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2. MATRIX INTEGRALS AND FEYNMAN DIAGRAM EXPANSION

This chapter is devoted to the study of the asymptotic analysis of various ma-
trix integrals. We investigate symmetric, Hermitian, and quarternionic self-adjoint
matrices separately. These integrals can be thought of as 0-dimensional models of
Quantum Field Theory. QFT produces many interesting and useful mathematical
tools. In this chapter, we deal with QFT as a machinery of counting formula.
QFT provides us with a clever method of counting the order of certain finite groups.

Often QFT is not well-defined mathematically, but all our models lead to finite
dimensional integrals and therefore they are well-defined. We will develop two
different methods for calculating some of the QFT integrals. Since the original
integral is well-defined, the two methods should provide the same answer. This
apparent equality turns out to be an interesting equality in mathematics.

Let us begin by reviewing asymptotic analysis of holomorphic functions.

2.1. Asymptotic Expansion of Analytic Functions. A holomorphic function
admits a convergent Taylor series expansion at each point of the domain of defi-
nition. What happens if we try to expand the function into a power series at a
boundary point of the domain? We investigate this question in this section. Since
our goal is the asymptotic analysis of matrix integrals, we focus our study on the
techniques used in matrix integrals, instead of developing the most general theory
of asymptotic series.
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When we are first introduced to complex analysis, perhaps the most surprizing
thing may have been the fact that complex differentiability implies complex analyt-
icity. Let h(z) be a continuous function defined on an open domain U C C. If h(2)
is continuously differentiable everywhere in U, then it satisfies Cauchy’s Theorem

of Integration:
7{ h(z)dz =0,
.

where 7 is a closed loop in U. One can then show that h(z) satisfies the Cauchy
Integral Formula

(2.1) h(w) = L% Malz,

21 Z—w

where v is a simple loop in U that goes around w € U once counter-clockwise. But
(2.1) immediately implies that h(z) has Taylor expansion everywhere in U. What
happens if h(z) is continuously differentiable not on an entire neighborhood of a
point, say 0, but only a part of the neighborhood? This motivates us to introduce
the following definition.

Definition 2.1 (Asymptotic Expansion). Let h be a holomorphic function defined
on a wedge-shaped domain 2:

Q={2eCla<arg(z) <B, [z]<r}

A power series ) . anz" is said to be an asymptotic expansion of h at the
origin 0 € 09 if

h _ m—1 . n
(22) lim (Z) Zn:O anz = a,
z—0 zm
z€Q

holds for every m > 0. When an asymptotic expansion exists, we say h has an
asymptotic expansion on () at its boundary point 0.

FIGURE 2.1. A wedge-shaped domain.

Let us examine the implications of (2.2). For m = 0, it requires the convergence
of h(z) as t — 0 while in 2. Thus h(z) is continuous at 0 when approaching from
inside Q2. We can define the value of h(z) at 0 by h(0) = ag. For m = 1, the

existence of
lim —h(z) — hO) =a
z—0 z
ZEQN

implies that h(z) is differentiable at 0 when approaching from inside €. Let us call
the situation (2-differentiable. Since h(z) is holomorphic on €, we can differentiate
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the numerator and the denominator of (2.2) (m—1)-times and obtain the same limit.
The existence of the limit

h(z) = S g, n =1 (2) — (m — 1)ay,_
hm (Z) Zn:O anZz — hm h’ (Z) (m ) a 1 = an,
2—0 zm 2—0 mlz
z€Q z€Q

thus implies that h(™~1(2) is Q-differentiable, and that (™) (0) = m!a,,. There-
fore, the existence of an asymptotic expansion at 0 €  simply means the function
h(z) is infinitely many times continuously Q-differentiable at 0.

The above consideration immediately implies

Proposition 2.2 (Uniqueness of asymptotic expansion). If a holomorphic function
h on Q has an asymptotic expansion at 0 € IQ as above, then it is unique.

The simplest example of an asymptotic expansion is the Taylor expansion when
h is holomorphic at 0. Since h is infinitely many times continuously differentiable in
a neighborhood of 0, A" (0) is well-defined for all m > 0, and the Taylor expansion

(m)
h(z) = Z L(O)ZW

m)!
n>0

gives the asymptotic expansion of h(z) at z = 0.

The technique of asymptotic expansion is developed to study the behavior of a
holomorphic function at its essential singularity. When a holomorphic function
h(z) has an essential singularity at 0, often we can find a wedge-shaped domain
Q with 0 as its vertex such that the function is infinitely many times continuously
differentiable on 2. We can then expand the function into its asymptotic series and
study its properties. The existence of such a domain is significant because h(z) can
take arbitrary values except for up to two excluded values in any neighborhood of
0 (Picard’s Theorem). If h is defined on a larger domain €’ that contains 2 and
has an asymptotic expansion on €', then h has an asymptotic expansion also on €2
and the asymptotic series are exactly the same. In general, however, the existence
depends on the choice of the domain §2.

Example 2.1. Consider h(z) = e'/#. Tt is holomorphic on C\ {0}. If we choose
T 3T

(2.3) Q:{ZGC|§+e<arg(2)<?fe},

then it has an asymptotic expansion on 2 at 0, and its asymptotic series is the zero

series. However, if we choose a wedge-shaped domain contained in the right half

plane Re(z) > 0, then e'/# does not have any asymptotic expansion.

This example also shows that two different holomorphic functions may have the
same asymptotic expansion on the same domain. From this point of view, the
holomorphic function h and its asymptotic series ), ., a,2" are not equal. We use
the notation B

(2.4) Ah) =" apz"
n>0
to indicate that the series of the right hand side is the asymptotic expansion of
h(z). We also use
h(z) = g(2)
if h(z) and g(z) have the same asymptotic expansion on the same domain. Thus
0 = e'/# on the domain of (2.3).
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Proposition 2.3 (Properties of the asymptotic expansion). Let f(z) and h(z) be
holomorphic functions on a domain 2 and have asymptotic expansions at its bound-
ary point 0 € 0%):

A(f) = Zanz”, A(h) = Z bp2".

n>0 n>0
Then
(2.5) A(f+h)=A(f) + A(h)
(2.6) A(f - h) = A(f) - A(h)

Proof. For every m > 0, we have

f(2) 4+ h(z) = Yoy (an +ba)2"

lim lim
AL Zm
_ m—1 n
1 lim (2) =D _n—o bz
Z’I’ﬂ
= Ay, + by
This proves (2.5).
Since we know
_ m—1 k
(GO (O) sl TEL B

Zm

and
F2) S bz = S e S b
Zm

lim

= ambOa
adding the above two equations, we have

lim f(2)h(z) - Z?;ol anz" 2?2701 by 2"

= agby, + ambo-
Zm

Note that
m—1 m—1
S S e
n=0 k=0

= Z anbkzn+k + (albm—l + agbpy—o2 + - am—lbl)zm + O(Zm+1)-
n+k<m—1

Therefore, we obtain

F(2) =3, hcmi anbrz"t"
= = Z anbg.

Zm

lim
n+k=m
This proves (2.6). O

Let us now consider a simple example

1 T s o4
Zy(t) = — e 27 ex® dgx.
4( ) V 2 /—oo
The integral Z4(t) is a holomorphic function in ¢ for Re(t) < 0 and continuous for

Re(t) <0. Let
O={teC|2n/3 <arg(t) < 4m/3}.
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We wish to find the asymptotic expansion of Z4 on  at ¢t = 0. First we note that

if t € ), then

We claim:

(2.7)

Indeed, we have

m —
t—0 t™m
teq

=lim —
t—0 t’m
teqQ

oo
+00 0

teQ v T n=0

Z4(t)

m

=lim ——
t—0 m! dt™
teQ

1 Foo

t .4
er”®

(4h)nrn!

+o0 —
(/ em3% i’ gy g

- n=0

—e Rigt) «*

Y
— e 2% *dx | .
(\/27'(' /—oo >

tn /+OO 4nd
@t | v
n m—1

o0 1 2
x4"dzf/ e 2* Yol
! n!

- 0

n=

4nd£

4ndl‘
nnl

n
x4(n+m) dr

3

where we have used the uniform continuity of Z im) (t) on Q for every m > 0.
To evaluate this last integral, let us consider

(2.8) Z(J

‘We can now calculate

1 Foo
PE— e_
V 2 /—oo

1 [t ' [
)= —/ em 2t T gy = —/ e~
V2T J oo V2T J o

1.2
3T $4ndl‘ —

@003 7% g — 0377

d4n
a7
din 1
T dJin mzzo g’
(4n)!
221 (2n)!
(4n)(4n —1)(4n—2)---4-3-2-1
- (4n)(dn —2)---4-2
=MAn—-1)4n—-3)---3-1
= (4n — )N,

Z(J)

J=0

2m

J=0

Thus the final result of the asymptotic expansion is given by

(2.10)

1 T o 44
A(\/—Q_W/oo e 2% en” dx)zz

(4n — )N
(4h)mn!

n

n>0
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The above method works for other potential terms such as 2%, 2%, etc. However,

if we consider a more general potential such as
2m L
— 20 pd

j=1
then we immediately encounter the difficulty that the asymptotic expansion be-
comes too complicated to evaluate. The technique developed in the next section
solves this difficulty.

