THE EUCLIDEAN VOLUME OF THE MODULI SPACE

KEVIN M. CHAPMAN

ABSTRACT. A topological recursion formula is developed for the Euclidean volume of the
Moduli Space of curves with n marked points. It is proven by the computation of the
inverse Laplace Transform of another formula in [2]. Without reference to a symplectic
volume recursion formula, this proof is the only proof for the volume recursion formula.
In particular, there are no straightforward geometric arguments that lead to a proof. This
fact is another indication of the effectiveness of the method developed in the current paper.
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1. INTRODUCTION

The goal of this paper is to derive a topological recursion formula for the Euclidean
volume of the Moduli space of curves with n marked points. By a topological recursion
formula, it is meant a formula for computing a function fy n+1(p1, ..., Pn41) from previous
functions fy s, with 29 — 2+ (n+1) > 2¢’ — 2+ n’ > 0. This has effectively been done
already, because the symplectic and Euclidean volumes satisfy v;n(p) = 259—5+2”v£n(p)
from [2], and there is a topological recursion formula for the symplectic volume from [1];
substituting would give the desired recursion formula for the Euclidean volume. This paper
will derive the recursion formula for the Euclidean volume without appeal to the symplectic
recursion formula.

Why do the Euclidean and symplectic volume of the Moduli space of curves matter?
The fact that the ratio of the two is a constant (ignoring g and n) is used in Kontsevich’s
proof of the Witten conjecture, a statement that two different models of two dimensional
quantum gravity give the same results. The methods in [1] and [2] provide an elementary
way to compute the ratio of these two functions, so it is worth understanding.

The main strategy to achieve the goal uses the relation between lattice point counting
quasi-polynomials and Euclidean volume derived in [2]. This relation is between the Laplace
transform of the lattice point count functions and the Laplace transform of the Euclidean
volume, and it gives rise to a topological recursion formula for the Laplace transform of
the Euclidean volume. From here, the inverse Laplace transform is taken to obtain the
topological recursion formula for the Euclidean volume.
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2. MODULI SPACE AND RIBBON GRAPHS

The Moduli space of Riemann surfaces is defined, as a set, as all complex structures on
24, where ¥ is a Riemann surface of genus g, modulo biholomorphic equivalence. Consider
a slightly different object, the Moduli space with n marked points, M, It is defined as
the set of all complex structures, or complex coordinate systems, on a Riemann surface of
genus g, X4, with n marked points, modulo an equivalance relation. Two complex structures
on X, are equivalent if there is a biholomorphic mapping h (h and h~! are holomorphic)
between the two coordinate systems.

As an example, consider My 3. This is the set of all complex structures on the Riemann
sphere with three fixed points. Any complex structure on the Riemann sphere must be
diffeomorphic to C U {oo}, so assume that the complex structure is of the form C U {oo}.
First, pick three distinct points on the sphere, ag, a1, ag, considered as points in C U {oo}.
Suppose a; # oo for each i. Define h by
a1 — as T — ag

h(z) =

a1 —agp T — as

Then the function h maps ag to 0, a; to 1, and as to oco. If one of the a; = co, then without
loss of generality, let as = oo, and define g by

Tr — Qo

g(x) = P
Then g maps ag to 0, a1 to 1, and as to co. Since h and g are biholomorphic, any complex
structure on the sphere with three distinct marked points can be brought to another complex
structure with the marked points {0,1,00}. Therefore, M3 = {one single point}, since
any complex structure on the Riemann sphere with three arbitrary marked points can be
brought to another complex structure with {0, 1,00} as the marked points.

Consider now My 4 and start with four points, ag,ai,a2,a3. Map three of them to
{0,1, 00}, using the map h. After mapping by h, there is one point left, b. The question
now becomes, is there some biholomorphic map, fixing {0, 1, 0o} pointwise, that could map
any arbitrary b € C\ {0, 1} to some fixed point p € C\ {0,1}7 The answer is no; the only
biholomorphic function mapping the Riemann sphere to itself and fixing 0, 1, and oo is the
identity map.

