Chapter 11

Formal matrix integrals

In this chapter we introduce the notion of a formal matrix integral, which is a very
useful for combinatorics, as it turns out to be identical to the generating function of
maps of chapter.I.

A formal integral is a formal series (an asymptotic series) whose coefficients are
Gaussian matrix integrals, it is not necessarily convergent (in fact it is definitely not
convergent, it has a vanishing radius of convergency).

Then, using Wick’s theorem to compute Gaussian integrals in a combinatorial way,
we relate formal matrix integrals to generating functions for maps.

The relationship between formal matrix integrals and maps, was first noticed by
‘tHooft in the context of the study of strong nuclear interactions [?], and then really
introduced as a tool for studying maps by Brezin-Itzykson-Parisi-Zuber in 1978 [?].

1 Definition of a formal matrix integral

1.1 Introductory example: 1-matrix model and quadrangula-
tions

Consider the following polynomial moment of a gaussian integral over the set of her-
mitian N X N matrices:

Nk

_NT M2
Ap(N) = W/H dM (Tr M*)F e N1
N

where M is a N X N hermitian matrix, with measure

WM = 5 / NN H dM;; | ] dReM;; dimb;;

1<J
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normalized so that [dM e N =1.
We shall see below that A (V) is a polynomial in N and 1/N, so it can be continued
to any N € C*.

With the sequence Ai(N), k = 0,1,2,...,00, we define a formal power series
(asymptotic series) in powers of a variable which we choose to call ¢, because it is
associated to Tr M* (later we shall associate t,, to Tr M™):

= th AN
k=0

Zn(t4) is well defined as a formal power series in ¢4, in other words, Zy(,) is noth-
ing but a notation which summarizes all the coefficients A;(N) in only one symbol
Zn(ty). This means that every time we are going to write properties or equations
for Zn(ts4), we actually mean properties of the coefficients in the small ¢4 expansion.
Writing the equations in terms of Zy(t,) is merely a shorter way of writing equations

for Ag(N) Vk.
We are never going to consider Zy(t;) as a usual function of ¢4, and in fact, for
ty > 0 the series Zy(t4) is never convergent (in the Borel sense for instance).

1.2 Comparison with convergent integrals

The definition of a formal matrix integral Zy(¢,) is not to be confused with the her-
mitean convergent matrix integral:

M2

Zeonv(ta, N) = / dM =N Tr (P —ta*)
N N M N 1y gty
4
/HNk - k:'4k

One should notice that Zeony (t4, N) is well defined only for Re(t4) < 0.

The existence and nature of large N asymptotics of hermitean convergent matrix
integrals is a difficult problem which has been solved in a few cases, and which remains
an open question in many cases at the time this book is being written (2-matrix model
for instance).

The only difference in the definition of Zx(t4) and Z oy (t4, V), is that the order of
the sum over k£ and the integral over Hy has been exchanged. In general, the sum and
the integral don’t commute, and in general:

ZN(t4) 7& Zconv(t47N)

in other words:

Z/ th —dM SN (Tr M*E Z th —dMe_NTr_ (Tr M*)k

kI 4F y = kAR
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Those two definitions of a matrix integral differ even after Borel resummation and
analytical continuation from ¢4 > 0 (which is the interesting regime for combinatorics)
to t4 < 0 (where Zeony(t4) is well defined) they do not necessarily coincide, they might
still differ by exponentialy small terms.

Convergent matrix integrals are not the topic of this book, and readers interested
in asymptotic properties of large Matrix integrals, can refer to for instance [].

1.3 Formal integrals

So far, we have studied the example of a formal matrix integral with quartic potential,
now let us give the general definition of a formal integral of the form:

/ e—%TrV(M) dM.
formal

The idea is to expand (Taylor series) the exponential of the non-quadratic part of
V(M), and write the integral as an infinite sum of polynomial moments of a gaussian
integral, and then invert the integral and the summation.

