))—Z( " 1(2 TR L
n=1

and by the expression of digamma function,
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d 1 d
—logl'(z) =logz — — — z—/daU(o)e_‘”, (7.173)
dz 2z dz

the density of state p(E) is expressed in this limit as

d b4 1
E) = —Im(ogl"(GE)) — — — —. 7.174
p(E) dEm(Og GE) == = 5% ( )
This density of state is related to the density of state of the black hole of
SL(2, R)/U(1).[35, 73, 79, 94]. Note that this coincides also with the asymptotic
density of the non trivial zeros of the ¢-function on the critical line.



Chapter 8
Open Intersection Numbers

The intersection numbers are defined on the moduli space of Riemann surface with
s-marked points and genus g. When Riemann surface is cut and has boundary, the
open intersection numbers appear. There appear open strings which touch to the
boundary. Recent development shows that the intersection numbers of moduli space
is described by Kontsevich—Penner model, which is Kontsevich Airy matrix model
with the logarithmic potential (Penner model) [4, 112]. This Kontsevich—Penner
model has been studied, and we derived from two-matrix model, which originates
from time dependent Gaussian matrix model with an external source [32, 34].

8.1 Two Matrix Model

The time dependent Gaussian matrix model can be introduced from the Hamiltonian,
I ., 1 )
H = EtrM + EtrM (8.1)

M (t) are time-dependent Hermitian matrices, M their time derivatives [19, 32]. This

is a matrix generalization of a quantum particle in an harmonic potential. Starting

from a path integral formulation of this time dependent matrix model one can reduce

it to a two-matrix model corresponding to the boundaries of the paths [19].
Therefore we consider a two-matrix Gaussian model

1 1 1
P (M, M2) = —exp (—Eter - Etng — ctrM M, + tr M, A) (8.2)

where M and M, are N x N Hermitian matrices; c is a coupling constant, which
is related to the total time of the path by ¢ = e~'. It vanishes for t — oco. A is an

© The Author(s) 2016 99
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SpringerBriefs in Mathematical Physics, DOI 10.1007/978-981-10-3316-2_8
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external source with eigenvalues a;, and Z a normalization constant. The duality
for the two matrix model with an external source has been investigated in [32]. The
characteristic polynomial for k; + k, points are defined by

k] k2
Fio ko = ([ [ detrg — My) [ | det(up — M) (8.3)
a=1 B=1

where the average is over the distribution (8.2).

Proposition 8.1
N .
Fixy = /dBldedDdDTexp [—?tr(Bf + B? +2D'D) —iNV1 — 2trB A,
N
—iNV1 = c?trBy Ay = trlog(1 — X,~):| (8.4)
i=1

with

(8.5)

v _ i\/l—czz;i‘ Vel —¢? a—l?
o\ Ve =L Tk
where By and B, are Hermtian matrices, ki X ki and ko x ky respectively. D is a
complex ky X kp rectangular matrix. The eigenvalues of Ay are L, and for A, they
are denoted pg, (¢ =1,..., ki, B=1,...,ky). The eigenvalues of the external
source Aarea;, (i =1,...,N).

Proof of Proposition 8.1
The product of characteristic polynomials may be written as an integral over
Grassmann variables v/ and Xl.ﬂ, witha=1,...,kfand 8 =1, ..., ks,

Fkl,kz — </ d)—(dxd&dng[T/}u(M*Ml)1//.1+)?B(Hﬁ*Mz)Xﬁ] (8.6)

Then the integrations over M| and M, lead to four-fermion terms that may be dis-
solved with the help of three auxiliary matrices: By a k; x k; Hermitian matrix, B,
a ky x ky Hermitian matrix and D a complex k; x k, rectangular matrix. From the
identities

e‘ﬁ‘w‘/_"/’ _ /dB]e—%trBlz-‘r\/%trBll/_fl/f

N - - _Np2y _iN >
e 20— KXXX =/dee B+ /f(_ztrBzXX

A 204 Z/dDdDTethrD+D+N /5 (DY x+D' 7) 8.7)
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after Gaussian integration over M; and M, and the shifts B — By +i+/1 — ¢
Ao Ouor and By — By +i+/1 — czuﬁ,ﬂ/(Sﬂ,ﬂr one recovers the duality (8.4). (Il

We now expand log(l — X;) in powers of X;, and consider the case all
a; = a = 1 — ¢%. The quadratic term trB? cancels with the one coming from from
the expansion of log(1 — X). Note that 322 is not cancelled due to the coupling con-
stant ¢. Given the factor N in the exponent, the edge scaling limit corresponds to
B~ O(N~'3), By ~ O(N~Y?), D ~ O(N~'3) in the large N limit, and the term
Ntr(D'DB,) ~ O(N~'/®) become negligible. Then, in the large N limit, we obtain

7 =/dBldedDefitrBlA|+%H‘B?+itrDDTB] (88)

where the decoupled matrix B, is integrated out. After the integration of matrices D'
and D, we obtain Kontsevich matrix model with a logarithmic potential, Kontsevich—
Penner model, [32]

7 = /dBle%BfsztrlogBl7itrBlA1 (89)

which turns out as the generating function of the open intersection numbers. The
matrix B is k; x k; matrix and if we put k, by k, and k| by N, we obtain Kontsevich—
Penner model.

8.2 The Kontsevich—Penner Model

The moduli space of curves has been studied for a closed Riemann surface. When
there is a boundary, such as a puncture disk, the boundary conditions requires a theo-
retical extension of the intersection number. When the marked points are located on
the closed cycle of boundary, the intersection numbers are called as open intersection
numbers, and this open intersection numbers leads to the extension of Kontsevich
intersection numbers. The algebraic and geometric investigations of the open inter-
section numbers attract interest. The study has been initiated by Pandharipande,
Solomon and Tessler [112], and the related open KdV hierarchy and open Virasoro
equation have been discussed [38, 39, 119]. A matrix model has been proposed for the
hierarchical structures [3-5]. The proposed matrix model is Kontsevich Airy model
with an logarithmic potential, Kontsevich—Penner model, which was discussed in the
previous Sect. 8.1.