To show this, singularities and Laurent series are considered. Let f be a biholomorphic
mapping of C U {oo} into itself, fixing 0, 1, and co pointwise. Then f restricted to C is
entire, so f has a power series expansion

o

fla) =) ',

1=0
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valid for all z € C. Define g(x) = f(z~!) for # # 0,00. Then g has Laurent series expansion

g(z) = Z air ",
i=0
valid for all z # 0, co. Since

. IERT —1y _ 1: .
lim g(z) = lim f(z7") = lim f(z) = oo,

g has an isolated singularity, in this instance a pole, at = 0. A result from complex
analysis states that if g has an isolated pole at x = 0 and g is holomorphic in a punctured
neighborhood of 0, then the principal part of its Laurent series expansion around 0 has only
finite terms; in other words, there is a N such that n > N = a, = 0. Therefore, the
original function f was a polynomial. Since f is biholomorphic, and since only f(0) = 0, it
must be that f(z) = 2", because the only root of f is at = 0 and because f(1) = 1. But
this function is only biholomorphic when n = 1, since an nth root of unity &, # 1 for n # 1
gives f(&,) = 1. Therefore, f is the identity. Thus, Mg 4 is, as a set, C\ {0, 1}.

General g and n cases are difficult to deal with. What kinds of spaces are they? To help
our understanding, there is a theorem by [3, 5, 7] which relates the moduli space with n
marked points to metric ribbon graphs. The isomorphism is an orbifold isomorphism. For
more information, refer to [4].

Theorem 2.1. M, xR} = RG,,

RG.,, is a space of all metric ribbon graphs of type (g,n), defined as

R

Aut(T)’

I" ribbon graph

of type (g,n)
where e(I") is the number of edges of a ribbon graph I', and Aut(T") is the automorphism
group of I', which is finite for 29 — 2 + n > 0. The automorphism group of I' can be
considered as the set of all homeomorphisms v: ¥, — 3, which fix the set of vertices and
edges V and F of I" setwise, modulo the equivalence relation ¢ ~ ¢ if ¢ and ¢ agree on V'
and FE.

A ribbon graph of type (g,n), I', is the corresponding graph to the 2-skeleton of a
cell decomposition of a genus g surface with n 2-cells, satisfying the following equation:
v—e+n = 2—2¢g, where v and e are the number of vertices and edges of I', respectively. The
equality arises because the ribbon graphs are cell decompositions of the Riemann surface,
and so it is possible to compute the Euler characteristic of the surface in two different ways.
Every vertex of the graph also is required to have valency greater than or equal to three. As
an example, a figure eight is a ribbon graph of type (0, 3), because it has two edges and one
vertex, so (1 —2)+n =2 —0, and so n = 3. The dumbbell shape is also a ribbon graph of
type (0,3), because it has three edges and two vertices, and by the previous computation,
this means n = 3.

What is the real dimension of RG,? It is determined by the maximum number of edges
a ribbon graph can have. This is the case when every vertex has valency three (the number
of half-edges coming into the vertex is three). This is because if there is a vertex of valency
four or more, an edge can be added to create two new vertices, both of which have less
valency. As an example, consider the figure eight; it has a vertex of valency four. Adding
an edge creates the dumbbell shape, which makes two vertices of valency three. But no
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FI1GURE 2.1. The dumbbell, the figure eight, and a double bubble shape, all
ribbon graphs of type (0,3). These are the only ribbon graphs of type (0, 3).

more edges can be added to the dumbbell, since then some vertex would have valency less
than three.

Since the maximum number of edges occur in a trivalent ribbon graph, it is enough to
know e(I") for I trivalent. In this case, every vertex has valency three, and every edge touches
two (possibly nondistinct) vertices, so 3v = 2e. Plugging into the equation v—e+n = 2—2g
gives 2e —3e+3n = 6 — 6g, or that e = 6g — 6+ 3n and v = 49 — 4+ 2n. For the case (0, 3),
e = 3 and v = 2, which is consistent with previous information. For the general case, this
gives that the real dimension of RG, is 6g — 6+ 3n. Due to theorem 2.1, this implies that
the Moduli space with n marked points has real dimension 6g — 6 + 2n (although this is
known through other methods). For the case (0,3), the Moduli space is zero dimensional,
which is consistent with what was shown earlier.

3. EUCLIDEAN VOLUME FUNCTIONS AND LATTICE POINT COUNT

A metric ribbon graph is a ribbon graph which has a positive real number assigned to
every edge. By theorem 2.1, My, x R} = RGy . There is a map 7 : RG,,, — R}, which
is a projection map. This map takes a metric ribbon graph of type (g,n) and gives an
n dimensional real vector, with entries given by the boundary lengths of the faces of the
ribbon graph. As an example, consider the double bubble shaped ribbon graph of type
(0,3) in figure 3.1.