More preciselly, let

d
Y

M2

VM) =5

=3 7

be called the potential, then we define the following polynomial moment of a Gaussian

integral:
1 Nk 2 [t ’
Ap = — — / AM e~ % 5 STLTe M

j=3
Lemma 1.1 Ay is a polynomial in t such that:

[(d=2)k/2]

Av= ) Agt™

m=k/2

proof:

A monomial moment of a Gaussian integral vanishes if the degree of the monomial
is odd, and is proportional to t to the power half the degree, if the degree is even. The
polynomial (3¢, % Tr M7)* can be decomposed into a finite sum of monomials in M

Jj=3
of the form:
d d

[[(Tearys 0 Y n;=k

j=3 7=3

i.e. of degree ) ;Jnj. Therefore such a term contributes to Ay with a power of ™
equal to:



The upper bound m < (d — 2)k/2 is easily obtaind because j < d and n; < k. O
This Lemma allows to define:

2m
Ay = Apm.
k=0
Definition 1.1 The formal integral is the formal power series in t:

2= [ e mvOn_ S,
formal m=0

Remark 1.1 It is also a formal power series in each ¢; with 3 < j < d. We may choose
t = 1 and expand in powers of t3 or #4..., as we did for quadrangulations. It is clear that ¢
can be absorbed by a redefinition M — /tM and tj — t%_ltj, exactly like in section 2.3 of
chapter I.

Remark 1.2 The formal integral and the convergent matrix integral differ by the order of
integration and sum. In general the two operations do not commute, and the formal integral
and the convergent integral are different:

/ ot T V(M) AM + o=t V(M) gpr.
formal Hy

Remark 1.3 We shall see below in section 11.2.2, that each Ay, ,, is a Laurent polynomial
in N:
gmax (k,m)
tn= "5 o,

9=—9min(k,m)

so that each A,, is also a Laurent polynomial of N, and thus, to a given order ¢”, the formal
integral is a Laurent polynomial in N, and thus a formal matrix integral always has a
1/N expansion.

In other words, the question of a 1/N expansion is trivial for formal integrals, whereas
it is a difficult question for convergent integrals (mostly unsolved for multi-matrix integrals
with complex potentials).

Remark 1.4 Most of physicist’s works in so-called “2d-quantum-gravity” are actually
using that ”formal” definition of a matrix integral (in fact almost all works in quantum field
theory after Feynman’s works, use formal integrals). Most of the works initiated by Brezin-
Itzykson-Parisi-Zuber [?] in 1978 assume the formal definition of matrix integrals, and are
correct and rigorous only with that definition, they are often wrong if one uses convergent
hermitian matrix integrals instead.

2 Wick’s theorem and combinatorics

2.1 Generalities about Wick’s theorem

Wick’s theorem is a very useful theorem for combinatorics. It gives a combinatoric
way of computing Gaussian expectation values, or conversely, it gives an algebraic and
analytical way of enumerating graphs.
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Let A be a positive definite n xn symmetric matrix, and let x4, ..., x, be n Gaussian
random variables, with a probability measure:
(27T)n/2 _1 A: ixoxs
dp(zy, ... 1) = e €72 2 AT duy dy L day,
N e
and let
B=A" (I1-2-1)

which we call the propagator.
Let us denote expectation values with brackets (this is the usual notation in
physics):

<f(x1,...,xn)>d§f/ flzr, . x,) du(zy, ... xy).

Wick’s theorem states that:

Theorem 2.1 (Wick’s theorem) [/
The expectation value of a product of gaussian random variables, is the sum over
all pairings of product of expectation values of pairs.
We have
< w;x; >= B, ; = propagator

and the expectation value of any odd number of variables is zero, and:

< Ty Tiy oo Ty, >= E H Bik,il'

pairings pairs(k,l)
Example:
< Ty Tip Ty Tiy >= Bil,ing’3,i4 + Bi17i3Bi2,i4 + Bi17i4Bi2,i3'

Wick’s theorem becomes even more interesting when the indices iy, . . ., s, are not
distinct. For instance:

2 2 _
<z w;, >= By, iy Biyiy + 2B, i, Biy iy

Graphs

The best way to write Wick’s theorem is diagrammatically. Associate to each pair
(i, %) an edge with weight B, ;. If an index iy is repeated, i.e. if it appears as
xf:, then we associate to it a vertex with p, half edges. Wick’s theorem says that
the expectation value is the sum over all possible ways to link vertices by edges, of the
product of propagators corresponding to edges. In other words, draw all possible graphs
with the given vertices, and weight each graph by the product of its edge propagators.