7 — /dMef%ter#»trMAvatrlogM (810)

As discussed in the Sect. 7.6, (negative p = —2 case), the logarithmic potential term
appeared in the unitary matrix model, which was related to a strong coupling expan-
sion [98].
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Since this logarithmic term is exp(ktrlogM) = (detM)¥, it is an insertion in the
partition function Z of (detM)¥. This may be interpreted as an insertion of a boundary
or a brane.

Although the open intersection numbers are considered for k = 1 in [3], we take
a general case with arbitrary k. For this Kontsevich—Penner model, the same duality
technique can be applied; again the s-point function U (o1, ..., 0;) is a generating
function of the intersection numbers.

For instance the intersection numbers for one marked point and genus 1 becomes

1+ 1242
(T1)g=1 = Y

(8.11)
and the intersection numbers of Kontsevich model, (t,), are with integer number n,
and integer g, as we have discussed in Chap. 6, but we have new terms for Kontsevich—
Penner model, such as

(ror%)gzé =k (8.12)

with half integer 1/2 for n, and with half integer g = 1/2. The appearance of half-
integer genera, a characteristic feature of open intersection numbers, is similar to the
case of non-orientable surfaces which will be discussed in the next chapter.

The generating function of the intersection numbers with one marked point is
U (o), due to duality and replica argument of previous sections, with

U(o) = é/ ;Z_;';e_g[("+%)3_(”_%)3]+k10g(”+%)_kk’g(“_%) (8.13)

Expanding this for small k, one obtains the intersection numbers for open bound-
aries. The intersection numbers computed by this method [34, 36] agree with the
results obtained by Virasoro equations, which will be discussed in the next section.

8.3 Open Virasoro Equations for the Kontsevich—Penner
Model

In this section, we discuss open Virasoro equation in relation with the W, algebras.
Let us start again with the Kontsevich—Penner model

Z:/dMetr(_%M3+AM+kIOgM) (814)

with M Hermitian N x N matrix.
From the trivial equation of motion,


http://dx.doi.org/10.1007/978-981-10-3316-2_6
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/dM a Pr(—EMP+AM+RlogM) _ (8.15)
ba

one obtains third order partial differential equation,

3 \° ( ;9 ) )
—(—) +(A"—=) +WN+kss)z=0 (8.16)
( (aA)ab A ab ’

Since Z is a function of the eigenvalues A; of A, it is necessary to to trade this
equation for differential equations in terms of eigenvalues.
The matrix A has eigenvalues Aj, A,, ... and corresponding orthonormal eigen-
functions |¢,).
Alpa) = Aala). (8.17)

An increment matrix d A is,

(A+ d/\)(|¢) + Id¢)) =@+ d?»)(|¢>> + |d¢>) (8.18)

and from this equation, we obtain at first order
(A = 2Xa)ld¢a) + (dA —dhi)|pa) =0 (8.19)
Multiplying (¢,| from the left side, it becomes
(Pald Alpa) = dha (8.20)
In an arbitrary fixed orthonormal basis |b), it becomes
dra = (¢alb)(bld Alc)(c|da) (8.21)

Therefore, we obtain the first formula,

oAy
aAbc

= (¢alb)(c|¢a) (8.22)

Note that (¢, |b) = U,p, where U is a unitary matrix. From (8.19), multiplying by
(¢p] (b # a) the left hand side,

(Poldda) = (Pvld Alga) (8.23)

)"a _kb

Therefore, we have
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1
ldga) = > — 7 190) (@sld Alga) (8.24)

b#a ¢

from which follows the second formula,

d(blpa) 1
Nt g m<b|¢f)<¢f|c) (dIda) (8.25)

The conjugate of this formula is

d(Palb) 1 |
ANge fz#a b — As (PrlD)(clor)(dald) (8.26)

By the chain rule, we obtain the first derivative,

0Z oA, 0Z

aAab aAab a)‘-L

9z
<b|¢c)<¢c|a>(akc) (8.27)

The formula for higher derivatives of Z are obtained through a systematic use of
(8.22) and (8.25). For the second derivative, one obtains

32 3 3
— ) z=(—) (—) z
9A2) , aA) \aA),

_ (b d(aZ ) (8.28)
— o (w0000 (57) .

Noting that

0Z 0
<¢c|d)(8)%) W (bloc)

0Z 1
= (¢c|d)<m) ; m<b|¢f>(¢f|a><d|¢c)

=S bloe |a>(£) : (8.29)
- erre g ) Ag — Ae ‘

and
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b Z 0 d
( |¢c>(@)m(¢c| )
Z 1
= <b|¢c>(a—M) ; mwd) (g ) (pcla)
0Z 1
= <b|¢c><¢c|a>( 8AC) ; p—y (8.30)
we obtain
92 92 1 97 9Z
(W)ubz B <b'¢6)(ax_f 2 e — Mg (akc - E))@“'“} (631

d+#c

The third order differentiation is obtained by repeating the same procedure. Denot-
ing by I, the operator

92 1 d d
I, = _—— 8.32

one ObtainS
( )pb ( ) pa ( )ab

_ oAe 0 b r
= (3Apa)8)»c (( [e) c(¢c|a>)

ol
= (DIge) (el p)alde) (ela) =
3(b|¢p,
+ (pclp)alpe) [ {¢cla) <a)|:z_)>
9 (.
+ (pclp)(alpe) (bloe) I (§k|a> (8.33)
Therefore, we obtain
9° ar, 1
(m)ah = (b|¢“>(a_,\c + ; e rd>)<¢c|a> (8.34)
Using the identity,
1 1 1
0 (835