The edges have length 2, 1.5, and 7, and each face has a label, by, by, and b3. Each
face has boundary length 3.5, 8.5, and 9, respectively. Therefore, m would take this metric
ribbon graph to the vector (3.5,8.5,9).

A natural question to ask is, what is 7=1(3.5,8.5,9)? That is, what are the metric ribbon
graphs of type (0,3) that are taken to (3.5,8.5,9) when = is applied? The double bubble
described above is taken to (3.5,8.5,9), but what about other graphs? For the figure eight,
label the interior faces b; and by and the external face b3, with edge lengths e; and eo;
then the length of by is ey, the length of by is eo, and the length of b, is e; 4+ e3. Consider
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the system of equations e; = 3.5, ea = 8.5 and e + e2 = 9, which has no solution. Thus,
no metric ribbon graph in the shape of a figure eight is taken to (3.5,8.5,9). If the metric
ribbon graph is of the form of a dumbbell, the following equations are appropriate: e; = 3.5,
eg = 8.5, and e; + e3 + es3 = 9. But all the edge lengths are positive, so again there is no
solution. Therefore, there is only one metric ribbon graph that is taken to (3.5,8.5,9).
Hence Mg 3 = 7r_1(3.5, 8.5,9), because My 3 is just one point. This kind of result is true
in general; 7' (p) = M,, for p € R".

For a specific ribbon graph I' of type (g,n), label all of the edges and faces. Let Ar
denote the edge-face incidence matrix of the matrix. That is, Ar is a n x e(I') dimensional
matrix, with entries a;; which count how many times an edge j appears in a face i. Since
an edge can appear no times, one time, or twice in a face, it follows that a;; is zero, one, or
two. As an example, consider the double bubble ribbon graph as shown in figure 2.1. Let
e1, e, eg denote the edges of length 2, 1.5, and 7, respectively. Then the incidence matrix is

110
Ar=10 1 1].
101

The incidence matrix will map the vector with the edge lengths to a vector with the lengths
of the boundaries of the faces.
For T of type (g,n), call Pr(p) = A;l(p), p € R}, where Ar is considered as a map

from ]Ri(r) to R}, The Euclidean volume of the polytope Pr(p), denoted by vol(FPr(p)),
(Ar),. (1)
(0

, where p is the Lebesgue
P
measure on R and « is the Lebesgue measure on R™. The pushforward measure is

denoted by (Ar),(u) and defined by (Ar), (1)(B) = u(Ap*(B)) for all measurable B C R™.
This definition is equivalent to imposing that, for all measurable B,

(3.1 [ e =| [ ||

which is the method used to compute the first few volumes of polytopes.
For the double bubble ribbon graph, Ar was computed. In that case, ¢ = u, and
integration over A Y(B) is simply % * u(B), since Ar has determinant two. Thus the

is defined by the pushforward measure of Ar as

volume function is simply %, since the relation must hold for all open sets B. Note that
in the double bubble case, there is an implicit assumption that, for p = (p1,p2,p3), he
inequalities p1 +p2 < p3, p2+p3 < p1, p3+p1 < p2 do not hold, so that the volume function
is really % when those conditions are not satisfied, and 0 otherwise. In the dumbbell case,
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the volume function is % when one of p1 + p2 < ps, p2 + p3 < p1, or p3 + p1 < p2 hold, and
in the figure eight case, one of p; + ps = p3, P2 + p3 = p1, or p3 + p1 = p2 holds. Note that
for any measurable B C R? satisfying p; + p2 = p3 for all p €B is two-dimensional, so that
vol(Pr(p)) is not well-defined by equation 3.1 in this case.

In general, this problem of being unable to compute certain volumes only occurs when
e(I") < n. Since the smallest number of vertices possible is 1, 1 —e+n = 2 —2g, or that the
smallest e(I") can be is 2g — 1 + n. Thus, this problem only occurs when g = 0. To solve
the problem, the volume when the integration is over the n — 1 dimensional space is just
defined to be 0.