Example:
<xdad > = 2 = . \/ Z; + 104 other pairings
11712 2 2 ; ' e p g
NP (11-2-2)
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where this graph has weight
B3

11,12

BiQ,iQ‘

In other words, Wick’s theorem allows to count the number of ways of gluing
vertices (of given valence) by their edges. Such graphs are called Feynman graphs.
A Feynman graph is a graph, with given vertices, to which we associate a value, wich
is the product of the propagators B; ;’s of edges:

IT B

e€edges

Symmetry factors

The total number of possible graphs with m edges, is the number of pairings of 2m
half edges, it is:

2m—-D=2m-1)2m —3)(2m —5)...1.

However, many of the graphs obtained, are topologically identical, they have the same
weight, and it may be more convenient to write only non-topologicaly equivalent graphs,
and associate to them an integer factor (the symmetry factor).

For example, the graph displayed in eq.II-2-2, is obtained 60 times, and the only
other topological graph is obtained 45 times, which make a total of 60 4+ 45 = 105 =
Txb5x3 =Tl

3 ,.5 _ 19 — 12 19
T2 s = . = . .
<alel > =G D = ey e Y B
\ e A AN ’// AN

(I1-2-3)
=60 B}, ;, Bisi, + 45 Biy iy Biyiy Bi -
Notice on that example, that both 60 and 45 divide 3! * 5!:
23 1 ',’/—;\/\@'\2 \‘ 1 § iQ/‘\
< 3!l 5‘2> - 12 Zl\( ,)A, + 16 Zl\( '%,
RSP W ARIPEAG W (I1-2-4)

This is something general: the number of relabelings which leave a graph invariant (i.e.
the number of times we obtain the same graph), is equal to the order of the group of
relabelings, divided by the number of automorphisms of the graph.

What we call the symmetry factor, is the number of automorphisms of a graph, it
appears in the denominator.

To summarize, one may say that Gaussian expectation values are generating
functions for counting (weighted by the inverse of their integer symmetry
factor) the number of graphs with given vertices.
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2.2 Matrix gaussian integrals

Let us now apply Wick’s theorem, to the computation of gaussian matrix integrals. In
that case, the Feynman graphs are going to be fatgraphs also called ribbon-graphs, or
maps, or discrete surfaces.

Application of Wick’s theorem to matrix integrals
Consider a random hermitean matrix M of size N, with Gaussian probability measure:

dpo(M) = _e—% Te M H dM;; | dReM;; dimM;;

1<J
in other words, the variables M, ;, ReM, ;,ImM; ; are independent gaussian random
variables. Z, is the normalization constant such that [ duo(M) = 1:

Zo =2V (wt/N)% (I1-2-5)

Since tr M* =", M, i M;;, the Wick’s propagator (defined in eq.II-2-1) is easily
computed:

t
< M; My >o= N 0i.105 k
where <> means the expectation value with the measure dy.

As a first example, let us compute < Tr M* >,= D ikt < Mg M My My >o,
which we represent as a vertex with 4 double-line half edges:

1]

1 K

We write the half edges as double lines, and associate to each single line its index.
Because of the trace, the indices are constant along single lines.