2.2. Feynman Diagram Expansion. The key technique of the computation of
the asymptotic expansion (2.10) is the introduction of the source term Jx in (2.8)
and the fact that the integration changes into the differentiation as we have seen
in (2.9). Instead of calculating the Taylor expansion of Z(J) = e’*/2 let us find a
combinatorial interpretation of the mechanism.

Since
ie%‘]2 = Jez”
dJ J—o
the differentiation should occur in pairs to obtain a non-zero result. Thus the
differentiation Z(*") (0) gives the number of ways of making 2n-pairs in the

4n objects. Indeed,
Sy = (5 B0

= ()7
J=0

(2n)!
_ (n)(dn —1)(dn —2)(4n—3)---4-3-2-1
2(2n) (2n)!
_ (4n)!
-~ 2@ (2n)!
= (dn — 1N

coincides with the calculation of (2.9). In order to visualize the situation, let us
provide n sets of 4 dots, and connect two dots when they form a pair (Figure 2.2).
Let us call it a pairing scheme.

S

FIGURE 2.2. A pairing scheme of n sets of 4 dots.

What follows is an ingenious idea of Richard Feynman. He replaces the set of
four dots with a vertex of valence four. Then the paring scheme changes into a
graph Figure 2.3.

The formula (2.9) counts the number of pairing schemes. Then what does the
coefficient

(4n — 1N
(4h)rn!
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FIGURE 2.3. A 4-valent graph.

of the asymptotic expansion (2.10) represent? We can view the 4n dots as the total
space D of a fiber bundle defined over a finite set V of n elements as the base
space with a fiber F}, at a base point p € V consisting of 4 dots:

F, —— D

|-
{p} — V.

The symmetric group Gy, acts on the total space D through permutation of all
4n dots. Let G C &4, be a maximal subgroup that preserves the fiber bundle
structure. In other words, G consists of those permutations that map each fiber
onto another fiber. Clearly, every element of G induces a transformation of ¥V, and
the kernel of the homomorphism G — &,, is G}, which acts on each fiber as a
permutation of the 4 elements. Thus we have obtained an exact sequence of
groups

CH G G,
and hence
Gy X6, =G C 6y
The passage from the paring scheme P as in Figure 2.2 to the graph I' as in
Figure 2.3 is the projection of the pairing scheme onto the base space V. From this

point of view, let us denote
m(P)=T.

T
17.;

FIGURE 2.4. From a pairing scheme to a graph through the pro-
jection of the fiber bundle.

The group G also acts on the set of pairing schemes P. If this action is fixed
point free, then we can identify the orbit space P / G with the set of all 4-valent
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graphs with n vertices. Note that if two pairing schemes P and P’ are on the same
G-orbit, then their stabilizer subgroups are isomorphic:

GP >~ GP/.
Let I' = 7(P) denote the graph obtained from the pairing scheme P, and IV =
m(P’"). Then these graphs should be defined to be isomorphic, and their auto-
morphism group can be defined by
Aut(F) =Gp.
Since the G-orbit G - P is related to the stabilizer Gp by
G-P=G/Gp,

we have the counting formula

|P| 1 1 1
T = |G-P|=— G/Gp| = —_—,
@ a2 16/6r=2 xum
~(P)eP/a =(P)eP/c
where I" runs all 4-valent graphs consisting of n vertices. We have thus established
a desired interpretation of the coefficient:

(4n — 1)1 1
2.11 — = _—,
(2.11) (An! 2 [Aut(D))|
I" 4-valent graph
with n vertices

In order to proceed further to more complicated integrals, we need to give the
precise definition of graphs and their automorphisms here.

2.3. Preparation from Graph Theory.

Definition 2.4 (Graph). A graph is a collection
r=mw,¢&,17)

consisting of a finite set V of vertices, a finite set £ of edges, and their incidence
relation

T:&— (VxV)/&,y
that maps the set of edges to the set of symmetric pairs of vertices. A vertex V'
and an edge F of a graph T is said to be incident if Z(E) = (V, V') for a vertex
V.
Remark. A graph is a visual object. We place the vertices in the space, and connect

a pair of vertices with a line if there is an edge incident to them. If an edge is incident
to the same vertex twice, then it forms a loop starting and ending at the vertex.

Let V and V' be two vertices of a graph I". The quantity
ayy = [I71(V, V)]

gives the number of edges that connect these vertices. The valence, or the degree,
of a vertex V' is the number

](V) = Z ayy: + 2avv.
V'ey
V£V
This is the number of edges that are incident to V. Note that when an edge is
incident to V twice, forming a loop, then it contributes 2 to the valence of V.
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Remark. To avoid unnecessary complexity, we assume that all graphs we
deal with in these lectures have no vertices of valence less than 3, unless
otherwise stated.

Definition 2.5 (Graph isomorphism). Two graphsI' = (V,€,7) and IV = (V', &', T)
are said to be isomorphic if there are bijections o : V = V' and 3 : £ — &'
that are compatible with the incidence relations:

£ —L— (VxV)/6,

| Joe
g I (Vv xV)/6,.

For example, the graph of Figure 2.3 and the graph at the bottom of Figure 2.4
are isomorphic. The notion of isomorphism of graphs should naturally lead to the
notion of graph automorphisms. However, we immediately see that there is a big
difference between what we need in Feynman diagram expansion and the notion of
graph automorphisms in a more traditional sense. Let us consider the case of n =1
in (2.11). We have a 4-valent graph with only one vertex. There is only one such
graph, which has two loops attached to the vertex. In terms of traditional graph
theory, the automorphism group should be G5, which interchanges the two loops.
But the formula we have established gives

3! 1 1

4x1 8  [Aut(D)]’
or |Aut(T")] = 8. This example illustrates that we have to define the graph auto-
morphism in a quite different way from the usual graph theory. To establish the
right notion of graph automorphisms for our purpose, we need to consider directed
graphs and the edge refinement of a graph.

A directed edge is an edge E € £ of a graph with an arrow assigned from the
vertex at one end of F to the other. There are two distinct directions for every
edge. A directed graph is a graph whose edges are all directed. There are 2/€
different directed graphs for each graph. For every directed edge E of a graph I’
that is incident to vertices V and V' (allowing the case V' = V’), we can choose a
midpoint Vg of it, and separate the edge E into two half edges F_ and E., such
that the order (E_, E}) is consistent with the direction of the edge. Thus E_ is
incident to (V,Vg), and E, is incident to (V',Vg). Vg is a new vertex of valence
2. The incidence relation of a directed graph is a map

IT:E3E+— (V,V)eVxV

without taking the symmetric product, where V' is the initial vertex of F and
V'’ is its terminal vertex.

Definition 2.6 (Edge refinement). Let I' = (V,€,7) be a graph with no vertices
of valence less than 3. The edge refinement of I" is a graph obtained by adding
a midpoint on each edge of I'. More precisely, choose a direction on I". The edge
refinement is a graph

Ie = (VUVg,g_ UE—HIS)

consisting of the set of vertices V U Vg, the set of edges £_ U £, and an incidence
relation Zg : E- U &L — V X Vg subject to the following conditions:
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14 E 14
[ 4 > L J
Directed Edge
14 E_ Vi E, v
@ L L]
Two Half Edges

FIGURE 2.5. Creating two half edges from a directed edge.

1. Ve = £ is the set of edges of the original graph that is identified with the set
of midpoints of edges;

2. £_ U &y is the set of half edges;

3. the incidence relation Z¢ is consistent with the original incidence relation,

namely

£~ YxVe —— Y Er — X L YxVe —— Y

£ —I - vxy oy, e L yxy 2.y
Remark. 1. The edge refinement is independent of the choice of a direction of

T". Indeed, let E be a directed edge of I' connecting the initial vertex V; and
the terminal vertex V;. Flipping the direction results in renaming the half
edges E_ and E and the vertices V; and V;, without altering the actual set
of vertices, half edges, and the incidence relation.

2. Since we are not allowing any vertices of valence less than 3 in T, the original
graph can be recovered from its edge refinement I'e uniquely. Indeed, T' is
obtained by throwing away all 2-valent vertices from I'¢, and connecting half
edges together when they meet.

3. The valence of a vertex V' € V of I' is the number of half edges of the edge
refinement I'g that are incident to V.

Definition 2.7 (Graph automorphism). Let I' = (V,&,Z) be a graph with no ver-
tices of valence less than 3. A graph automorphism of T is a triple («, ag, ) of
bijections a: V =V, ag : Ve — Vg, and f: E_UE, —~ £_UE, that are com-
patible with the incidence relation of the edge refinement I'e = (VU Ve, E_UEL, T¢)
of T:

EUE, —Z Vx Ve

| Jo

£ UE —ZE 5 VX Ve,
The group of graph automorphisms of a graph T" is denoted by Aut(T).