With the Euclidean volumes of the polytopes, it is possible to define the Euclidean volume
of the Moduli space to be, for 2g —2 +n > 0,

P vol(Pr(p))
(3.2) Ugn(P) = Z |Aut(T)|
T trivalent ribbon
graph of type (g,n)

E . . . . . .
vy is a polynomial, a fact which will be proven later. By the previous computations,

UéE,?,(P) = % Also, 7151(]0) = %pZ-

To show this, first note that there is only one trivalent ribbon graph of type (1,1) with
automorphism group Zg. Since there is only one face and three edges, Ar = [2 2 2]|. Let
b > 0 and consider now Ap'(b). This is the set of all (z,y, 2) such that 2(z +y + 2) = b,
with z,y,2 > 0. Now, A;l([O,q]) is the union of all A;l(b) with b € [0,q]. This union
is a tetrahedron with vertices (0,0,0),(%,0,0),(0,%,0),(0,0,2). If V' is the volume of this
tetrahedron, then [ vol(Pr(p))dp = V. But the volume of the tetrahedron is (%)3%
Differentiating both sides shows that vol(Pr(q)) = ‘II—Z. This gives that vfl (p) = %.

Consider now metric ribbon graphs with integer edge lengths. It is natural to consider
the discrete analogue of the volume, the lattice point count functions. They are defined by,

for p € Z and 29 —2+n > 0,

_ #{w € 2" Arz = p}
T of type (g,n)

These functions were first considered by Norbury in [6]. They have the property that, for
P = (p1,..,pn), if pr + ...+ py, =1 mod 2, then Ny,(p) = 0. This is because every
edge appears uniquely in two faces (sometimes in the same face two times), and therefore
for ey, ..., e, the edge lengths in a metric ribbon graph, 2(e; + ... + €y,) = p1 + ... + Pn.
It is easy to check that No3(p) = 1 if p1 + p2 + p3 is even and is 0 otherwise and that
Nii(p) = 4—18;02 — % when p is even.

The lattice point count functions satisfy the following topological recursion relation, which
was first proven in [2]:

Theorem 3.1. The lattice point count functions satisfy the following recursion formula:

n p1+p;
1
(3.4) PNy (Pa) = 5 Z > alpr+ 15 = ONgn—1 (¢, Ppp 1.})
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P1—pj

+H(pr—p;) Y a(p1 — pj — O)Ngn-1(¢, P f1,57)
q=0

pj—p1
+H(pj—p1) Y alpj —p1 - Q)Ng,n—l(Qap[n]\{l,j})]
q=0

1
*y Z (1 —q1 — q2) !Ng—l,n+1(Q1u 2, Pp)\{1}) T
0<q1+q2<p1

stable

Z Ny, i11+1(q1, pr) Ny, 17141 (a2, 27)

gi1+g92=9g
IuJ=[n]\{1}

7

where [n] = {1,2,...,n}, pp) = (p1, P2, -, Pn), the stability condition is 2|I| —1+g; > 0 and
2|J| =14 g2 > 0 and where
1 0
Hiz) = { x>

0 <0

is the Heaviside step function. The equation is proven by consideration of edge removal of
metric ribbon graphs with cilium, the details of which can be found in [2].

There is a relation between the lattice point count and Euclidean volume, satisfied for
all bounded and closed B C R’} and for continuous functions f from R" into R,

35)  Jm Y Nulw) g ) = [ o) @)dpidpe - d.

k—o0
pPEBNLZT
This relation holds because of the definition of the Euclidean volume in terms of the push-
forward measure. Because of this relation between the lattice point count functions and the
Fuclidean volume, it is natural to expect a recursion formula for the Euclidean volume func-
tions. If one naively replaces the lattice point count functions with the Euclidean volume
and substitutes appropriate summations with integrations, one obtains a false recursion
formula. The naive formula has, instead of factors of %, factors of %

Theorem 3.2. The Fuclidean volume satisfies the following recursion relation:

1< P1+D; 5
i > /0 q(p1 + pi — Qg n—1(q: P\ {1,544
2

i=

(36) plvﬁn(p[n}) =

P1—Pj
+ H(p1 — pj) /0 a(pr — pj — Q)vF 01 (@ P (1,y)da

Pj—P1
— H(pj —p1) /0 q(pj —p1 — Q)vgbjnl(q,p[n}\{l,i})dQ>

1 E
+7 oo @192(p1 — @1 — @2) | Vgi1n11(q1, @2, P {1})
>q1 2>P1
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stable
E E
+ > Ugl,n—1(Q17pI)Ug2,n—1(Q27PJ)>d(I1dQ2-
91+g92=9
IuJ=[n\{1}
The initial conditions vé%g(p) = 1 and vfl(p) = gsp? completely determine vfn for
29 —2+mn > 0. It is obvious that vZ is a polynomial, because the integration of a

g’n
polynomial over each region is itself a polynomial.