Since the propagator is < M, ;My; >o= % 0i10; %, it is going to be used to glue
together half edges carrying the same oriented pair of indices, we can represent it as

an edge:
1 1

] k

So, let us compute < Tr M* >:

N
< —TrM*>
i 0
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N
= u > < MMMy My >
oy
N
= u > < MiMjy, >0< My My >0

1,5,k,l
+ < Mi,le,i >o< Mj,kMk,l >0+ < Mi,ij,l >o< Mj,le,i >0

4t"klN k053 7Ok, z,z+N 950 7793l k,k—l-N 1036 770310k,
1/7]71
Nt/ 1 1 1
t4 <N2 * N2 + N2
= Z<N2+N2+NO>
B tN2+tN°
2 4

Notice that there are two steps in that computation:

- the first one consists in applying Wick’s theorem, i.e. representing each term as
one way of gluing together half edges of the 4-valent vertex with propagators.

- the second step consists in performing the summation over the indices. Notice
that the special form of the propagator,with §—functions of indices, ensures that there
is exactly one independent index per single line. The sum over all indices is thus equal
to N to the power the number of single lines, i.e. number of faces of the graph.

Since we also have a factor 1/N per propagator i.e. per edge, and a factor N in
front of the trace, i.e. a factor N per vertex, in the end the total N dependance for a
given graph is:

N#vertices—#edges+#faces — NX

where Y is a topological invariant of the graph, called its Euler characteristics.

It should now be clear to the reader that this is something general. The fact that
the power of N is a topological invariant, first discovered by 'tHooft [?], is the origin
of the name "topological expansion”.

Wick’s theorem ensures that each term in the expectation value corresponds to one
way of gluing vertices by their edges, and the sum over indices coming from the traces
ensures that the total power of N for each graph is precisely its Euler characteristics,
which we summarize as:

< H(N Tr Mpk) >0= Z NX(G) t#edges

k=1 L—Fat Graphs G

where the sum is over the set of (labeled) oriented fat graphs having vertices of valence
P1, - - -, Pm Obtained by gluing together half edges.
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One should make some remarks:

e the graphs in that sum maybe disconnected

e several graphs may be topologically equivalent in the sum, i.e. if we remove the
labelling of indices. The order of the group of relabellings is:

Hpk H(#{m pi = p})!

p

indeed, at each vertex of valence p, one can make p, rotations of the indices, and if
several vertices have the same valence they can be permuted.
Therefore, it is better to rewrite:

= 1 N k\n _ 1 x(G) j#edges
<Hn—k!(?TrM)k>0— > 7#Aut(G)N t

k=1 Fat Graphs G

(11-2-6)

where now the sum is over non-topologicaly equivalent graphs made with n; k-valent
vertices, and #Aut(G) is the number of automorphisms of the graph G.
From graphs to maps

Instead of summing over fatgraphs, let us sum over their duals, using the obvious
bijection between a graph and its dual. The dual of a k-valent vertex is a k-gon:

[
|
\\// .___J
e B
I |
11 |

I

I
L - —
[— -
I

I

gluing together vertices by their half-edges is clearly equivalent to gluing (oriented)
polygons together by their sides, and thus we obtain a map. equation eq.II-2-6 can
thus be rewritten:

1 N ..
<TG ™ == 3

Maps 2

t#edges—#faces

I X&)
#Aut(X) N

where now the sum is over maps made with ny k-gons, and #Aut(X) is the number of
automorphisms of the map . We have:

e vertices of G « faces of X

e edges of G « edges of X

e faces of G «» vertices of X

Notice that the Euler characteristics of a graph and its dual is the same. The
Euler-Characteristics is

X = Fvertices — #edges + #faces
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in other words, the power of ¢ is also:

7f#verticesfx
ie.

Theorem 2.2

t#vertiees(Z) (N) x(2)

- 1 N
(T MY = L (=
<an!<kzt P o= ) ZAut(x) \t

k=1 Maps 2

(I1-2-7)

where the sum is over all maps (not necessarily connected) having exactly m faces, with
given degrees ng, k=1,...,m.