Example 2.2. There is only one 2j-valent graph I' with one vertex. Since every
edge is a loop, T" has j edges (Figure 2.6). There are 2j half edges in the edge
refinement of I'. Thus Aut(I") is a subgroup of &,; that acts on the set of half edges
E_U&, through permutation. Since a graph automorphism induces a permutation
of midpoints Vg, we have an exact sequence

(G2)) —— Aut(l) —— &,
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Therefore, Aut(I') = (&2)7 x &; C Sy;. In particular, it has 275! elements. We
note that from the point of view of traditional graph theory, there are only j!
automorphisms.

FIGURE 2.6. The unique 2j-valent graph with 1 vertex.

If a graph T" has no loops and its vertices have valance at least 3, then our
Aut(T") is the same as the traditional automorphism group. Historically, one of
the greatest motivations of graph theory came from applications to electric circuits
and communication networks. In a context of electric circuits or networks, it is
absolutely important to have 2-valent vertices, but loops are not welcome. In fact,
a loop is a short circuit in an electrical circuit, and there is no need for a loop
in a communication network. We need an alternative definition of automorphisms
because our intent of application is different. Now we are ready to show that our
definition is indeed the right notion for the Feynman diagram expansion we are
considering.

Definition 2.8 (Pairing scheme). Let I' = (V,&,Z) be a graph. For each vertex
V €V, we denote by j(V) the valence of V. Note that

> V) =2

Vey
is equal to the number of half edges of the edge refinement of I'. A pairing scheme
associated with graph I is a triple (D, 7, Zp) consisting of a collection D of a total
of 2|€| dots, a projection

m:D—Y
whose fiber at V consists of j(V') dots, and a bijection
IP :E_U 5+ ; D

satisfying the compatibility condition of incidence

EUE — X Vx Ve

- Jom

D —J V.

Two dots D, D’ € D are connected in the pairing scheme (D, 7,Zp) if there is an
edge E € & such that D = Zp(E_) and D' = Ip(E; ), whereE_ and E; are the
two half edges belonging to F with an appropriate choice of a direction of E.

A pairing scheme associated with a graph I' is not unique. Indeed, an automor-
phism of the fibration 7 : D — V transforms one pairing scheme to another.
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Definition 2.9 (Automorphism of fibration). An automorphisms of the fibra-
tion 7 : D — V is a permutation f of the dots D that preserves the fibration:

p_—I .p

(2.12) wl lﬁ
jj

y —— V.
Theorem 2.10 (Graph automorphisms and stabilizers of a pairing scheme). LetT' =
V,E,7) be a graph and (D,m,Ip) the pairing scheme associated with T'. By
St(D,m,Ip) we denote the stabilizer subgroup of the group of automorphisms of
the fibration m : D — V that fizes the given pairing scheme (D,n,Zp). Then we
have a natural group isomorphism

¢: St(D,m,Ip) ——— Aut(T).

Proof. Take an element f € St(D,7,Zp). It induces a bijection f: V — V as in
(2.12). Let E € &€ be an edge of I'. It determines a pair of dots (Zp(E_),Zp(E4))
that are connected. Since f stabilizes the pairing scheme (D, w,Zp), the pair of
dots (f(Zp(E-)), f(Zp(E4))) are again connected in (D,m,Zp). Therefore, it de-

termines an edge f(E) of I'. More precisely, we have a bijection
frE_UE —E_UEL

The fact that f is an automorphism of the fibration 7 : D — V implies that the

pair of bijections (f, f ) is an automorphism of the graph I'. This association defines

the homomorphism ¢. Clearly, the kernel of this homomorphism is trivial.
Conversely, let

(a:V—V,ag: Ve — Ve,5:E_UE — E_UEL)

be an automorphism of I'. Through the bijection Zp : £ U &, — D, [ induces
an automorphism f of the fibration 7 that is compatible with the other data:

Ve £ SuE DTy
g b
Ve £ EUEL 2D Ty

The automorphism f permutes the pairs of dots in D, stabilizing the pairing scheme
(D, 7, Zp). Thus the homomorphism ¢ is surjective. This completes the proof. O

Definition 2.11 (Connectivity of a graph). Two vertices V' and V' of a graph T’
are said to be connected in I if there is a sequence of vertices

V=V, Vi, Vo, V=V

in V such that (V;, V;11) are incident to an edge F; € £ foreveryi =0,1,2,--- ;n—1.
If every pair of vertices of I' are connected in I', then we say the graph itself is
connected.
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2.4. Asymptotic Analysis of 1 x 1 Matrix Integrals. We are now ready to
calculate the asymptotic expansion of

2m
1 1 tj
(2.13) Z(t,m) = — / exp (—:EQ) exp Z Zat | d,
V21 JRr 2 j:3]!

where m > 0 is an integer and

t=(t3,ta, s tom_1,tom) € C*™ 73 x Q.
From now on we use the domain
(2.14) Qe = {tom € C | m— € < arg(tam) < 7+ €}

for the asymptotic expansion in to,,, where € is a small positive real number. Since
Re(tan,) < 0, the integral (2.13) is absolutely convergent on C2™~3 x Q.. Choose
tom € Q. and fix it. Then Z((tg, tay s tom—1,tam), m) is absolutely and uniformly
convergent in (t3,t4, -+ ,tam—1) On any compact subset of C?™—3. In particular, it
has an absolutely convergent Taylor series expansion around the origin of C2™~3:

2m—1
1 1 ti tom
Z(t,m) = ﬁ /Rexp (—gxz) exp E ij!xj exp <(23n)!m2m) dx

Jj=3

2m—1 t'Uj

R R | i

v320,0420,+ V2, —1 20 j=3 ’

1 1 2 Z?M—l S ( tgm 2 )
c—— [ exp | —=x" | z%4i=3 IYex "™ | dx.
V2T ,/R P ( 2 ) P (2m)!

For a fixed (vs,vq,- - ,V2m—1), the integral of the last line of the above and its all
ton, derivatives are uniformly continuous on §2.. Therefore, as to,, — 0 while in
Q., we have an asymptotic expansion

1 1 2 2.""3_1jv- t2m 2
- I ZJ: 3 md
A(mAeXp< ZLE )iL’ exXp (2m)'x X

t1212m ]. ]_ 2 227713]4 J
_ m . - 23 3V .
> (@m)!)2m vam! ./_QW/RGXP( 2" )x ’ o

V2m>0

Let us denote by A(Z(t, m)) the Taylor expansion in (t3,t4,- - ,tom_1) € C>™73
and the asymptotic expansion in ta,, € Q. of Z(t,m). We have thus established

1 2 s2m am
2.15 A(Z t, = g N —3T Ej:SJ'Ujd | I J—
(2.15) (2(t,m) V2r /]Re ’ xj:g (413!

320,420, V2, >0

It is worth noting that the function Z((tg,t4, e ,tgm),m) is not continuous as
tom — 0 in Q.. This is why we have to use the above argument to establish the
asymptotic expansion of Z(t,m).

We still have to calculate the coefficients of the expansion. To this end, recall

the function
]. 1,..2 1 72
Z(J) = —/efﬁw T2 = e2”
(J) 5 ).
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of (2.8). It is easy to see that

—sz? D> gvy g,
—_— e 2% gpei=3Y%dy = [ — Z(J
\/27r/1R (dJ> )

J=0
Now consider the collection of dots D(vs, - - - , vam ), consisting of v; sets of j dots for
7 =3,4,---,2m. Since only the paired differentiation contributes 1 to the answer,
we have
d Z?;ng Jus
(ﬁ) Z(J) = the number of pairing schemes on D(vs, -+ , Vo).
J=0
Let V(vs,--- ,v2m) be the set of vertices consisting of v; vertices of valence j,
j=3,4,---,2m. Then there is a natural fibration
T D(U?,, . 7U2m) —_— V(’Ug, ‘e ,UQm)'
The automorphism group G of this fibration is given by
2m 2m
G = H 6}}] X H Gv]. C Gl’D(vg,~-~,U2m)\~
j=3 j=3
Let us denote by P(vs, -« - , va,, ) the collection of all pairing schemes on D(vs, « -« , Vo).
Then
1 1 P(’Ug,--' 7U2m)|
— [ e 3333 g =
/o /]R H UJU | ‘G|
1
=1 > |G- P|
[PleP(vs3,-- 7'027n)/G
1
=G > |G/GPl
[PleP(v3,-- 7U2m)/G
- X @
Jed
[PIEP(v3,+ ,v2m) [ G
=
At
where T" runs all graphs whose vertex set is equal to V(vs, - - , va,,). We have thus
proved
1 1 =y
2.16) A| —— / ex (——x2> ex g | da
( ) V2 Jr P 2 P ; J!

2m

o 2 e, T 1L €

I’ graph with vertlceq
of valence j=3,4,-

where v;(I") denotes the number of j—Valent vertices of the graph I'. The expan-

sion result is a divergent formal power series in Q[ts,t4, - ,t2,]] with rational
coefficients.