G —h) O =20 | Ot =3Ot =) T e = h) e =)

we obtain the expression in terms of eigenvalues
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e E
(a/ﬁ)ab YV

1 0 0 0 0 1
_ 2> B T N
+; Ty (fm axd) ( o axd) 2 G

d#c
1 0 0
233 (o -5)
d#e,c etc (Ae = Ae)(he — Ag) \OAc e
If we write
Y — i
¢ 0Ac
we have

Gl N blg) 2
(m)ab—< |¢e) 27 (¢ela)

0 1
ro— 2 rom r®_ro
c 8)% c +§)\c_)"d(L d)
Repeating this procedure, if one defines

art! — (b e+
AP ab—( @) TP @ela)

one finds ) {
F(p-H) — _F(p) F(p) _ F(P)
¢ e € +Zdlxc—xd(“ a)

with the initial condition
' — i
¢ A

Therefore, the third derivative for Z becomes

1 0 0
2o a)?
d#c c d c d

1 d 9
+2 E E _
d+#e,c e#c (e = Xe)(Xe — 2a) (a)"c I,

W2 Ntz =0
“dhe N

ERVA N 1 B B ) B N 9 2
By e = \Ohe 0N e g

0 0
ore  O0Ay

(8.36)

(8.37)

(8.38)

(8.39)

(8.40)

(8.41)

(8.42)

)2

(8.43)
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Finally, if one defines the parameters ¢, as

= T
i=1 A?+2

(8.44)

where n takes both integer and half-integer values (n = 0, ;, 1, ;, ...), one finds dif-
ferentials equation in terms of the #,. The appearance of half-integers is characteristic

of the Kontsevich—Penner model. The derivatives with respect to A ; are replaced by

o1, 19
an; Zax at,,_ Z( ) R (843)

0’ (n+3) (n (1) (m+1) 9
aT,.z—ZT ZZ o T 840

92 _ (n + %) (m + %) 92
8)\,]8)\.2 - ;z )\']n+%)\'2m+% 8tn8tm (847)

m

0’ __Z(n+%)("+%)(”+%) 0

3)»13 N )\,]’H'% 8_[,,

n

_ZZ (n+3)(m+3)@2n+m+3) 9

n+m+4 8tn 3tm

il 3
—z § § (+3)(mt+3)(i+s) 9 (8.48)
"+m+1+z 01,01, 0t;

wheren,m, j =0,1,1,3,2, -

The zero-th order contnbutlon for large A, is obtained from the shift M — M +
1 . .
Az; then keeping only the terms which grow for large A one finds

%= /dM@*trMZA%+%er%+§trlogA
1 2 3 k
= ; e’ Z)‘[ H)\';
H[,j(\/)\i‘i‘\/)"j)i i

In the limit A; — o0, the partition function reduces to Z,. Therefore, it is convenient
to express the partition function Z as

(8.49)

Z = Zog(N) (8.50)
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where g has an expansion in inverse powers of /A :

1
g=1+0(7) (8.51)

A2
As observed in [34], the analysis for small numbers of N, for instance N = 2, is
useful. With the expansion in the power of )»,7('”1/ 2. the equation of (8.43) reduces

to the equations of g of order A ~"*1/2) By the use (8.44), we obtain the first equation
of order A~1/2,

o 1, &k 1 9
LIPS Nt )g =0 8.52
( o Ta0 T 2 (”+2) “atn)g (8-52)

Using F = Ing, one obtain the string equation,

aF 1, k 1 dF
— = -ty — =t1 + n—+ t 8.53
atg 40 22 2 ( ) "o, (8:53)
n=0,1.1,
The next order is
3 k o k 1, 1 5
27 — — R _ - —
( a7 1 ktog — 4t% 2l‘()tl 4t() t 161‘3 4k 13
d
— Z 2n + l)l"H_%y +k Z ln+2
n:(),%,l,... " n:O,%,l,
1 1 a1 1 1 a2
— k4= )t — — = i+ ) (k+=)ti——)g=0
3 ( +2)’Jatk > (’“Lz)( +2)’atjazk)g
—i—j+k=—3 —itj+k=—3

(8.54)

. . _3 . . .
The next order is proportional to A;~ 2, and we obtain the dilaton equation,

ot 16 4
1 ad 1 0
= ty— = =0 (8.55
3 G 3 s o
=0,5,1,... n=0,3,1,...

These equations determine the free energy F = Ing up to order O(A_%),
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F lt3+ 1+1k2 1ktt ltt
== = —_ = 1
120 48 i 205 240

+ ! k2 kttt kt+ 1—|—3k2tt lktzt
192t 4% T g 33 gt )T g0

2 3
+Zkt%t%—6(k+k)t%
1, 1 1 5 15,\
— 1t —ktt t, — 4+ —k" ) 15t
6497 6 °5+48° +(128+32 )03

3
- ktomz kzgmg — —(k +k3)t0t7 + kztot% 5

+

16 2

! 3'k fot1t lkzt 12 1kt 12t 1ktt I
T3y Tl ) fonfa gl — g — g

5 5 . 3 ., 1, 1 ,
_ (ak+ﬁk)t't3+ 6k tlt2+4—‘k t%tlt%—g(k+k )tlt%

1 1 1/ 105 735 105

— 4+ —k*) k k3 13t | — + ==K+ =i
+(576+48 )1 ( T)Eet s\l T st T

lkt3t 8.56
kil (830

This expansion agrees with the result of [4] by the changes of our parame-
ters to the parameters of A.2 in [4] ask — —N,t, —> (2n + D2@HDBg, 1 (n=
0,1/2,1,3/2,2,...), due to a different normalization of Kontsevich—Penner model
of (8.14). To express these equations in a more compact form, it is convenient to
introduce the differential operators J,fk), obtained as follows [1]. First let us denote
by x,,

In-t (8.57)