4. THE LAPLACE TRANSFORM OF THE LATTICE POINT COUNT FUNCTIONS

Because N, is defined only over Z, while the Euclidean volume is defined over R}, it
is natural to consider the Laplace transform of N, and vgn, so as to extend the functions
to the same domain for comparison. For any complex wy, € C", with Re(w;) > 0 for each
J € [n], define the Laplace transform of Ny, by

(4.1) Lg,n(w[n]) = Z N, m(p)@%p’w[”]%
pGZi
where (-, ) is the usual inner product on R”, and define V.2, by
0 0
E _ E —(p,wr,,
(4.2) Vo (tm) = - %(/}Ri vgn(P)e Py ]>dp[n]>,

where the variable substitution

ti+1
4. Twp =
(4.3) -
is used. Define
o On,
(4’4) ﬁg,n(t[n}) = (‘371 e aitnLgﬂ(w(t[n])%

where w(t[,)) = (wi(t1),...,wn(ts)). The variable substitution turns Ly, into a Laurent
polynomzial in the t? variables and VgEn into a polynomial in t]z, as will be shown. From
here, the Laplace transform of the lattice point count recursion formula is taken to obtain
a new recursion formula.

Theorem 4.1. The Laplace transform of Ny, satisfies the following recursion formula:

(4.5) ﬁg’n(t[n

1 o | t; (-1 (t —1)°
- [ ! ( ! 7 ﬁg,n—l(t[n]\{j})—]Tﬁg,n—l(tm\{l})

3 =

22
16 £ 0t | £ -1 2
1 (t% . 1)3 stable
T3 2 Lg-1n+1(ts, t, tppy) + Z Lo ir+1(t,tr) Ly 741 (t1,t0)
1 91+92=9
0=\ {1}

Proof: Multiply each side of equation (3.4) by Pnp\{1} and take the Laplace transform.

0
The left hand side of the equation becomes WMLWL(wM) = 0 T%Lg’n(w[n]) , which
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will now be denoted by fgm(w[n]). Consider for now the first line, which becomes

1 — N —(pw
3 > pi(p1+p; —a)ap2 - Bj - ) Ny—1 (@, Ppp 13)e P00 (@, ppap 1.1)s

where p; indicates the absence of p;. Summation over nonnegative p is allowed and changes
nothing, since multiplication by p; for each ¢ was performed. This can be rewritten as

o0
Z Z [qp2 . ﬁ_\] .. pnNg/nil(q’p[n]\{L]})] e_<p[n]\{1,j},w[n]\{l,j}>e_qw1
=2 40 pup 1,5y €255

[e%S) q+2¢
St S e,
=0 p;j=0
q+2¢
where p; 4+ p; — ¢ = 2l. The first summation Z pjeli (W1=w;) is just
p;=0

—quip 90w, 0 eWi — ewje(1+q+2£)(w17wj)
e e

owy evi — ewt
and is equal to

e—dqw1 £€—2£w1

m !elerwj + (q + 26)62w16(q+2€)(w17w]‘) o (1 +q+ 2£)ew1+wje(q+2€)(w17wj) ’

1

which is equal to m

[ew1+wjeqw1 6672611)1 + g(q + QE)eleequj efQij

— 014 q + 20)eWrTWiemqwi =205 ||
Summation over [ and ¢ is performed, which gives

~ ~

"[ et (Lg,nl(w[nl\{j}) Lgml(ww\{l})> e 9 Lgu-1(wpppy)

(ewl _ e’w]')Q (ewl _ e—w1)2 - (e’LUj _ efwj)Q _ewl — eWj aw] (ewj _ efwj)Z

=2

Consider now the second line of equation (3.4):
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Z Z H(pl _pj) Z bj W [qp2 c ﬁ} v ’pnNg,n—l(%p[n}\{l,j})]€7<p’w>

n oo (0.)
-3 3 pene
=2 1=0 p;=0
o0
v Z o a1 Z [ap2 55 -+ PaNg o1 (@, P 1.5y ] € PN} W (1.5
=0 P\ (1,51 €250
N et Dy (W)
- — (1 _ ewl—i-wj)Z (e'w1 _ 6—1.01)2 ’
j:

where p1 — p; — q = 21 is used. For the third line,

n pPji—pP1

bj—P1—4q ~ -

=D > Hpj—p) Y v [z By palNam-1(@: Pp )] e P
j=2 peZgo q=0

n oo o0 o0

= — Z Z Z b1 + q + 2l le_pl(’wl-i-w]) _2le€—qwj
j=2

q=0 1=0 p1=0
% Z [ap2 55+ PuNgn—1 (6, P f1,3)] € PN Cn (1,53
Plal\ (1,5} €255°
- Z eW1tw; Lg,n—l(w[n]\{l}) 4 Zn: et 0 Lgyn—l(w[n]\{lﬁ
= 1 — ewl"’_wj (6“’]’ o e_“’j)2 , eWl — e~ Wj aw (ewj _ e—wj)Q ’

j=

where the substitution p; —p1 — ¢ = 21 is used.
Summing the first three lines gives