MODULI OF RIEMANN SURFACES 15

The number m chosen in the integral is artificial. Since the asymptotic expansion
makes sense only when we have a holomorphic function, we placed it so that the
integral Z(t,m) converges. As a result, we obtained an artificial constraint in (2.16)
that the graph I' cannot have any vertices of valence greater than 2m. In the rest
of this section, let us investigate the limit

Tim A(Z(t,m)).

First let us recall the Krull topology of the formal power series ring K|[[t]] with
coefficients in a field K. Let J,, = t"K|[[t]] be the ideal generated by t". The Krull
topology is introduced to the ring K[[t]] by defining the collection {7, }n>0 as the
basis for open neighborhoods of 0 € K[[t]]. Since J,+1 C Jn, we have a projective
system

s K[[t]/ T — K] T —— -

n>0
Therefore, the natural homomorphism
K[l — lim K[ /7

n

Note that

is injective, and hence they are canonically isomorphic.
In the same spirit, let us define the ring K|[[t1, ta,t3, - ]] of formal power series
in infinitely many variables as follows. We introduce the degree of each variable by

(2.17) deg(ty,) = n, n=1,2,3---.
There is a natural inclusion
(218) K[[tl7 t27 T 7t’m]] C K[[tl7 t27 T 7tm7 tm+l]]-

Let J denote the ideal of K[[t1,t2, - ,tm]] generated by all polynomials of ho-
mogeneous degree n. Note that if m > n, then the natural inclusion (2.18) induces

K([t1,ta, -+ o tml] /T = K[[t1,ta, sty tnga]] /T
We also have a natural projection
Kl[t1,t2, - s tm, tmga]] —K[[t1,t2, - b, tmga]]/ ()
K[t ta, - t]],
which induces a projective system
c— Kttt tan]]/ T — Klltte, o ]l /T —
We can now define

(2.19) K([t1,ta, t3, -] = im K[[t1,t2, -, t,]] /T

def «—
n

Let 7, denote the ideal of K[[t1,ts,t3, - -]] generated by polynomials of homoge-
neous degree n. This ideal is generated by a finite number of monomials of degree
n. By definition,

K[[tlat2at35 o ]]/jn = K[[t17t2a e 7tn]]/t7rr77
and we have

() Jn ={0}.

n>0
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The Krull topology of K[[t1,ts,t3,---]] is defined by identifying the collection
{Tn}n>0 as the basis for open neighborhoods of 0 € K[[t1,t2,t3,---]]. Since
jn OKHtlvt27"' 7th - 71n;

the induced topology on the subring
K[[t17t27 e 7tm” C K[[t17t27t3a o ]]

agrees with the canonical Krull topology of K|[t1,ta, - ,tm]]-
With these preparations, let us go back to the asymptotic expansion (2.16). For
a graph I' = (V,€,7), let us denote

v(T') = |V| = the number of vertices of T,

2.20
(220) e(T") = |&] = the number of edges of T.

As before, v;(I') denotes the number of j-valent vertices. It is easy to see that
1 .
(221) D) =), ) =53 o),
J J

Therefore, the degree of the monomial in (2.16) is given by

2m
deg Ht;}j(r) = 2¢(T),
j=3

which takes only even values. Although bounding v = v(T") does not bound the set
of graphs with v vertices, if we fix the number e(T"), then there are only finitely
many graphs with e(I") edges. Hence every coefficient of a monomial in (2.16) is a
finite sum. In particular, we can rearrange the summation of the asymptotic series
as

2m
1 v; (T")
Az onm) =5 S a6
n>0 T graph with e(I')=n j=3
and valence j=3,--- ,2m

and for every n > 0, the graph sum

1 2m )
DI F
J
I' graph with e(I')=n |Aut(F)| j=3
and valence j=3,--- ,2m
is a weighted homogeneous polynomial of degree 2n if there is a graph I' with
exactly n edges. We also note that the maximum of jv;(T") for every given graph
I’ does not exceed 2¢(I"). Therefore, for a fixed n and an arbitrary m > n, the
polynomial

(2.22)
2n
s 1 v; (T
A Z((t37t47"' ,t2m)>m) mod jzgnh = Z 7Htj ©
, [Aut(T)|
I' graph with e(I")<n j=3
and valence j=3,---,2n

S Q[[t37t47 e 7t2m]]/‘—7227?—li-1
= Q[[t3at4,t5a te 'H/j2n+1



MODULI OF RIEMANN SURFACES 17

is stable, i.e., it does not depend on m as long as it is larger than n. In the light
of this stability, let us consider a sequence of polynomials

A<Z((t3,t4, aa ,tzm)7m)> mod J2™ € Q[[ts,ta,t5,- 1]/ Tm

for m > 0. This defines an element of the projective system
- —— Qllts, tarts, 1]/ Tmyr —— Qllts, ta,ts, -]/ Tm —— -+

Definition 2.12. We define the limit of A(Z(t, m)) as m goes to oo as an element
of the projective limit of the above projective system:

lim A(Z((tg,t4,-~- ,tzm),m)>

m—00

_ {A(Z((tg,t4,~-~ ,tgm),m)) mod jm}

€ im Q[[ts, ta, t5, -1/ Tm

= Q[[t37t47t57 o H

Theorem 2.13 (Asymptotic expansion of the scalar integral). The asymptotic ex-
pansion A(Z(t,m)) of (2.16) has a well-defined limit as m goes to oo, and the
limiting formal power series as an element of Q|[ts, ta,ts5,- ]| is given by

m>0

2m

1 1 t;
lim A —/ex (——x2> ex Lol | da
m— o0 Vo Jr p 2 p Z ]'

j=37"

_ 1 1700
=2 > |Aut(F)\j1;[3tj '

n>0 T graph
with e(I)=
For every fited n > 0, the graph sum is a finite sum, and the product Hj t;’j(r) 8 a
monomial of degree 2n.

Remark. If we set t; = 0 for all j > 3, then the integral has value 1. This corre-
sponds to the homogeneous degree 0 term of the formal power series in the right
hand side. Since it means e(I') = 0, and since we are not allowing any vertex to
have valence less than 3, the graph I' = (V, £,7) is an empty object. Therefore, we
define

0
2 : 1 v; (T)
_ 7 = 1
[Aut(T)| jI:Ig L

I" graph
with e(I")=0

to make the equality hold for all cases.

Proof. The only remaining thing we have to check is that for every n > 0, the
weighted homogeneous polynomial

2n
1 vy ()
(2.23) > A gtj

I" with
e(I)=n
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of degree 2n appears in the element

(2.24) {A(Z((t3,t4,'~' ,tgm),m)> mod jm}
m>0

of the projective limit, and that it is stable as m tends to co. From (2.22), if

we choose m > 2n + 1, then the homogeneous polynomial (2.23) appears in the

sequence (2.24) and is stable for sufficiently large m. This completes the proof. O

2.5. The Logarithm and the Connectivity of Graphs. For our purpose of
using graph theory in the study of the moduli spaces of Riemann surfaces, we need
to consider connected graphs. In the asymptotic expansion of Theorem 2.13, all
graphs, connected or non-connected, appear in the right hand side. How can we
restrict the sequence to have only connected graphs?

As we have seen, the power series in an infinite number of variables

(2.25)

2n
f(t):f(t37t47t5,~-~):z Z mnt;jm € Q[[ts tasts, -]
j=3

n>0 T graph
with e(I")=n

is a well-defined element. Therefore, its subseries

(2.26) h(t) = hlts, tayts, ) = 3 3 |Aut1(r)| e
Jj=3

n>0 T connected
graph with e(I')=n

is also well-defined.

Remark. We considered the case when the graph I was an empty object in the last
section, and gave the value 1 to the leading term of (2.25). This means that an
empty set is counted as a graph. However, we do not consider an empty graph
to be connected. This is consistent with the definition of a connected topological
space, which dictates that an empty set is not connected. This is the reason our
series h(t) of (2.26) does not have the constant term.

Theorem 2.14 (Sequence of connected graphs). Let f(t) and h(t) be as above.
Then

(oo}
1 m
) =" =% (h(t)"
m=0 :
Proof. The order of a formal power series in Q[[ts, t4,ts5, - ]] is the degree of the

lowest degree non-zero homogeneous polynomial (called the leading term) that
appears in the series. Thus h(t) has order 4, and the leading term corresponds to
the unique graph with one vertex and two edges. In particular,

(h(t))m € Jk
if 4m > k. Therefore,
(fih(t) mod Jk) € Qlts, ta, -, th—1]

is a polynomial with rational coefficients for every k > 0.
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Now consider the graph expansion

1 m_ 1 T 1 w3 (T)
2.2 — (h(t = — g _ to " d .
I'y,lg, I i=1 7j=>3
e(l"i)<k'
Let
=0 UTyU---UT,,

be the graph with m connected components I';, ¢ = 1,2, -+ ,m. Obviously, we have

Aut(T) = <ﬁAut(Fi)> X Gy

In particular,

m

1 1 1
(2:28) A~ i LL [y

Because of the construction of I', we also have

(2.29) H t;_)j(F) _ H t;.’f(rlu---UFm) _ ﬁ H t;j(l“i).