2

S| =

Xp =
Then the differential operators

9
J,V(x) = 5 M m=...,-2,-1,0,1,2,..) (8.58)

m

and x,, = 0 for x > 0. We now define J» from J(! as

J® = Z J(1>J(1> (8.59)
i+j=m
where : --- : means a normal ordering, i.e. pulling the differential operator to the

right. Then we obtain

92 .
5,@ = Z T, +2 Z lx,a + Z (ix)(jx;)) (8.60)

i+j=m —i+j=m —i—j=m
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1 1 1
IO = > gyl

i+j+k=m
83 82
R T EEID
it 0x;0x;0x; e 0x;0x
. . 0 . .
+3 2 GG+ D (G kn)  (8.61)
—i—j+k=m Yo T=m
where i, j,k=1,2,3,...
Returning to the variables f,
1
Xp = —tu-1, (8.62)
n 2
we find . 5
T = 2101 + t2 +4 Z (n + E) t,,HE (8.63)
n:O,%,l,...
0
I = +2 2n 4 Dty — 8.64
2 0 + Z ( n+ ) +1 Bt,, ( )
n=0,11,..
=4 > nt e L (8.65)
—1 2 n+s atn
n=0,1.1,...
@ 1 ad
=4 > (\n+)tarr (8.66)
2 at,
n:O,%,l,...
From (8.61), we have
(3) 2 §
J,7 =3t 3 2]+ DRk+ 1y
4 ofr + Z (2j + 1)( +)3tj3tk
—i+tjthk=—3
+3 > T P (8.67)
2) " o ’
—i—j+k=—13
Then, the first Virasoro constraint is
d 1 o &k
——+-J% - -n)eg=0 8.68
( o 472 25)g (8.68)

The second equation becomes
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B 1 K2 L g, ko 1 o
(—25 —klo — El‘% — Zl% — EJ74 + ZJ74 — 5.]71 g = 0 (869)

The third equation is expressed by

3 1 3 1 1
—3— — — =Sk +ktgts — — P = —T 3P )g=0 8.70
( o, 16 a4t THey T gt ol )e (8.70)

The differential operator J(* appears only at order A" (n=1,2,3,...). This is
similar to the p-spin generalized Kontsevich model without logarithmic term, where
the spin 0 equations are described by J® and the spin non-zero equations by J¥
[43].

If we define the differential operators L,, as

1
L, = ZJZ(,? (8.71)

those L, have the commutation relations
[Ln» Lm] = (I’l - m)Lil+m (872)

The structure of the generating function for open intersection numbers obeys W)
algebra [60], which is known to have different operators M,, in addition to above L,,
and these algebraic structures have been studied [5, 119]. It is interesting to consider
the open intersection numbers of the moduli space of p-spin curve.

From the duality and replica method in the previous sections, by the expression
of U(oy, ..., oy), these open intersection numbers has been studied [36], and their
results agree with the evaluation of (8.56).



Chapter 9
Non-orientable Surfaces from Lie Algebras

9.1 Intersection Numbers from the Lie Algebras
o(N) and sp(N)

Usually Feyman diagrams related to real symmetric matrices are used for generating
non-orientable surfaces. The Euler characteristics of non-orientable surfaces have
been derived from real symmetric matrices [68]. There are also studies of integrable
systems which satisfies the Drinfeld—Sokolov hierarchy [56], and they are related to
non-orientable surfaces [47, 59].

However the lack of HarishChandra formula for such cases, makes it necessary
to turn to alternative models. As explained in Sect. 4.3, the HarishChandra formula
holds also for the Lie algebras of o(N) and sp(N). The corresponding matrix models
o(N) and sp(N) (real antisymmetric matrices and symplectic matrices) produce non-
orientable surfaces. So we shall now consider the corresponding matrix models.

X € 0(2N) Lie algebra

When the random matrix X varies over a classical Lie algebra, with Gaussian
distribution, the n-point correlation function in an external source may be obtained
again in closed form, using the HarishChandra localisation formula [77]. We have
discussed in an earlier work such models with an external source [23, 31]. In Sect. 4.3,
the duality formula for characteristic polynomials has been discussed.

We rewrite the duality formula of Sect.4.3,

k N
([T detGa - 1= X))4 = (] [ det(a, - 1—¥))4 ©.1)

a=1 n=1

where X is a 2N x 2N real antisymmetric matrix (X' = —X) and Y is a 2k x 2k
real antisymmetric matrix; the eigenvalues of X and Y are thus pure imaginary. The
matrix source A isalsoa2N x 2N antisymmetric matrix. The matrix A is a2k x 2k

© The Author(s) 2016 113
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antisymmetric matrix, coupled to Y. We assume, without loss of generality, that A
and A take the canonical form:

By an appropriate tuning of the a,,’s, and a corresponding rescaling of ¥ and A,
one may generate similarly higher models of type p with the conditions (7.10),

Z:/dYefﬁtrY"“JrerA 9.2)

where p is an odd integer.
The HarishChandra integral for the integral over g € SO(2N) group, and given
real antisymmetric matrices ¥ and A, reads

N
> (detw)exp [2 Zl W(yj))‘j:|
i=

weW

dgetr(ng’lA) —
/50(21v) IT (yjz — y%)(ﬁ —A2)
1<j{k=N

(9.3)

where C = 2N — 1)! H?Zl_' (2j — 1)!, and w are elements of the Weyl group, which
consists here of permutations followed by reflections (y; — £y;;i=1,---,N)
with an even number of sign changes.