3 Generating functions of maps and matrix inte-
grals

3.1 Generating functions for closed maps

Theorem 2.2 implies that the generating function Zy of eq.I-2-5, which counts non
connected maps, is nothing but the formal integral:

Proposition 3.1

_ M2 Ny (334 tapray tdpd
ZN(t;t37t47"'7td) = / dM e NTr % etTr<3M+4M+---dM)
formal

t#vertices(E)

N x(%)
- > — gra@yma® - gna® L
t o ¢ FEAuL(Y)

n.c. closed maps %

where again, formal integral means that we Taylor expand the exponentials of all non
quadratic terms, and exchange the Taylor series and the integration. In other words,
we perform a formal small ¢ (or also 3,14, ...,ts) asymptotic expansion, and order by
order we get the number of corresponding maps. The coefficient of ¢/ is the finite sum
of (n.c. = non-connected) closed maps such that %Z(z — 2)n; = j = #vertices — .

(2

Connected maps

When we have a formal generating series counting disconnected objects multiplicatively,
it is well known that the logarithm is the generating function which counts only the
connected objects, i.e. it is the generating function of eq.I-2-5:

In (Zn(t;t3,ta, - - -, na))
= F(tits,ta,...,na; N)
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75:;éévertices

N 2—2g(%)
— Z - tn3(2)tn4(2) . tnd(z) .
t oo 4 HAut(Y)

closed connected maps X

Again, the coefficient of #/ is the finite sum of connected closed maps such that % > (i—
2)n; = j = #vertices—x. And the Euler characteristics of a connected map is x = 2—2g¢
where g is the genus.

Topological expansion: maps of given genus

We thus see, that order by order in the small ¢ expansion, the coefficients of ¢/ in N=2 F'
are polynomials in N~2, and thus we can define generating series of coefficients of a

given power of N=29, we define:
o) N 2—2g
F=Y) <7) F,
g=0

where again we emphasize that this is an equality of formal series in powers of ¢, and
order by order, the sum over ¢ is finite, and the coefficients are polynomials in N=2. F,
is obtained by collecting the coefficients of N=29, and its computation does not involve
any large N limit.

We recognize the generating function of connected closed maps of genus g, of
def.I-2-4:

n n n 1
Fg(ta t37 t47 s 7nd) = Z tv Z t33(2)t44(2) .. tdd(z) _—
v seM? (v)

4 Maps with boundaries or marked faces

4.1 One boundary

So far, we have seen how formal matrix integrals, thanks to Wick’s theorem, are count-
ing closed maps were all polygons played similar roles. Now let us count maps with
some marked faces.

Consider the following formal matrix integral:

M2 N t3 a3y taaray tdpgd
dM Tr M! e NTr 47 o T (3M M . )

<Tr Ml > = fformal M2 N i3 as3. ta pra td ard
[ dM o NTe A2 B Te (P MMy M)
orma.

(I1-4-1)

2t @t

The bracket < . > now denotes expectation value with respect to the formal measure

CNTe M2 Ny (a8t i)

% e 2% et dM , whereas in the previous section < . > meant

. . . _ M2
the expectation value with respect to the gaussian measure ZLO e NS dM.

The numerator in eq.I1-4-1 is

2
/ dM Tr Ml e—NTr% e%Tr(%M3+%4M4+...%iMd)
formal
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3ns gl 4namyl T drangl  42n
N300

2
Tr M'(Te M) (Te MYY™ .. (Tr M%) o N %

it can be computed using Wick’s theorem, and it gives a sum over all fatgraphs (or
maps) with ng triangles, ny squares, ..., ng d-gons, and one marked [-gon. The sum
may include non connected maps, and the role of the denominator in eq.(II-4-1) is
precisely to kill all non-connected maps (see section 2.5 in chapter.I).

There should be a symmetry factor 1/#Aut(X) counting automorphisms which
preserve the marked face, and since there is no factor % in front of Tr M!, we get
[ times the number of maps with no marked edge on the marked face, i.e. we get
the number of maps with one marked edge on the marked face. Since there is no N
accompanying the Tr M!, the power of N is y — 1 = 2 — 2¢g — 1 which is the Euler
characteristic of a surface with one boundary. Therefore we recognize the generating

function 7; of eq.(I-2-2) in chapter.I:

<TrM> = 1T,
1-2 vertices
_ 3 MY e ey
t L N 0))

maps ¥ with 1 boundary of length [

= — Res 2! Wy(2)dx.