Jz3 j=3 i=15>3
From (2.27), (2.28) and (2.29), we obtain
1 m 1 v; ()
—(h(t = _ t.’ d .
m!( (1)) Z Aut(D)] H y mod Ja,
I" graph with m connected j>3

components and e(I')<k

Since the bound on e(T") also bounds the number of connected components in T,
we have

1 .
h(t) — 03 (@) d
‘ 2y LT med
I’ graph with j>3
e(T)<k
= f(t) mod Jax
for every k > 0. This establishes f(t) = e"®. O

The formal power series

f>o(t) = f(t) = f(0) = f(t) =1

has a positive order. Therefore,

tog (1) = — 3 X (o)™ € Qb ]

m
m>1

is well-defined. Of course it is h(t):
log f(t) = h(t).

In the same way as in the previous section, we can establish the equality for the
asymptotic series that contains only connected graphs:
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Theorem 2.15 (Asymptotic expansion with connected graphs). As an element of
Q[[t3, ta,ts, - -]], we have an equality

2m
1 1 t:
lim log A —/ex <—:c2> ex Lad | dx
lim log 5= /.o (3 p jz::g]!

1 2n o
(T
= ||t
PO D TR L .
n>0 T connected =3
graph with e(I")=n

Remark. The factor 1/j! accompanying ¢; in the integral is introduced so that the
asymptotic expansion has a natural interpretation as the generating function of
the reciprocal of the orders of graph automorphism groups.

2.6. Ribbon Graphs and Oriented Surfaces. We have found in Theorem 2.15
the generating function of the orders of the automorphism groups of connected
graphs. Our next challenge is to restrict the graphs to be drawn on a surface, in
particular a Riemann surface. The shape of the right hand side of the asymptotic
formula inevitably becomes more complicated, because it should contain informa-
tion of the genus of the surface on which a connected graph is drawn, while the
left hand side has amazingly simple generalizations. In the next two sections we
develop the extensions of the left hand side of the formula to deal with graphs
on surfaces. In this section, we identify the conditions we have to impose on the
graphs so that they are placed on a surface. For historical remarks on the research
on graphs embedded in surfaces, we refer to Ringel [?].

Suppose we have a graph drawn on an oriented surface. The orientation of the
surface determines a cyclic ordering of the edges incident to each vertex. This
consideration motivates our definition of ribbon graphs.

<L, 1)

FIGURE 2.7. A graph drawn on an oriented surface. At each ver-
tex, the orientation of the surface determines a cyclic ordering of
the edges incident to the vertex.

Definition 2.16 (Cyclic ordering). Consider a set X of j labeled objects, and let
G be a subgroup of the symmetric group &;. A G-ordering on X is a coset of the
quotient space &;/G. When G = Z/jZ is the cyclic group of order j, we simply
say the G-ordering a cyclic ordering.

Remark. An element of &; / G gives an ordering of the j elements of X that is
invariant under the G-action. Therefore, when G = &;, the G-ordering means no
ordering. The {1}-ordering is thus the same as the ordering in the usual sense, and
there are j! different ways of ordering the elements of X.
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Definition 2.17 (Ribbon graphs). Let I' = (V,£,7) be a graph, and I'¢ its edge
refinement. A cyclic ordering of edges at a vertex V' € V means a cyclic ordering
of the set of half edges incident to V. A ribbon graph structure C on I is the
collection of cyclic ordering at every vertex of I'. A ribbon graph is a graph with
a ribbon graph structure. We use the notation ' = (T',C) to indicate a ribbon
graph. The graph T is the underlying graph of a ribbon graph I'®.

Remark. The terminology ribbon graph was first used by Kontsevich in [?]. Ear-
lier, the same object was called a fatgraph by Penner [?], but the notion was
well-known to the graph theory community for long time and called by different
names, such as a map of a surface. A cyclic ordering is commonly referred to as
a rotation or a rotation system in the literature ([?], [?]). We adopt the new
terminology due to Kontsevich, that best represents the nature of the object.

Definition 2.18 (Ribbon graph isomorphism). Let (I',C) and (I,C’) be two rib-
bon graphs. A graph isomorphism of the edge refinement

¢:F£ ;) F/El

induces the pull-back ribbon graph structure ¢*(C’). The ribbon graphs (I',C)
and (I',C’) are said to be isomorphic if C = ¢*(C’).

To visualize a ribbon graph I'?, let us provide an oriented plane (with the ori-
entation represented by a counter clockwise rotation), and place every vertex on
the plane so that the cyclic ordering of half edges at each vertex is drawn in the
order of clockwise rotation. Since the half edges incident to a j-valent vertex V'
are cyclically ordered, let us prepare indices i;,%2,--- ,i; to name each half edge.
But instead of using a single index to name a half edge, we use double indices
i1@2,1213, - -+ ,4;41 for the j half edges incident to V. In this way we can keep track
of the cyclic ordering better. Since we use double indices, we can also use double
lines to represent half edges. Now a half edge looks like a ribbon. This ribbon is
a subset of the oriented plane, and hence it inherits the natural orientation. The
orientation of each ribbon can be presented by an arrow on its boundary that is
consistent with the orientation of the ribbon. Thus a j-valent vertex V looks like
one in Figure 2.8.

When two vertices V' and V'’ are connected by an edge, it is done in a way
that the orientation of the half edges are consistent (Figure 2.8). Thus we have an
oriented topological surface with boundary as a visualization of a ribbon graph I'Z.

Definition 2.19 (Boundary circuit of a ribbon graph). Let ' = (T,C) be a rib-
— —3 —
bon graph, and £ and E 5 be two directed edges of I". The edge F 5 is said to

be the successor of the edge ﬁl at vertex V if the half edges F14 and FEsy_ are
incident to V', and E5_ is right after E1, with respect to the cyclic ordering at the

vertex V. A sequence (E)o, Vo, ﬁl, Vi, ,fn, V..) of directed edges and vertices
is said to be a boundary circuit of I'? if

1. the directed edge §i+1 is the successor of EZ at the vertex V; for i =

071a"' 7n_1a
— —
2. (En,Vn) = (E(),V()); and
——1 —
3. Eo,Eq, -, E,_1 are distinct as directed edges (i.e., the same edge can

appear in a sequence up to twice with opposite directions).
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a.

i \Y) 3
iy L)

FiGURE 2.8. Two vertices with cyclic ordering connected to one
another with a consistent orientation. A half edge labeled by iyis
is connected to a half edge labeled by ajas. In this example, the
outward line ¢; from V is connected with the inward line as going
into V', and the outward line a; form V' with the inward line s
going to V.

In the topological visualization of the ribbon graph I'’, the boundary circuit

(ﬁo,%, E)l,Vl,--- ,E)H,Vn) is an oriented circle with n segments. We denote
by b(I'®) the number of boundary circuits of a ribbon graph I't.

FIGURE 2.9. An example of a ribbon graph with two vertices,
three edges and one boundary circuit.

As we have observed in Figure 2.7, a graph drawn on an oriented surface is
naturally a ribbon graph. Conversely, a connected ribbon graph has a canonical
embedding into an oriented surface. Let I'" be a ribbon graph. Since its boundary
circuit is an oriented circle, we can glue an oriented disk to each boundary circuit
with consistent orientation. Then we obtain a compact oriented topological surface
on which the underlying graph I' is drawn. Let us denote by ¥Xrr the compact
oriented topological surface thus obtained. The topological type of Xrr minus
b(T') points is the same as the graph I'. The genus of the surface is determined by
the equation

(2.30) 2 —29(Xrr) = X(Zrr) = v(T) — e(T) + b(TH).

By comparing Figure 2.7 and Figure 2.9, we see that the compact surface Xpr for
the ribbon graph Figure 2.9 is a torus. Indeed, we have

2—-29=2-34+1=0,
hence g = 0.
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Definition 2.20 (Ribbon graph automorphism). A ribbon graph automorphism
is an automorphism of a graph that preserves the cyclic ordering at each vertex.
The group of automorphisms of a ribbon graph I'? is denoted by Aut(I'f). The
group of ribbon graph automorphisms that fix each boundary circuit is denoted by
Autb(FR).

Remark. We have a natural subgroup inclusion relation
Auty(TH) ¢ Aut(TF) C Aut(T),

where T is the underlying graph of a ribbon graph I''*. When we study the orbifold
structure of moduli spaces of Riemann surfaces, we use the more restricted auto-
morphism group Aut,(I'#). On the other hand, in the Feynman diagram expansion
of Hermitian matrix integrals, it is the group Aut(I'®) that naturally occurs.

We have thus established an intrinsic condition for the graph to be drawn
on an oriented surface. We can write down a generating function of the ribbon
graph automorphism groups. Our next attention is the analysis counterpart of this
generating function.