For the one point function we obtain from the above formula, when X is a 2N x
2N real antisymmetric random matrix,

U(o) = — (tre”¥)
1 N N o a N
v 211 (W)e%+4 + (0 — ~0)

v o Gl il WL TP
No | 2mi uz—af, u+g

9.4
where the contour encircles the poles u = a, . Then, shifting u — u — 7,
L [du =9 —a? (u-%Y
U(o):N_j{TH e e 9.5)
o T (“+Z) —a u
where the contour cycles around all poles at u = @; — § and u = —a; — 7. Tuning

the external source to obtain the p-th degeneracy, one finds

B (D (o el N
U@ =5, [ 5w (i-%)  ©8
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Let us first specialize to specific values of p.
Hp=3

There are two terms in (9.6); the first term U (o) 9R is exactly one-half of U (%)
for the GUE (orientable Riemann surfaces). The second term is a new term, and
we denote it as the non-orientable part U(o)V?, since it is related to non-orientable
surfaces with half-integer genus:

o =30 5= s (v 6)) 1 (s ()]
Y 3%1(%)g Al (_4 - ;1/3 (%)3) 9.7)

For non-orientable surfaces, from the condition for genus g, characteristics p of spin
curves, dimension 7, and spin j in (7.22),

p+DRg—=pn+j+1 (9.8)

we find that the genus g is always a half-integer (g = ..), and U(o)V9 has

1

2 2’ 2’ .
. S P ES)

a series expansion in powers of 6" » . For p = 3, we have

U(G)Nozl ﬂle Su—Su
4 2mi u
dx 1 7X7ﬂ0.8/3xl/3
J— e 4 32
12/ 2mix
_Rel ! /Oo Lt () 9.9)
12iz Jo x ’
This function is expanded as
1 [ 1 1 1 21 (0183 g
NO _ 1o N T 173
U(o) Re[lZiﬂ/o dxxe nz_;‘)”'( 2 3 (2) ) ]
11 joN\S/. 2n 1 1 1 joN\2 /. 4x 2
=2 (3) (S‘“T)F(g)ﬁ@(z) (51“7)F(§)
11 o 11 oG (. 8m 4
e (3) e e (5 () (5)
(9.10)
Using Airy functions, the p = 3 case is expressed as
U(o) = ! Ai ! Xd "Ai(x' 9.11
(0)_W l(x)—z ; X' Ai(x7) 9.11)
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withx = — 43%/3 (%) 5 The Airy function Ai(z) and the integral of the Airy function

may be expanded as

T oo 1 1 2n T oo 1 1 n
A= =S~ (_) L (_) e
9.12)

/ZAi(t)dt— T T 2y ” Yy 9.13)
o BN M O |

N

]

).

Inserting these expansions, we have for p = 3, Sm’(r%) =r(3)r(

T o\4/3 T o\ 20/3
241 (%) (5) 108 645 (%) (5) "

8/3 16/3 32/3
B e e e

(9.14)

U(o) =

1 1+14 2 6+3
U(U) = <TI,0)g=1F (1 - g) (%) + (T6,1)g=31_' (1 — 5) 32 (%) + ..

2\ ., (0\2F3 1\ ., (0 16/3
+ |:(T2,1>g=3/2r (1—3)3 (E) + (T5.0)g=5,21" (1—5)3 (5)

| 2 3 (O 32/3 {
+ (Tlo,l)g_9/2F( —5)3 (5) +} (9.15)

We have for p = 3,

NO 1, 2 1, 1 1 2
U(o) _IZyF(l 3)—|—24yl“(1 3)+864yF(1 3)+...
(9.16)
We have obtained for p = 3 the explicit intersection numbers for non-orientable
surfaces with one marked point. The intersection number (72,1),-3/2 corresponds to
a cross-capped torus. For g = 1/2 we are dealing with the topology of the projective
plane but for this case, the intersection numbers (1:&1 )g=1,2 are present only beyond
the two marked points level [31]. We have

1 1

(Tl,o)gzl = ﬁ’ <r2,l)g:% = @, cee 9.17)
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(2) general p

Using the binomial expansion, one finds (y = 1 (%) D)

: bt | o PP =D s -
U() = TN ditr e |:1 G Yyt 4+ ]x[]—i—ytl]
(9.18)
This is again the sum of two contributions, orientable (OR) and non-orientable
(NO). The odd powers in y correspond to the orientable contribution, which is the
same as for the unitary case; the even powers in y correspond to the non-orientable
case:

U(o) =U@)°F+U@©)N? (9.19)

U (o) is same as GUE with o replaced by o/2.
The first term in the above series expansion is divergent, and it should be regu-
larized. Discarding this divergent term, we give the series expansion up to order y®

(neglecting the phase factor sin (2”7’")) ,

2 2 4 4
U@)V? = %(p -nr (1 - —) + L (p— D =5Sp+ DI (1 — _)
P 6! p

o 6
+ 2 (p—D(p—NEp —23p —2p -6 (1=
719 »
8
Y 6 5 4 3
-1 —121 4 —317
t o3 0P~ DOP p> +435p" —317p
8
—167p> —471p — 43)I (1 — —) + 03" (9.20)
p

From this genus expansion, one obtains the intersection numbers of p-spin curves
for non-orientable surfaces.

B p=-1
We now consider the limit, p — —1, which we found to be related to the virtual
Euler characteristics. When we set p = —1 in (9.20), the I" function term becomes

an integer, and this agrees with the intersection number of (t;),, which gives a

factor I (1 — %) = I"(2) = 1 for the spin zero. We obtain
1 7 31 127
U0 = ——(2y)? — — 2y — —2»)° — —2»¥+--- (9.21
(o) 7 BV = S @) = 55 29)7 = o5 @y A 92D
This series agrees precisely with the series expansion
— 1

U@)V? = — Z % (22132 — %) B; (2y)% (9.22)
a=1



118 9 Non-orientable Surfaces from Lie Algebras

where B; is a Bernoulli number in (9.30). The coefficient of (2 y)zé is the same as
for the virtual Euler characteristics of the moduli space of real algebraic curves for
genus g and one marked point, which was derived from the Penner model of the real
symmetric matrix by Goulden et al. [68]. (We use for the half genuses in the list, L 2 1,
2, 2, ...for a projective plane, Klein bottle, cross-capped torus, doubly cross-capped
torus, ..., with the notation g =1, ¢ =2, ¢ = 3,¢ =4, ..., respectively [82], and
this is the reason for the appearance of the (2 y)zg factor in (9.21)).