4.2 several boundaries

The previous subsection can be immediately generalized to:

< Tr M" Tr M2 ... Tr M* >

_ M2 L33y ta Ayt pyd
= = dM Tr M T M2 . Tr M e VT 5 NI (FMH5M . G

% formal
= 7 Zfzk (11-4-2)
where 7,7, is the generating function of not necessarily connected maps with k
boundaries of lengths [y, ..., [} of all genus.

One obtains connected maps by computing cumulants (see section 2.5 of chapter
I), for instance:

< Tr MY Te M2 >=< Tt M" Tt M2 > — < Tt M >< Tr M2 >

And thus the cumulants compute connected maps with k boundaries of lengths
ll, ey lki

Ely---ylk
= < TrM" Tr M2 ... Tr M"* >,
t#vertices

N 2—2g—k
= > = gpePa®) - yna®)
t o 4 HAut(Y)

> with k£ boundaries of length l1,...,Ix
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4.3 Topological expansion for bounded maps of given genus
The Euler characteristics of a connected surface of genus g with £ boundaries is:
X=2—29—k.

Therefore we have:

hole \ 7§

(%s) N 2—2g—k
< TeM" Te M2 . Te M™ >0 =) 79 ( )
g=0

(11-4-3)

where ’];fg)lk is the generating function defined in chapter I, eq.(I-2-2), which counts

connected maps of genus g, with k& boundaries of lengths [y, ..., .

Once more we emphasize that this equality holds term by term in the powers of ¢,
and for each power, the sum over ¢ is finite, i.e. both left hand side and right hand
side are Laurent polynomials in N.

In other words, eq. 11-4-3 is not a large N expansion, it is a small ¢ expansion.

4.4 Resolvents

We define the resolvent:

and conversely:

Very often (in particular in physicist’s literature), the resolvent is written:

Wi (.’L’) =< Tr

>
x—M
which holds in the formal sense, i.e. to each given power of ¢, the sum over [ is finite
and each coefficient in the small ¢ or ¢;’s expansion is a polynomial in 1/z.
More generally:

Z 1
Wk(xl, .. 7I'k) e —xll—f—l xlk—‘,—l ,]El """ lk
l,ylg=0 "1 Tk
ZOO o M o M
= r W Ce r W
l1,..l=0 1 k c

1 1
= T U &
< rxl—M rxk—M>c

- > (5)2_29_19 W 2y, .. xp) (I1-4-4)

t
g
The W,ﬁg) are the same as those of definition 2.2 in chapter I.
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5 Loop equations

In this section, we derive a matrix-model proof of Tutte’s equation of chapter I. In the
matrix model framework, those equations are called "loop equations” [7].

Loop equations merely arise from the fact that an integral is invariant under a
change of variable, or alternatively from integration by parts. They are sometimes
called Schwinger-Dyson equations.

Although loop equations are equivalent to Tutte’s equations, it is often easier to
integrate by parts in a matrix integral, than finding bijections between sets of maps, and
it is much faster to derive loop equations from matrix models than from combinatorics.

Consider the following polynomial expectation value of degree | =11 + ... + [;:

. [ dM G*(M) e= ¥ V0D . s S
< G*(M) >= [ adr o TV : G(M):HTrM

where [ means either the convergent or the formal matrix integral (i.e., to any order
in ¢, a finite sum of convergent gaussian integrals).

We shall derive a recursion relation on the degree I = (Iy,..., ).