2.7. Hermitian Matrix Integrals. The goal of this section is to identify the
asymptotic expansion of a Hermitian matrix integral

2m
1 1 ts )
2.31) Zy(t,N;m)=— exp | —=trace(X?) ) exp Ztrace(X?) | dX
C 2
N JHNn =

in terms of ribbon graphs. Here Hy denotes the space of all N x N hermitian
matrices, and for X = [zij] € Hy, dX is the standard Lebesgue measure on
Hy = RN

N

i=1 i<j
We note that

trace(X?) = trace(X'X) = Z(Jm)? + QZ(Re(ﬂ?z‘j))z + QZ(Im(zij))Z

i i<j i<j
is a positive definite quadratic form. The overall normalization constant is chosen

to be
Cn = / exp <ltrace(X2)> dX
Ha 2

N
2.32 IS¢
( ) = /]RN2 exp —5 Z.’L’ijxij H dxii HdRe(x”) A dIm(x”)
1,7 =1 1<)
2

= (Vor )V eNW02 = (Vo) ()t
The integral Zy(t, N;m) is absolutely convergent for Re(ts,,) < 0 and arbitrary
ts,tg, - ,tam—1. Therefore, Z3(t, N;m) is a holomorphic function in

t= (t3,t47 e at2m—1at2m) S C2m73 X Qev

where 2, is the same domain as in (2.14). In exactly the same way as in the case
of the scalar integral (2.15), we obtain the expansion of Z3/(t, N;m) as a Taylor
series in t3,t4, -+ ,tom_1 and an asymptotic series in to,,:
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(2.33)  A(Zy(t,Nym))

2m vj 2m
1 iy’ 1 5 s
— _ J J
= on Z H oo /H exp ( 2trace(X ) H (trace(X7)) 7 dX.
v320,04 20, ,v2m >0 j=3 N Jj=3
We use the following lemmas to calculate this last integral.
Lemma 2.21 (Hermitian matrix differentiation). Let J = [yij]1<ij<N be a Her-
mitian matriz valued variable, and let o
7= ]

0J — L% ]i<ij<n’

Then <
a2\’ ¢ INY.
trace { o= exp (trace(X"J)) = (trace(X7))".
J=0
Proof. A simple calculation shows
9 J
(2.34) trace (E) exp (trace(X*J))
J=0
0 0] 0
= to exp LabYab
a QQZ a Oayar Wasas ayajal gb:
Y2, Ay ’ J=0
= Zaya:%azas " Tazay = trace(X7).
Here we have used the fact that
a = 51 0 )
ayij Yab a?jb
and in particular, if i # j,
0 o _ 0

o Yi = 5 Yy =

Ayij dyij "
The desired formula follows from repeating (2.34) n-times. O

Lemma 2.22 (Source term for Hermitian matrix integral). Let J = [yij]

o d
and == = [ }
07 7 1% J1<ij<n

1<i,j<N

be as above. Then

2 e (—%trace(ﬁ)) (trace(X7))"dX

Cn HN
a\\ /1 ,
= <trace <$) > exp <§trace(J ))

Proof. Since the integral is absolutely convergent, we can interchange the integra-
tion and the differentiation with respect to a parameter, and we obtain

J=0

— exp (ltrace(XQ)) (trace(Xj))ndX
CN HN 2

:C_lN /HN exp (—%traee(X2)> (trace (8%)])” exp (trace(X*J))

dX
J=0




MODULI OF RIEMANN SURFACES 25
o\ 1 1
= [ trace | — —/ exp | —=trace(X?) | exp (trace(X'J)) dX
8J CN HN 2 7—0
AN 1 1
= (trace (%) > O /HN exp (—§trace(Xt - J)2> exp (gtrace(J2)> dX
a\\ /1 ,
= <trace (ﬁ) > exp <§trace(J ))

where we used the translational invariance of the Lebesgue measure dX on Hy and
the fact that trace(X?) = trace((X")?) and trace(X'J) = trace(JX"). O

J=0

)

J=0

As in the case of scalar integral, the quantity

ﬁ (trace (%>j>vj exp <%trace(J2))

Jj=3 —

is non-zero only when a pair of %% in the differential operator operates on the
ij

exponential function exp (5trace(J?)). Note that

0 ieXp (ltrace(J2)>

0 0 1
XP 15 Z Yab Yba

. = — . —¢
Oyij  Oyke 2 =0 9Yij Oyre 2
a,b J=0
1
(2.35) =3 Z(5ia5jb5kb5za + 0ib05a0kaden)
a,b

1
25(51‘6(5]% + 0:00)
:(51‘[(5]‘;9.

As before, let us introduce a set of dots D grouped into v; sets of j dots for given
indices v3,v4,+ , V2. Thus

2m
D= jv;.
=3

Since we are dealing with the differentiation by a matrix variable, a group of j dots
are labeled with double indices like

ajaz azas3 ajal
and these labels introduce a cyclic ordering of the dots. From (2.35), we know
that each pair of dots (e;;, ®x,) in the differential operator contributes d;¢0;% in the

computation of the derivative. Thus we have

2m 5\ Y
2\’ 1 5
H (trace (ﬁ) > exp (itrace(J ))
J=0

_ R N

(P pairing scheme) (all indices) ®;; and e,
are paired in P

As before, the fibration 7 : D — V is defined by mapping a group of j dots to a
j-valent vertex. The projection changes a pairing scheme into a ribbon graph I'?.
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To visualize the transition, consider the case that e;,;, is paired, or connected, with
®.,q,- The dot e; ;, is one of the j dots cyclically ordered. So it can be identifies
with a half edge of a j-valent vertex V that is placed on an oriented plane. The
other dot e;,;, belongs to another set of cyclically ordered dots, so we can identify
it with a half edge of another vertex V’. (Of course it is possible that V' = V’.) The
contribution from this pair, d;,4,9i,4,, can be visualized by connecting the outgoing
line labeled by 4; from V with the incoming line as at V', and iy with a;. On the
ribbon graph level, the connection is exactly the same as in Figure 2.8. Thus the
quantity 0;,4,9%i,4,, called a propagator in QFT, is attached to an edge E, and the
factor d;,4, represents one of the oriented boundaries of the ribbon and the other
factor, di,4,, the other oriented boundary.

FI1GURE 2.10. A propagator around a boundary circuit that is an
n-gon.

What happens if we follow a boundary circuit starting with, say 6;,7 The next
dot ey, represents a half edge incident to vertex V' that follows e, in the cyclic
ordering at V'. It is connected to another dot, say ep,. Then the factor of the
next propagator following d;¢ is d¢p. In this way, we have a sequence of factors of
propagators

5iZ6€p5pq e 5st6ti

along a boundary circuit of the ribbon graph I'®. Note that
D> Gitbuplpg - sy = trace(I") = N,

3,0,p,q, -+ ,8,t
when the boundary circuit is an n-gon (Figure 2.10). Therefore, the product of all
propagators for all edges, after taking summation over every index involved, gives
NPT where b(T'?) is the number of boundary circuits of I'%.
We have noted that the fibration 7 : D — V has an extra structure for the
case of Hermitian matrix integral. For every vertex V € V), the fiber has a cyclic
ordering. Thus the automorphism of the fibration is

2m 2m
¢ =[] z/iz)" <[] &.,.
j=3 j=3
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whose order, Hj j%v;!, appears in the coefficient of (2.33). In the same way we
proved for the regular graph, the stabilizer subgroup of G of a pairing scheme is
identified with the ribbon graph automorphism group. We thus have

2m AN
H j”ﬂ'lvj! (trace (%) ) exp (%trace(JQ))
=5 J=0

_ 1 b(rR)
= 2 Awcr) Y

' ribbon graph
v; (D®)=v;,j=3,- 2m

Plugging it back to (2.33), we obtain

2
AT ﬁ i (0
¥ .
j=3

(2.36)  A(Zn(t,N;m)) = >

T'% ribbon graph
with valence j=3,4,---,2m

[Aut(TF)]

The argument of the Krull topology and taking the logarithm for the connected
graphs are the same as before. Finally, we have established

(2.37)
- ) — 1 b(TR) T 425 ()
H%Enoo log A(Zy(t, N;m)) = Z |Aut(FR)\N Htj .

T'E connected ribbon graph 7j>3

2.8. Mobius Graphs and Non-Orientable Surfaces. We have observed that
a cyclic ordering of half edges at each vertex of a graph is an intrinsic condition
for the graph to be drawn on an oriented surface. Let us now turn our attention
to graphs drawn on a non-orientable surface. What is an intrinsic condition for a
graph to be on a non-orientable surface? And how do we find a canonical embedding
of a graph into a non-orientable surface? Before answering these questions, let us
review some basic facts about non-orientable surfaces.

FIGURE 2.11. A Mobius band.

The simplest non-orientable surface is a Mobius band (Figure 2.11). It is created
by gluing one pair of parallel edges of a rectangle in a certain manner. We start
with an oriented rectangle. Note that the orientation induces a natural orientation
of the boundary edges. If we glue a parallel pair of edges in a way preserving the
orientation, then we obtain an oriented cylinder. On the other hand, if we glue the
same parallel edges in a way inconsistent with the orientation of the rectangle, then
we obtain a Mobius band (Figure 2.12 top). The boundary of a Mobius band is a
circle. The homotopy type of a Mobius band is that of a circle, and hence, it has
Euler characteristic 0.
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FIGURE 2.12. Making a Md&bius band from a rectangle.