Z”:[ eIt (fg,n—l(wm\{j})_Zg,n—l(w[nl\{l}))
J

ewr — ewj) (ewl _ efwl)Q (ewj _ e—’w]’)2

v d fg,n—l(wwml})]

Cewt — et ow; (e%i —e wi)?

et e Lo (wpp )
+ Z 1 — ewl+wj (6w1 — eiwl)Q

3

eW1tw; Lg’nfl(w[n]\{l}) n i eWl 0 Eg,n—l(w[n]\{l})
(1 o ew1+wj)2 (ewj _ efwj)2 ew1 e~ Wj 8’&)]' (ewj — efwj)Q

[\

j= j=2

9 R Lyn-1(wppgy)  Lgn-1(@pmp )
/ 8’U)j eWl — eWj ewitw; _ 1 (ew1 _ e—w1)2 (ewj _ e_wj)2 .
=2

1=

For the fourth line, first note that, for any f,
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e -
3 > qae —a - @) P g, e)

p1=00<q14+q2<p1

1 [o@) o oo

=3 Z Z ZQle_%wl (@+a2)w1 g, 05 f (g1, g2)
q1=0¢2=0 1=0

1 ~

= mf(wl?wl)v

where p1 — q1 — g2 = 2I, and

Flwr,wo) Z Z Qg2 f (g1, qp)e (T Haw2)

q1=0g2=0

The Laplace transform of the fourth line, then, is
stable

1 R N ~
(ewr — e=w1)2 Lg—1n+1 (w1, wi, wp f13) + Z Lgy 141 (w, wr) Ly, g1 (wi, wi) |-
g1+92=9
TuJ=[n]\{1}
The relati 1 1 (-1 ew et (1)
€ relations (ewi — e—wj)2 ~ 16 t? T oWl _ pWj ewitw; _ 1 t% — t? ’

and Ly, (w1 (1), ., wa () = (=1)" 27" Ly (b1, . b)) (#3 = 1) -+ (82 — 1)
hold, when changing from wy, to ¢, using formula 4.3. By replacing each expression in w
by one in ¢, formula 4.5 is obtained.
Now, notice that Egm(t[n}) is a Laurent polynomial in the t? variables. This can be
proven by induction over 2g — 2 + n, using the base case (g,n) = (0 3) or (1,1). The initial
L 1 1 (2-1)°
“16(1- 121212 128 ¢!
Laurent polynomial is as follows: check that each term being summed over in formula 4.3
is a Laurent polynomial. The only potential difficulty arises in checking for the term

values are Lo 3(t[3)) = ) and Lq,1(t) = . The proof that it is a

o t ,(BB-1)3 (t2 —1)3
c’)tj[t%—jti( 2 Lon-1(tppyy) — 5 2 Lgn—-1(tppy) |-

First, denote Ly n—1(tpp\ ;1) by f(t1) and Lgpn—1(tppq13) by f(25). Then the expression
being considered is

[ s -

o 1) — ——5—f(t)]

oty [t —t5° 1} t2

By induction hypothesis, f(t1) and f(¢;) are Laurent polynomials in the ¢? variables. There-
fore, f(t1) — f(t;) is a Laurent polynomial in the t7 variables. As t; — t;, the expression
tends to zero. Thus, it is divisible by #2 — t?, and the quotient is a Laurent polynomial
, 6‘? tjP(t1,t;) is still a
Laurent polynomial in the ¢? variables. Thus Lgn(tp) is a Laurent polynomial in the t2
variables.

in the t? variables. For P a Laurent polynomial in the t? variables
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Since Ly n(t,) is a Laurent polynomial, the degree is well-defined; denote the top degree

terms by Zg,n(t[n]). It is not difficult to show (again by induction) that the following formula
holds.

Theorem 4.2. The top degree terms of the Laplace transform of Ng,, satisfies the following
recursion formula:

(4.6) Lgn(tm)

s (HLgm1 (b (5y) = 6 Lan1(tap 1))
J

gi1+g92=g

Iy
6
stable o o
~ 33 754 Lo1nt1(ts, t1, tppgy) + Z Loy w1t tr) Ly, 17111t )
10I=m\ {1}

From here, it is easy to see that the degree of Ly, (t[,)) is 2(3g — 3 +n).