The method is called loop equations, and it is nothing but integration by parts.
It is based on the observation that the integral of a total derivative vanishes, and
thus, if G(M) is any matrix valued polynomial function of M (for instance G(M) =
Mh H§:2 Tr M%), we have:

-2 /dM 0ReMl] <(G(M))ij e‘%“‘/(m)

i<j
— ; / dM m ((G(M))ij e—%rv(M))
N
) e
+izl /dM OM;,; <(G(M))iie ¢ 1 V(M)) (L5-1)

Choosing
k
G(M)=M" [] Tr M

j=2
and after computing the derivatives we get:
-1
> < T M T MM JHTer >+Zl < Tr Mith=1 H Tr Mb >
J=0 Jj=2 1=2,i#]
- Noq (MY V' (M H Tr MY > (11-5-2)
t

Again, we emphasize that this equation is valid for both convergent matrix integrals
and formal matrix integrals, indeed it is valid for gaussian integrals, and thus for any
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finite linear combination of gaussian integrals, i.e. formal integrals. In case of formal
integrals, those equations are valid, of course, only order by order in ¢. In other words
the loop equations are independent of the order of the integral and the Taylor series
expansion.

Using the notations of eq.(11-4-3), we may rewrite the loop equation eq.(I1-5-2):

Theorem 5.1 Loop equations Vg:

li—1 ( 1)
Zjlzo [ OZJcL g, 791 jL/J+7;iq1 ]+Za =2 +ll 1L,L/{j}
= Zfi)l,L—Z] 3t37;1+] 1,L

(I1-5-3)
where we denote collectively L = {ly, ..., I}

We recall that nglllk is the generating function which counts the number of
connected maps of genus g with k£ boundaries of perimeters [y, ..., [, and therefore we
have re-derived the generalized Tutte equation eq.(I-3-2) of chapter I.

It is interesting to rewrite the loop equations of eq.(II-5-3) in terms of resolvents
Wk(g)’s defined in eq.(I1-4-4). We merely multiply eq.(II-5-3) by Hle 1/25*" and sum

over ly,...,lx (to any given power of ¢, the sum is finite).

Theorem 5.2 Loop equations. For any k and g, and L = {x3,...,x;}, we have:

g
h —h _
SONT W, @, HWE @y, LN ) + WD (21,21, L)

h=0 JCL
E9 W (e, L C {a;}) — WO (L)
+Z
— ax] T — X
— V(xl)w,g>(x1,L)—P,§g>(x1,L) (11-5-4)

where P,gg) (1, L) is a polynomial in 1, of degree d — 3 (except P ) which is of degree
d—2):

d—1 j—1 0 T(g)
(9) _ i J=1=4,l2,...,li
P (w1, 20, ... 1) = — E ljt+1 E Ty E lz+1—lk+1 +104,00k,1
j=2 i=0 Iy lp=1 L2 Ly

proof:

Indeed, if we expand both sides of eq.(II-5-4) in powers of x; — oo, and indentify
the coefficients on both side, we find that the negative powers of the z;’s give precisely
the loop equations eq.(I1-5-3), whereas the coefficients of positive powers of 1 cancel

due to the definition of P,gg), which is exactely the positive part of V' (xl)Wk(g):

P,gg)(xl, Ty,...,7;) = Pol (V’(xl) W,gg)(xl, Ta, ... ,xk)>

T1—00
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where Pol means that we keep only the polynomial part, i.e. the positive part of the
Laurent series at x;y — oo. 0O

6 Loop equations and Virasoro constraints

We have seen two derivations of the loop equations. One combinatoric proof in chapter
I, based on Tutte’s method, corresponding to recursively removing a marked edge, and
one proof based on integration by parts in the formal matrix integral in chapter II.
However, there exist other possible derivations.

In particular, in string theory and quantum gravity, it is known that partition
functions must satisfy Virasoro constraints. Here, we show how to rewrite the loop
equations for generating functions of maps, as Virasoro constraints.