It is well-known that when we cut a Mobius band along the middle circle, we
obtain an orientable cylinder (Figure 2.12 bottom). Following this cutting pro-
cess backward, we see that a Mobius band can be constructed by identifying the
antipodes of the top circle of a cylinder (Figure 2.13).

)
i

FIGURE 2.13. Mobius band is obtained by identifying the an-
tipodes of the top circle of a cylinder.

Compact non-orientable surfaces without boundary are classified by their Eu-
ler characteristic, which takes all integer values less than or equal to 1. A non-
orientable surface of genus g, denoted by X, is constructed as follows. First
we remove g + 1 disjoint disks from a sphere. We then glue a Mébius band to each
boundary circle. The surface thus obtained is non-orientable and compact without
boundary. Since a Mdbius band has Euler characteristic 0, X, has Euler charac-
teristic 1 — g. We note here that gluing a Mdbius band to a boundary circle is
topologically the same as identifying the antipodes on the boundary circle. There-
fore, Xg is homeomorphic to a real projective plane 5’2/<L>, where ¢ : §2 — 5?2 is
the map of a sphere that interchanges the antipodes. X can be also constructed
by attaching a disk to the boundary of a Mdbius band.

A non-orientable surface X; of genus 1 is best known as a Klein bottle. It is
constructed by gluing the two ends of an oriented cylinder in a way inconsistent
with the orientation chosen (Figure 2.14).

FIGURE 2.14. A Klein bottle.

Of course it is the same as gluing two Mobius bands to a two-punctured sphere.
To see that these two different constructions give the same result, let us start with
the standard construction, Figure 2.15 top left. Recall that gluing a Mébius band
is the same as identifying the antipodes of a boundary circle. First, we cut out a
piece ABEDGF from the sphere (Figure 2.15 top right). We then flip the cut-out
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piece over, and glue it back to the surface (Figure 2.15 bottom). Since we cut the
surface along the line segment AB, the segment becomes two arcs a and g. Arc
g is at the bottom of the colored piece of Figure 2.15 bottom, because the piece
is flipped over. Similarly, the line segment GD becomes two arcs ¢ and e. Arc d
represents the same arc AHG, and b is equal to BC'D. Originally the arc AFG is
glued to AHG by identifying the antipodes of the circle. But since the cut piece
is flipped over, arcs d and h are now glued straight, as indicated in Figure 2.15
bottom. The same gluing is done to arcs b and f. At this stage, the surface we
have thus constructed is again a sphere with two disks removed. Note that it is
homeomorphic to a cylinder. The pair-wise identification of a = ¢g and ¢ = ¢ is
indeed the same as gluing two ends of an oriented cylinder in a manner that is
inconsistent with the orientation.

KB @

FIGURE 2.15. Two different constructions of a Klein bottle.

The above consideration shows that gluing two Mobius bands to two boundary
circles of an oriented punctured sphere is the same as gluing these two circles in
an orientation-inconsistent manner. We can now modify our previous construction
of X, in a more visual way. First, let us consider the case when g = 2k is even.
We remove g + 1 = 2k + 1 disjoint disks from an oriented sphere. To one of the
boundary circles, we glue a M&bius band. We note that the surface is already
non-orientable. Out of the remaining g = 2k boundary circles, let us form & pairs
of two circles. Instead of gluing two Mobius bands to a pair of circles, we simply
attach a cylinder. Of course we have to connect the two circles in an orientation-
inconsistent manner, but since the surface is already non-orientable, we can simply
connect the two circles in whichever way we want. In particular, we can just attach
a cylinder, or a handle, to a pair of circles. The surface thus obtained looks like
one in Figure 2.16.

Now consider an oriented surface 4 of even genus g = 2k. It has an orientation-
reversing involution

LYy — Xy
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FIGURE 2.16. A non-orientable surface X5 of genus 2. It is ob-
tained by gluing a Mobius band and a cylinder to a 3-punctured
sphere.

An easy way to visualize it is to place the surface ¥, with half of the handles in one
side. An orientation-reversing involution can be given by the antipodal mapping
around the center of the surface (Figure 2.17). It is now obvious that

Xy 2%, /(1.

We note that the center of the antipodes is not on the surface. Thus the action of
the involution does not have any fixed points on the surface.

FIGURE 2.17. The antipodal map as an orientation-reversing in-
volution of an oriented surface of even genus. The center of the
antipodes is not on the surface. Thus the involution does not have
any fixed points on the surface.

The case of an odd genus g = 2k + 1 is almost the same. We start with an
oriented sphere with g+ 1 = 2k + 2 disjoint disks removed. Let us pair all boundary
circles into k£ + 1 groups. To the first pair, we attach an oriented cylinder in an
orientation-inconsistent manner. It makes sense because both the cylinder and the
(9 + 1)-punctured sphere are oriented. The surface thus obtained is non-orientable
and has still 2k boundary circles. We then attach a cylinder to each pair of circles
to make a compact non-orientable surface without boundary. It looks like one in
Figure 2.18.

)
-

J

FIGURE 2.18. A non-orientable surface X3 of genus 3. The two
boundary circles have the natural orientation coming from the ori-
entation of the surface. The circles are glued to one another in an
orientation-inconsistent manner.

As before, for an odd genus case, we can also find an orientation-reversing invo-
lution ¢ of an oriented surface ¥, of genus g such that X, is the quotient of ¥, by
the involution (Figure 2.19).

Thus we have shown the following.
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FIGURE 2.19. An orientation-reversing involution of an oriented
surface of odd genus.

Proposition 2.23 (Oriented covering of a non-orientable surface). For every com-
pact non-orientable surface X, of genus g, there is a compact oriented surface X,
and an orientation-reversing involution v : ¥y — X4 such that

X,=25, / (v).
Remark. Since ¢ does not have any fixed points, the quotient is a topological man-
ifold, and we have

X(X,) = 2 X(Z,) = 1-g.

Proposition 2.23 motivates us to introduce the notion of Mébius graphs. These
are the graphs drawn on an orientable or non-orientable surface.

Definition 2.24 (Mdbius graphs). A 2-color ribbon graph is a ribbon graph with
an element of Z/27 assigned to every edge. An orientation-color change at a
vertex is an operation on a 2-color ribbon graph that reverses the cyclic order of
the vertex and the color of an edge by adding 1 € Z/2Z if one of its half edges
is incident to the vertex. Thus if an edge is doubly incident to a vertex, then
the color of this edge does not change after an orientation-color change at the
vertex. Two 2-color ribbon graphs are said to be equivalent if one is obtained
from the other by a successive application of orientation-color change operations.
An equivalence class of a 2-color ribbon graph is called a Mdbius graph. A
Mobius graph automorphism is a pair consisting of a permutation of vertices
and a permutation of half edges that preserve the incidence relation, color at each
edge, and either preserve or reverse the cyclic ordering at each vertex. We can make
a ribbon graph a Mobius graph by giving color 0 at each edge. A Mobius graph is
said to be orientable if it is equivalents to a ribbon graph, and non-orientable
otherwise.

We can give a topological realization of a Md&bius graph by indicating the
color of an edge with twisting (color 1) or no twisting (color 0). The topological
realization is an orientable or non-orientable surface with boundary. Figure 2.20
shows two equivalent Mobius graphs. We note that a Mobius graph has boundary
circuits, which are the boundary components of the topological realization, but
they are no longer canonically oriented. We can construct a compact connected
surface Y, orientable or non-orientable, from a connected Mébius graph I'M by
attaching a disk to each boundary circuit of T'*.

Remark. The notion of Mobius graphs has appeared in the literature in many dif-
ferent names, such as voltage graphs with a rotation system and the voltage group
Z./2Z (cf. [?]). The graphs on a surface, orientable or non-orientable, are studies
in the context of map coloring problem for surfaces of genus g > 1 in [?]. Since we
do not consider any other voltage groups than Z / 27., we use the more topologically
appealing terminology.
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FIGURE 2.20. Two equivalent Md&bius graphs consisting of two
vertices, three edges, and one boundary circuit. The graphs are
interchanged one another by an orientation-color change operation
at the right hand side vertex.

The opposite of a ribbon graph is the ribbon graph obtained by reversing the
cyclic order at every vertex. Generically the opposite is a different ribbon graph,
but they are equivalent as a Md6bius graph.

For every connected non-orientable Mobius graph I'M | there is a connected ori-
entable M&bius graph I'? and a fixed-point free involution ¢ : I'? — I'? such that

(2.38) ?/() =M,

We call T'? the covering graph of '™, which is unique up to isomorphism. This
corresponds to the situation of Proposition 2.23.