Since we derived this from the antisymmetric 0(2N) Lie algebra, the coinci-
dence between o(2N) lie algebra and GOE for the virtual Euler characteristics seems
remarkable.

. 1 (1
xNO(M, ) = % (5 — 2282) B,. (9.23)

This result may be obtained analytically to all orders. We now derive this result from
the integral form (2.23) replacing ¢ by N. With p = —1, it becomes

U(o) L[ (=2 N(1+“) (9.24)
)= —— —_ .
4No " u—+o u
With the change of variable u — ou,
Ues) = ——— [ au (= ' g (9.25)
= 4N " u—+1 u ’
We divide it into two parts, U (o) and U (o)N?,
Uo)OR = — / u—l (9.26)
T 4N u+1 ’
1 -N\"1
Uo)NO = ——/du - - (9.27)
4N u—+1 u

We use the same change of variables as for the unitary case in (7.108),

1 eV
OR __ —Ny
U@ = /dye psy= (9.28)

1 -y 1—e™Y 1 , 1 1
U@)NO = —/dye_Ny ¢ , 67 = —/dye_N> —
2N (1—eN2 \1+eY 4N l—eY 14eY

(9.29)

It is interesting to note that both the Bose-Einstein and the Fermi-Dirac distributions
enter in the above integrand (9.29).
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If we use the expansions,

1 11 B
— - -1 n—1_7=n __ 2n—1
[—e y+2+Z( TR
1 0 ( l)n 1(22n _ ) -
1+ e = = + ; TBH.V (930)
then they become
U(0)°k = i/dyi - -Z( n™ ‘
2N y2 N2n

NO —Ny 2 —-15=n
U(o’) _N/d e y_|__ (_])n _W

2n
aoy Q7 — 1) 1
4 Z( D m By N2+l

/ _iyt 2 LI (9.31)
T aN on N2+1 :
We now get from the above expression (replacing n by g),
_ 1 1(—1)¢B
OR(M, )= —=¢(1 —2g) = ——~— 2%
X7 (Mgy) S =28 =—2 2
_ 1
xVO (M) = (—1)8—‘50%—2 —27"B, (9.32)

For s marked points, the result obtained from the real symmetric matrix Penner
model by Goulden et. al. [68] is

1Q2g+s—2)!2% 1 —1)
29)s!

This result may be obtained by applying the Eq.(9.32) [35]. In this o(2N) model,
we have the following condition, the same as for Riemann surfaces with spin j and
s-marked points

xNO (Mg ) = (— '3 B, (9.33)

(P+DQg—2+85)=p> .ni+ > ji+s (9.34)

i=1 i=1

However, we have to consider half integer values of the genus g to represent non-
orientable surfaces [31].



120 9 Non-orientable Surfaces from Lie Algebras

X € 0o(2N + 1) Lie algebra

For so(2N + 1) Lie algebra, the matrix X is X = h v ® hov® - - - hyv @ 0. The
measure is V(H)?, V(H) = [],-;<y (5 — hy) HN h;. The HarlshChandra for-
mula is

> (detw)exp (2 > wla;)b; )
(9.35)

- weG(N) Jj=1
! =/ " N dg = Co) N
SOQ2N+1)
[1 @ —a)®; =) [ a;b;
1<j<k=N j=1

with Cgy = Hyzl(Zj — 1! HszAl, Jj!. Compared with the 0(2N) case, this formula
differs from (9.3) by the presence of the term []a;b; in the denominator. For the
one point function, we have

H(}\,z )\,2) H )\k Z)»Z+(T)» +Zza,)\_
vier= Z/ "Ma = Ma’ 030

This sum of integrals may be written as a contour integral, which collects poles at

_ 2
u=a;,

N 2_ 2
(Vu+o) —a; 1
U(o) = f [ 2 ’ 2 (1 + 2 ) €62+20ﬁ
{u=a?} 27”1:1 u—a; (Wu+0)—u Ju
2?{ Y (V+0)2—a V4O i
= e
o 2m i —a; o +2v
N a 2
1 dv 5 wV+3) -4
=—¢ = e 9.37
o ?{ 2mi H g a2 ( + 2v ( )
/=1 2 a;
By tuning to the p-th degeneracy, we obtain
d BTNV AV e
U(o) = %_ue P (( +%) («=%) ) (1 + i) (9.38)
2mi 2u

This takes the same form as for the 0(2N) case.

X € sp(N) Lie algebra

The Haar measure of sp(N) is A(A)?, with A(L) = Hi(j (2 — k?) IT 2k
The HarishChandra formula for sp(N) reads [23]
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/ (Ad(g)alb) g, _ Zwew(detw)e(wulb)
A(a)A(b)
—C det[2sinh(2a;b;)]

[1(a} 2)(52 bz) [TCaxbi) ©-39)

For the one point function, we have

[T ;=2 1 M
_ Isi(j=N I<k<N = > 240 +2 D aiki
U(o) = — / dh; e~ 2N
Z E [1 @-ap) [l a

I<i(j<N 1<k<N

du & (Ju+0)*—a? 1

J

o )
— - 1 s o?+20/u
2711'1_[1 u—ajz. (ﬁ+o)2—u( +ﬁ)e

34

N 2 2
ﬂl_[(v-’_a) _aj v+o eaz+20v
2mi -

V2—a? o422
j=1 J

N a)? 2
1 [d v+2) —aj
2_7{—V,H(2—)2’2(1+;)e‘” (9.40)
o) i (v=%) -4 Y
where we have shifted v — v — 3 and a, — a, /2. This expression is identical to

that of the o(2N) case, when we change v — 2v, up to a factor 2. Note that we do
not need to consider the replacement ¢ — 7 as in the 0(2N) case. The first term of
the expression is the same as for GUE. By tuning the a, to the p-th case, we have

Uie) = 1 %d_ () @)™ (1+2“_u) (9.41)

2mi

We write these two terms as U (o) = U(c)?F + U ()Y 9. It is then obvious that we
obtain the same intersection numbers and virtual Euler characteristics as with the
0(2N) case.