5. THE LAPLACE TRANSFORM OF THE EUCLIDEAN VOLUME

Due to the relation of the Euclidean volume and the lattice point count functions, given
by equation 3.5, Ly n(t,)) = VE (tn))-

g7n
Proof:
From (3.5),
1
E _< 7p> — | _< 7p>7
/ . Vg (P)e” " Pdpy - - dpy = lim Z Ny (kp)e™™ P s oy
PELLL
_ 4 7l<w7p>¥
= Jm % Non(P)e 2
pPE&y
w1 W, 1
= Jim Lo (3 %) sz
The coordinate transformation, given by (4.3), has the expansion near w = 0
= tw) = -2 W
—tw) = 2 2
(5.1) w 6 360 15120 ’
) 2 2 2
w=w(lt)=—— 5 — =% —
t  3t3  5t°
Since
8’”

ﬁg,n(t[n}) = mLQ’n (w(tl), N ,w(tn))

is a Laurent polynomial of degree 2(3g — 3 4+ n), and since w — w/k makes

t|—>kt+0(;>

for a fixed t,
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o E ().~ (w(t).p)
_Z w(t):P) dpy, - - - dpy,

7

w(ty) w(ty) 1
= e Lg’”( kT k) 13Ge2im)

1 1 % u
= klim Lgn (kh +0 <k> ookt +O <k>> T3@g2in) Vi)

This result then gives

Theorem 5.1. an satisfies the following recursion formula:

(5.2) Vi (tm)

1 o[ t
- 7; <ot [ ) (t1Vam—1 (tapg5y) — 15 Vg 1(%\{1}))]
J

stable
1 _
=35 11 [ Vit inn (bt ) + Z Vot (bt Lo, i (tr6)
Il_lJ [n]\{l}

At this point, the Laplace transform of equation (3.6) can be computed (after multiplying
both sides by po - - py), and since every step is invertible, the previous recursion formula
proves that formula (3.6) holds.

To compute the Laplace transform of (3.6), first consider the symmetric function ‘79%(101\{)
defined by the Laplace transform

~ 0 0

E - v ... B —(w,P) I . ..
th’n(wl, cey W) D B, /n vg’n(p)e dpy - - - dpp,.

It satisfies the topological recursion

. VE (wpnin)  VE (w )
5 gn-1WnN\GY)  Vgn 1 (We\{1}

J

1| 5 . _

= 5w | Vet @nenwpy) + 3 Vil (0 wn) Ve g (wr,wy)
! g1+g2=g,

107=[n)\{1}

N

Proof:
Since

~

V97En(w[n]) - (_l)n /n b1+ ‘pnvin<p)ei<w[n]7p>dp1 < dpn,
+

to obtain the formula, multiply both sides of (3.6) by (—1)"pa---p, and take its Laplace
transform. The left-hand side gives V.5, (w,)).
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For a continuous function f(q), by putting p1 +p; — ¢ =1,

(5.4) /0 dp1/0 dpj/ dgq pja(pr + pj — @) f(g)e” Prortravs)

g+l
/dq/ dl/ dp; qlf(q qwle—lwlpjepj(wl—wj)

= / dq/ dl qlf |: (¢+)w 6*(f1+l)wj 4 (C] 4 l)(wl _ wj)e(q+l)wj:|
U)l — U}]
_ Fw) Fw) 18 (fy)
B (wl - ’LU]‘)Q w% TUJQ' w1 — W;j 8wj w2
_ 9 L fw)  fluwy)
- Owj | wy — w, w? wjz. ’

where f(w = [s af(q)e""dg. Set py —p; —q = I. Then

P1—DPj
(5.5) / dpl/ dp; H (p1 — pg)/ dq pjq(p1 — pj_q)f(q)e—(P1w1+ijj)

, -
/ dq / dl / dp; qlf(g)e™ T e Wi e Piwitwy) — f(ﬂ;ﬂj

(w1 +wj)?  wi

and similarly,

S S Pj—P1 -
(5.6) /0 dpl/o dp;H (p; pl)/o dq pjq(p; — p1 — q) f (g)e” P tpivs)

— | dq / di / dpy qlf(q)e™ ™7 e™ (py + q + D) P (W)
0 0 0
oo 9] o 1 q 11
- - d/dll eqwaelwa{ + ]

0wy, 1o (fw
(w1+wj)2 ’LUJQ' wy +w; Ow; wJQ. )

Adding (5.5) and (5.6) gives

P1—DPj

/ dpl/ dpj pl p])/ dq p]q(pl pj — q)f(q) —(prwi+pjw;)
Pj—P1 ) o
/ dpl/ dp;jH )/ dq qu(pj—pl —q)f(q)e (Prwi+pjw;

_ (J?(wl) f(w, )>+ 1 o) (A(wj)>
(w1+wj)2 wi w? wy +w; dw; \ w?