We write the potential:

=1

In the end, we will be interested in ¢; =0, = -1 and ¢t; =0 if j > d.
It is easy to see from the definitions of our generating functions, and particularly
on the formal matrix integral, that:

OF, O*F,
T(g) _ Y99 T(g) i g
7 j atj Y 71,72 ]1 ]2 atjl atj2

and therefore the loop equations eq.(II-5-3) for £ = 1 can be rewritten:
Vk > —1 , Vi Z =0 (I1-6-1)

where we have defined the operator:

= 5 9 d
V= ;] (k—J) oL, D +]Z:;(k’+])tj Dtnrs

The differential operators Vy, form a representation of (the positive part of ) the Virasoro
algebra, indeed one easily verifies that they satisfy:

Ve, Vil = (k = J) Vi,

This method has been extensively used by physicists, but we shall not pursue in
that direction in this book.

An important property, is that eq.(II-6-1) is a linear equation for Z, and thus, linear
combinations of solutions are also solutions.
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7 Summary Maps and matrix integrals

Let us summarize the concepts introduced in this chapter:

e Formal integral

N M2 Kt
Zn :/ et VO gy V(M) = — =) M
formal 2 k
k=3
where fformal means that we exchange the order of the integral and the Taylor
expansion of the exponentials of the #;’s.

° I\\/[[ég)(v) = finite set of connected maps of genus g and no boundary, with v
vertices, obtained by gluing ns triangles, ny squares, ns pentagons,..., ng d—gons.

Generating function:

00 N 2—2g
InZy = 2(7) F,

g=0
n3(2)tz4(2) t”d(E)

> B /
= 0 >, N S 2 A

7=0 v+2g—2=j ZEMB‘(])(U)

We also denote:
Fy =Wy,

° M,(Cg) (v) = connected maps of genus ¢ with v vertices, obtained by gluing ns
triangles, ny squares, ns pentagons, and k& boundaries of length [y, ..., .

Generating function:
< Tr MY Tr M2 .. Tr M™% >,
tng(E)tn4(Z) tnd(Z)
4 .« . . d

=Dt > Nt )3 A

j=0 v42g+k—2=j EGM](CQ)(U),(SE:{IL---J]C}

N 2—2g—k
-2 (F) T

g

e Resolvents for connected maps of genus g and with & boundaries.

Generating function:

Wk(.’lfl, .. .2, .Z'Qk)k
N\
-S(F) T W
g
< T T 1 >
- r oo AT
T —M T — M ¢
o0
' L1
SYe Y ey B 1
l1+1 le+1
J=0  v2g+k—2=j SeM, 1 (v) ot #Au(Y)
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e Loop equations (Tutte’s equations):

l1—1

g k
(g—h (9—1) (9)
ST, L+ T+ U B

j=0 h= OJCL 7j=2

( (
7;1‘3»1 L Z t]zli] 1,L

where L = {ls,...,l;}. Equivalently, the loop equations can be written in terms
of W¥s and with L = {z,, ...,z }:

h) _
ZZWer#J (21, J Wk #J(th\ J) + Wiﬁif)(%,mhlj)

h=0 JCL
i o W (ar, L\ {a;}) — W2, (L)

8xj T —

4 <x1>w,§ Y(@1,L) — P (21, L)

where L = {zs,..., 7.}, and P,gg) (z1, L) = Pol,, V'(x;) W,gg) (71, L) is a polyno-
mial in the variable x1, of degree d — 3, except Pl(o) which is of degree d — 2.

8 Exercises

Exercise 1:
For the quartic formal matrix integral

1 2 iyt Nt 1 (Nt
7= dM e~ ¥ TR :1+—t4<trM4>+2 <4t4) {(tr M) +O(t))
0

formal

using Wick’s theorem, recover the generating function of quadrangulations

2
InZ=F= %(2N2 +1) + §4 (ON? +15) + O(t3).

Exercise 2: Prove that with any potential:

t
<TrV'(M)>=0 v <Tr MV'(M) >=t*
Hint: this is a loop equation, use integration by parts.
Exercise 3: Prove that for quadrangulations (i.e. with V(M) = MTQ —t4 ]‘f).
OF Nty
ot 42!

answer: hint: use exercise 2, and don’t forget the ¢t dependance of the normalization
factor Zy in eq.(I11-2-5).
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