Chapter 10
Gromov-Witten Invariants, P! Model

The intersection numbers of p-spin curves is a simple example of more general
Gromov—Witten invariants, where the manifold X is a point.

Gromov—Witten invariants are the subjects of active research. Here one considers
only the simplest example of P! case, which is related to this present book [36].
P! means the complex projection manifold C P! = SU(2)/U(1), and represents a
sphere of topology.

The definition of the Gromov—Witten invariants of the moduli space %g,x P!, d),
for genus g, s marked points, manifold X = P! and degree d, is given by

! K . ! K
<Hrn,.(1) I1 rni<w>> =/ )Hc,-w,-)"f [ ciczrrevicwy  (10.1)
i=1 g.d - i=1

=41 M g5 (P1d) ;2 =111

where w € H*(P', Q) and 1 € H°(P', Q), and evi(w) € Hz(%g,n(X, d), Q), ev;
is morphism: .#, ,(X) — X. H* and H® are cohomological classes. When X is
P!, it vanishes unless the condition for the moduli space .4 4 s(X, d) is satisfied,

29 -D+s=D ni+ > q—2d, (10.2)
i=1 i=1
where d is degree, n; is parameter defined as above, and ¢; i =1, ...,s) is U(1)

charge of instantons. In P ! there are cohomological two classes (1, w). The w class,
w € H*(X, Q), is related to the instanton, 7, (X) = Z (integers). We consider here
only stationary sector of the Gromov—Witten theory, i.e. @ class, which is integral
involving only the descendants of w, since it is fundamental.

The matrix model for P! has been studied with a logarithmic potential through
Virasoro equations [57]. By the duality (mirror symmetry), different matrix model
can be considered, which is

© The Author(s) 2016 123
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Hgp =tr { M + ! (10.3)
r _ .
oL M

This is due to the form of the Ginzburg-Landau Hamiltonian Hg; (a quantum ring
for the genus zero) for P” is

ol
HGL=M1+---+M,1+HH (10.4)
i=1

Since X = P! is a sphere, the periodic covers are important, and therefore instead
of M, it is useful to consider

H = tr(e” + e ™M) + tMA (10.5)

This form resembles to the sine-Gordon model. The P! model (or supersymmetric
P' model) is well known as a toy model of four dimensional gauge fields. It is
asymptotically free, namely the S-function of the renormalization group is negative
at the origin, and it has an instanton.

The intersection numbers of Gromov—Witten theory are holomorphic maps from
Riemann surface onto a target manifold, and p-spin curves corresponds to the point
target space. It corresponds to the supersymmetric nonlinear sigma model in two
dimensions, with a target manifold P!, which is known to be asymptotic free. We
will apply duality and replica method in previous sections to Gromov—Witten theory
of P!

Recently, this Gromov—Witten theory for P! has been studied from various point
of views [57]. The intersection numbers of stationary sector, w class, for P! have
been evaluated in [104, 109], and we will compare results with them.

The definition of the intersection numbers for s-marked point for stationary sector

is [108] ‘ ,
<Hrn,-(w>> = /ﬁ [Ter oy eviw) (10.6)
i=l

gd O Meizl

which may be compared the expression for p spin curve with the top Chern class
cp(¥) in (7.3),

) 1 s
o ) = — LY ep(V 10.7
<Hr,, ,>g L TTa@ e (107

i=1 gs =1

The matrix model for the Gromov—Witten theory of P is similar to the Kontsevich
matrix model [2], which we will investigate below by applying the previous method
based on external source and duality. The partition function is


http://dx.doi.org/10.1007/978-981-10-3316-2_7
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1 B -B
Zpi(A) = / dBe &' e T BA) (10.8)

where B is an n x n Hermitian matrix, and g, and ¢ are coupling constants. The
partition function Zp: (A) is characterized by the parameters f,

! t ! 10.9
=t (10.9)
which correspond to Toda times. The model is similar to the Kontsevich model, but
the fractional power seen in p-th Airy matrix model is not necessary. This model has
the form of a superpotential V (x) = ¢* + ge™ in genus zero, where g = ¢™¢, which
appears in P! problem [57]. This model is then similar to the sine-Gordon model,
and it seems reasonable since the supersymmetric P! model has a close connection
to the sine-Gordon model for generating a mass.
Let consider the simplest case by taking n = 1, (n is the size of the matrix B, and
B is x), in (10.8); we find

Zp(A) = / dxew (€ Hae —xn) (10.10)

o0

When g, is small (g; ~ %, N — 00), we use a saddle point approximation and
expand around the saddle point x. = log[(A & /A2 + 4¢)/2]:

At VA2 +4
o F = —1 10g% + /22 +4q (10.11)
Taking x. = log[(X + /A% + 4q) /2], we find the expansion,

ad re) @Cm =DM\ (4g\"
goFy =2 logh+a+ k;(mzr@z— m <2m)n<2m>) (F)

qg T1q* 24° s
= Alogh+r4+ 1L 427 49 10.12
ogh+r+ s =555+ 355 T0@) ( )

The Gromov-Witten theory for P! corresponds to the supersymmetric nonlinear
sigma model in two dimensions for P! [41]. The form of F is consistent with a
supersymmetric P! model with a curve of marginal stability, by identifying A as a
mass m and ¢ as a normalized scaling momentum A.