J




THE EUCLIDEAN VOLUME OF THE MODULI SPACE 15

The sum of the right-hand sides of (5.4)-(5.6) thus becomes

B 1 1 Flw)  Flw))
Ow [(wl—ijl-i-wj)( w - wjz )]

Therefore, the first three lines of (3.6) give

IR [ w, (‘@?nﬂww\{j})_?fn1(W[n1\{1}))]‘

2 2
wy w;

For a continuous function f,

o0
/ dpy // q162(p1 — @1 — ¢2) f(q1, q2)e” P dqidgo
0 0<q1+q2<p1
Flwy,w)

/ d‘ﬂ/ dQ2/ dl qrgol f(qr, gz)e~ W1 e~ (@1taz)w =T
1

where f(wy,ws) = fRi pip2f (p1, po)e Prertr2w2)dp dp, . Thus the last two lines of (3.6)

give
1 -~ ~ ~
=01 | Vol pn (Wi, wr, wipry) + Yo Vi wnwnVe g (wyw)
gi1+92=g,
IuJ=[n)\{1}
Hence (5.3) is proven.
2
Now, change coordinates by a new coordinate change, w; = e Then
J
2 o t5 9
=t 2 =3 2 phold.
dw; t? dtj, and D, 2 ot old
Then
E _ OE
Vo () dt i) = Vo (Wi )dwwp),
or
V. (wp)
E _ on gn\Yn]
‘/‘vgfn(t[n]) =2 W hOldS.
1 n
So, multiply both sides of (5.3) by to get, for the first term of the first line,
2,42
R i ) wj Vi (wpgy)
Qt%---t%jzzawj wi — w? w?

10 18y 8 L0 by
=32 o !2 = jt Vim1 i) | = =15 2 5 |72 11 Va1 (Cnin)
j=2 7 1 j=2 70 L
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Similarly, the second term of the first line becomes

i i o [ w  VE ()
21212 —~ Jw; | w? — w? w2
n j—o 7

J
Lg~ 0 (1 8t 6 GV () o
T 240t [2 2 —t2 1 2 =16 Z a1, t? t2 t5 Vo1 (tpn13)
j=2

The second line of (5.3) is changed similarly. Since qu,n(t[n]) is known to be continuous, every
step in the Laplace transform of (3.6) is reversible, and so the formula for the Euclidean
volume holds.

6. EXAMPLES

By using the recursion formulas, it is possible to compute ng and Ny ,. Here are some
of the results for small (g, n), including the initial data. The results for N, will only hold
when the sum of its arguments is even; otherwise it will be zero. These values (except the
initial conditions, of course) were computed using Mathematica.

Lattice Point Count and Euclidean Volumes

= N

& (22 + 9% + 2% + w?)
vfs(@,y, 2w, ) | gp(at +yt 4 2t Fwt + ot 4 da?y? + 40?2 + daPu?+
4222 4+ 4y222 + 4y2w2 + élyzr2 + 42202 + 42292 + 4w2r2)

Ufl () %xQ
v2(7,) 7as (! + 227 + )
ofa(®y,2) a5 (2% + 9% + 28 + 6ay? + 6227+
6yt 22 + 622y* + 62224 + 6y22* + 12222 2)

U2E,1(95) mlﬁ
Nos(z,y,2) 1
Noa(,y,z,w) | 3(2® + 9%+ 2% +w? —4)

(

Nos(z,y,z,w,r) é(m4 +yt 42wt ot 4 42?y? + 42?2?44t +

4222 4 4y222 + 4y2w2 + 4y2r2 + 42202 4+ 42292 + 4w?r?
—202? — 20y — 2022 — 20w? — 2072 + 64)

Nyq(z) 57— 15
Nia(z,y) 384( +yt + 22%y? — 1222 — 122 + 32)
Noq(x) m (1328 — 80425 + 152042* — 8953622 + 163008)
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