The construction of I'? is as follows. First we apply the orientation-color change
operation, if necessary, to place all vertices of I'™ on an oriented plane so that
the cyclic ordering at each vertex is consistent with the orientation of the plane.
(Of course T'M does not have to be planer and its edges may not be placed on the
plane.) We then prepare two copies of I'™, calling them I'™ and T” M Let E be
an edge of '™ of color 1, incident to vertices V; and Va (which can be the same
vertex), and E’, V{ and V4 be the corresponding edge and vertices of I’ . Remove
E and E' from T™ UT'™ and connect Vi and v} with an edge ViV, and give it
color 1. Likewise, connect Vo and V; with an edge V' V5 and give it color 1. Let us
call this procedure cross-bridge construction (see Figure 2.21).

V, % V. e . V.
1 2_}1%/ 2
v, . .V Vl./\<.Vl

FIGURE 2.21. The cross-bridge construction.

The covering I'? is obtained by applying the cross-bridge construction to every
edge of I'M of color 1. The involution ¢ maps every vertex V € I'M to its counterpart
V' e I'™, every edge of color 0 of I'M to its counterpart of I'™ preserving its
incidence, and a new edge V41V to its cross-bridge partner V/Va. Figure 2.22 shows
the covering graph of the Mébius graph of Figure 2.20.

Let us show that I'? is orientable. First, consider the subset of I'M consisting of
all vertices and edges of color 0. On this subset we can introduce an orientation
consistent with the oriented plane. To the counterpart subset of I M, we give the
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=3 H3

FIGURE 2.22. The covering graph I'? of Figure 2.20. It has 4
vertices, 6 edges, and 2 boundary circuits. The Mobius graph
on the left is equivalent to the ribbon graph on the right. The
180° rotation ¢ about the vertical line L is an orientation reversing
involution, and the quotient I'? /(1) is the original Mébius graph of
Figure 2.20.

opposite orientation. These two subsets of I'> are connected only with edges of
color 1. Therefore, the orientation of the subsets can be extended consistently to
the whole graph I'?. By construction, the involution ¢ is orientation reversing with
respect to any orientation we choose on I'?. To see that the covering does not
depend on the choice of an element of the equivalence class of I'M | let us apply an
orientation-color change operation at a vertex V of '™, and call it F{‘f . The cross-
bridge construction is performed on ' and its copy I” J‘y to make the covering
F%,. Let V' be the copy of V on I ]‘\,4 Apply the orientation-color change operation
simultaneously to V and V', and then interchange V' and V’. This operation makes
I'2, and I'? equivalent.

We note that the covering I'? has twice as many boundary circuits as I'™ does.
It follows from the fact that a boundary circuit of a Md&bius graph always passes
through even number of twisted (i.e., color 1) edges. To see this, consider an e-
neighborhood B, of a boundary circuit of the topological model of the graph that
passes through n twisted edges. The e-neighborhood B, is orientable since it is a
part of the disk attached to create the compact surface ¥pn. We note that B
consists of n twisted e-bands and other non-twisted bands. Since it is orientable,
n is even. Now, from the cross-bridge construction, one sees that the lift of a
boundary circuit of T'™ consists of two boundary circuits of I'? of the same length.

The fixed-point free and orientation-reversing involution

T2 — 12
induces a fixed-point free and orientation-reversing involution
(239) 2 sz — EFZ

of the compact orientable surface 2. The quotient surface Xr2/(:) is the non-
orientable surface Y.

Let T'™ be a connected non-orientable Mébius graph. The genus g(T'™) of '™
is the genus of the compact orientable surface Y2 associated with the covering
I'2 of TM. Let v(I'M), e(T'M), and b(I'M) (resp.) denote the number of vertices,
edges, and the boundary circuits of I'™ (resp.). Then we have the genus-Euler
characteristic relation

(2.40) o(TM) — e(TM) + p(TM) =1 — g(T'M),
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since the Euler characteristic of Y2 is 2 — 2¢(I'?) and since I'? is a double covering
of TM.

2.9. Symmetric Matrix Integrals. (This section is under construction.)

Our next target is an integral over the space of real symmetric matrices. Let Sy
denote the space of all real symmetric matrices of size N. The goal of this section
is to identify the asymptotic expansion of

2m

1 1 t; ,
(2.41) Zs(t,N;m) = C'_/ exp (—ﬁtrace(X2)> exp Z %trace(X]) dX,
N Jsy =

where the overall normalization constant Cy and the coefficient 1/¢; of the param-
eter t; are determined later.

First of all, we have to define the measure of integration dX. Let X = [mij]ij
be a real symmetric matrix of size V. Since x;; = x;, we define

dX = /\ dl‘ij A /\dl‘ii.
i<j i

The measure dX is the standard Lebesgue measure of Sy, which is a real vector
space of dimension N(N + 1)/2. We note that

(2.42) trace(X?) = trace(X'X) = (z;;)> =2 (;)* + Y (i)’

ij i<j i
is a positive definite quadratic form. From (2.42), it is obvious what we should
choose as the normalization constant. So we define

1 _ N )
243) Oy = [ e (~girace(r?)) ax = va" VA VER — e,
SN

We also note that if we choose positive constants ¢; > 0, then the integral
Zs(t, N;m) is absolutely convergent for Re(ta,,) < 0 and arbitrary t3,tq, -, tam—1.
Therefore, Zs(t, N;m) is a holomorphic function in

t= (t3,t4,. .. at2m—1,t2m) e C2m—3 Q.

where 2, is the same domain as in (2.14). In exactly the same way as in the case
of the scalar integral (2.15), we obtain the expansion of Zs(t, N;m) as the Taylor
series in t3,ty4, - ,t2;,—1 and the asymptotic series in to,:

(2.44) A(Zs(t, Nym))

2m th 2m ) v
= Z H CQ{],] ' /SN exp (—%trace(X%) H (trace(XJ))vj dX.

1
C v;]
N 0520,04>0,+ 03 >0j=3 G I j=3

We use the following lemmas to calculate this last integral.

Lemma 2.25 (Matrix differentiation). Let J = [y;;]
triz valued variable, and let

1<ij<N be a symmetric ma-

Then
= (trace(X7)) "

<traee (%) j) ’ exp (trace(X*J))

J=0
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Proof.

9 J
trace (w) exp (trace(X"J))

J=0
1)7' o d d
=115 exp TabYab
<2 al:a;' a; Waraz Wazas  Wayan aZb: o J=0
1 J
= (5) Z mab(daladagb + 5a1b5a2a) Z mab(dazadagb + 5a2b5a3a)
a,b a,b
Z xab((saja(salb + 6ajb6a1a)
a,b
1 J
= (5) ('Tala2 + 'ra2a1)(xa2a3 + maaaz) o (xajal + malaj)
=TayasLagasz * Iajal
=trace(X7).
The desired formula follows from repeating the above computation n-times. O

Lemma 2.26 (Source term for symmetric matrix integral). Let J = [yij]

o _ |1_0
‘mdm—{zayu

1<i,j<N

} be as above. Then
1<ij<N

Ci/s exp (—%trace(X2)> (trace(X7))"dX

N
(ke (') o (G

Proof. Since the integral is absolutely convergent, we can interchange the integra-
tion and the differentiation with respect to a parameter, and we obtain

1 1 2 ] n
C—N/SN exp (—itrace(X )> (trace(X7))"dX

A\

:C’LN /SN exp (—%trace(X%) (trace <%> ) exp (trace(XtJ)) o
a\'\ 1 1 , ,

= | trace [ = —/ exp | —strace(X?) | exp (trace(X'J)) dX
oJ Cn Jsy 2 o
2\ \" 1 1 , 1 ,

= <trace <m> ) Cn /SN exp (—itrace(X —J) ) exp (§trace(J )) dX
o\ 1 ,

= <trace <%> > exp (Etrace(J )>

where we used the translational invariance of the Lebesgue measure dX on Sy. 0O

J=0

dX

J=0

)

J=0
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As in the case of scalar integral, the quantity

2m 9 7\ Y 1
};13 (trace <$> ) exp <§trace(J2))

is non-zero only when a pair of 2 5 8 ’s in the differential operator operates on the

exponential function exp (5trace(J 2)) Note that

1 0 1 0 1 9
(5 6yij) <§%) exp <§trace(J ))

(3o0s) (3o ) oo {5 D
(s

J=0

a,b J=0

> 5m5jb + 0iv05a) (Okades + Okplra)

(5zk53é + 6z€5jk + 5zl5jk + 5zk6.7£)

Hp#l»—t

:i(aikﬁsjé + Jig(sj‘k).

As before, let us introduce v; sets of j dots for given indices vs, v4, - - - , V2. Since
we are dealing with the differentiation by a matrix variable, the j dots are labeled
with double indices like

ajaz aa3 ajai

and these labels introduce a cyclic ordering of the dots. Then we have

2m 9 AN 1
2 2
H (trace (&]) > exp (Qtrace(J ))
=3 J=0

= Z H %(51145]1 + 0iedjk)

P pairing scheme e;; and ey,
are paired in P

1 %Z?Z’sjv]‘
= (§> Z H (0ikdje + 0ied k).

P pairing scheme e;; and ey,
are paired in P

Now let us choose the constant c; such that
1 2)7
(2.45) 1_ 2y
Cj J
To be continued...
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