Since the form of the matrix model in (10.8) resembles Kontsevich model or the
p-th higher Airy matrix model with an external source, we can apply the duality
formula of Gaussian matrix model with an external source tuned to provide the
potential (10.8). Using the same replica method as in the p-th higher Airy matrix
model, we start with U (¢). Using the duality formula of external source a ;, we obtain
the general polynomial of B in (7.126),


http://dx.doi.org/10.1007/978-981-10-3316-2_7

126 10 Gromov—Witten Invariants, P! Model

N 1 24 1 s i
—>—trB*+ erBA+erlog(a;71B)
<Hdet(aj —iB)> :/dBe 25 & =i
A

i=1

_ /dBefitrBLkglfserAJrzj logaj+zjtrlog(17%)
LrBA—tr(eB+qeB)]
= [ dBess (10.13)

where we put ¢, = (1 +g(=1)"")/m;! in (7.126), by the tuning of the external
source a;. We have

N
Uo) = P 4~ (TL ) juo (10.14)
i i u
Taking the same conditions for a; as in (10.13), we find
SR I O QT
2mi
- 17{ %e”%“i“h%)“%*q‘”f%) (10.15)
i
By the change of variable, x = ¢“, we have
1 dx 1 P I S g
U@ = fogge 7D (10.16)
This integral is done by taking the residue at x = 0,
1 00 d 2 2d
U(o) = — Z 41y (—sinhz)
o= d\d! gs 2
1 2
_ (P (10.17)
o gs 2

where Jj is Bessel function of order zero. The constant g is of order i and it is

scaled by the change 0 — g,0, which gives a + genus expansion. Therefore we are
able to put g; = 1, and the genus g is extracted from the power of o as ¢ 287241,

v =1 [1-a (o4 ot ) (ot 4 ) rowd]  a0as)

The genus zero (g = 0) is


http://dx.doi.org/10.1007/978-981-10-3316-2_7
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o (=D¢
U@)g=0= D Yol go? ! (10.19)
“~ dld!

The Gromov—Witten theory is a generalization of the intersection theory of moduli
space of curves. The moduli space (stack) of stable maps is denoted by M, (X, d),
where g is genus, s is marked point, and d is degree. The condition of this moduli
space is for X = P!,

dimM, ((P',d) =2d +2(g — 1) +s (10.20)

where dimM, ; = Z‘;:l(ni + ¢;). The instanton of P! has to be counted, and g; is
U (1) charge of the field. Thus we have

2 —D+s=> nm+ > q—2d (10.21)
i=1 i=1

Comparing this with the condition for p-spin curves with s marked point in (7.1), in
which

: IS 2(g— 1
2(g—1)+s=an+;Zj,-—(gT) (10.22)
j=1 i=1

we find the U(1) charge ¢; (i is index of a marked point), corresponds to the spin
Ji» (Ji =0,..., p—1). The degree d corresponds to % for the case of p-spin
curves. The number 2 in front of d appears according to ¢; (P') = 2. For one marked
point, s = 1, we have

n+q =2¢g+2d—-1 (10.23)

and the Free energy F has a following expansion by above condition,

d
q
F =22 Cog@5s (10.24)

n,qr d

and we find that the expansion in (10.12) agrees with above formula for g = 0 and
the expansion of (10.17) for g > 0 agrees the form of (10.24). From (10.23), we
obtain the expression of Gromov Witten invariants for genus zero with g; = 1 as

1
(Tan—2)g=0 = Ieng (10.25)

For higher genus, we obtain terms of all genus g of one marked point from (10.18).
The first few terms are


http://dx.doi.org/10.1007/978-981-10-3316-2_7
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(ton(@))g=1 = 42 @2n -1
1

(T (@) g2 = an(zn —3)(10n — 17)
1 1

(T2n (@) g=3 n’(n — 1)*(2n — 5)(140n* — 784n + 1101)

= 210345 .7 (n!)2
(10.26)

These results are obtained from (10.23) by collecting the coefficient of 0, and
making the shift 2d — 2d — 2g 4 1 in the expansion of (Zsinh%)w. The obtained
Gromov—Witten invariant for stationary sector is consistent with the result of [109],
which gives

< 1 (sinhg\*!
ZU #(Tag2420(@)) = @\ 2 . (10.27)
§=0 : 2

Since we have used a replica method, n — 0 (n is the size of the matrix A), the
form of F' with one marked point, for the matrix model of (10.8) is considered as

1
G F =D Cog (d)g'tr (Aml ) (10.28)

nq d

with the condition (10.23).
The correlation function for s-marked points, U (o1, ..., 0y,) is

dug _ ZS:[(euiﬁ»oi e itoD (ot geti)]
U(oy,...,04) = det e i=l
( 1 S') f H 27{l H ( — u] + lef] )

(10.29)

The connected part is realized as a maximum cyclic loop in the determinant. For two
point function, with z; = e", we have

U ) dzydz, 1 1
01,07) = " -
122 2ri)? 21220 (21 — 22 + 01) (22 — 21 + 02)
« e~ 6inh ) @i—gz7)=Ginh F) (2 —qz3") (10.30)

The shifts z; — o7z; and z; — o0,z give

1 1
011+ 1) —0zs oa(za+ 1) — o1z

1 — (o1(z1 + 1) < 0121 !
= — E E 10.31
oy +1) = ( ) =0 (Uz(Zz + 1)) ( )

0222
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The calculation is quite similar to the Gaussian case in (2.28) in Chap. 2.
The Gromov-Witten invariants of P! for genus zero s-points have been studied
up to s = 4 and they are [104]

1 1
Tok, Toky ) g=0 =
(T2t Taty )0 ki2ky2 14 ki 4 ks
< ) kiky 1
Dl —1T2%k-11g=0 = T 57 157 1 7.
2k —1T2k—17g=0 ki1 2k 12 kg + ko
1
(Tok, Tok, Taky ) g=0 = & iy Pl 2
koks

(T2k, Taky— 1 T2k3—1) g=0 (10.32)

= ks 12

These results may be compared with the Gaussian means in (2.56), where t; is
replaced by trM* with a normalization factor k!
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