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The boundary length and point spectrum enumeration
of partial chord diagrams using cut and join recursion

by Jorgen Ellegaard Andersen, Hiroyuki Fuji,
Robert C. Penner, and Christian M. Reidys!

Abstract

We introduce the boundary length and point spectrum, as a joint gen-
eralization of the boundary length spectrum and boundary point spectrum
introduced by Alexeev, Andersen, Penner and Zograf. We establish by
cut-and-join methods that the number of partial chord diagrams filtered by
the boundary length and point spectrum satisfies a recursion relation, which
combined with an initial condition determines these numbers uniquely. This
recursion relation is equivalent to a second order, non-linear, algebraic par-
tial differential equation for the generating function of the numbers of par-
tial chord diagrams filtered by the boundary length and point spectrum.

1 Introduction

A partial chord diagram, is a special kind of graph, which can be specified as
follows. The graph consists of a number of line segments (which we will also
call backbones) arranged along the real line (hence they come with an ordering)
with a number of vertices on each. A number of semi-circles (called chords)
arranged in the upper half plan are attached at a subset of the vertices of the line
segments, in such a way that no two chords have endpoints on the line segments
in common. The vertices which are not attached to chord ends are called the
marked points. A chord diagram is by definition a partial chord diagram with no
marked points. Partial chord diagrams occur in many branches of mathematics,
including topology [12, 15], geometry [8, 9, 2] and representation theory [13].
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Furthermore, they play a very prominent role in macro molecular biology. Please
see the introduction of [6] for a short review of these applications.

As documented in [17, 25, 24, 11, 10, 7, 3, 4, 1, 23, 22, 5, 6], the notion of a
fatgraph [18, 19, 20, 21] is a useful concept when studying partial chord diagrams?.
A fatgraph is a graph together with a cyclic ordering on each collection of half-
edges incident on a common vertex. A partial linear chord diagram ¢ has a natural
fatgraph structure induced from its presentation in the plane. The fatgraph c has
canonically a two dimensional surface with boundary 3. associated to it (e.g. see
Figure 1).

Figure 1: The partial chord diagram ¢ and the surface Y. associated to
the fatgraph with marked points. This partial chord diagram has the type
{9k, b} {nid; {6} = {1,6,2;{bs = 1,05 = 1};{ng = 2, = 21;{l1 =
1,0, = 2,49 = 1}}. The boundary length-point spectra are {muy = 1,m0 =

2,10,0,000,1,000) = 1}.

We now recall the basic definitions from [1] for a partial chord diagram c.

e The number of chords, the number of marked points, and the number of
backbones of ¢ are denoted k, [, and b respectively.

e The Euler characteristic and the genus of Y., are denoted x and ¢ respec-
tively. If n is the number of boundary components of ., we have that

and g obeys Euler’s relation

(1.2) 2-29=b—k+n.

e The backbone spectrum b = (by, by, bs, .. .) are assigned to c¢, if it has b; back-
bones with precisely ¢ > 0 vertices (of degree either two or three);

e The boundary point spectrum n = (ng,nq,...) is assigned to ¢, if its bound-
ary contains n; connected components with ¢ marked points;

2In [16, 14], the Schwinger-Dyson approach to the enumeration of chord diagrams is also
discussed.
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The boundary length spectrum £ = (€1, /s, ...) is assigned to ¢, if the bound-
ary cycles of the diagram consist of /i edge-paths of length K > 1, where the
length of a boundary cycle is the number of chords it traverses counted with
multiplicity (as usual on the graph obtained from the diagram by collapsing
each backbone to a distinct point) plus the number of backbone undersides
it traverses (or in other words, the number of traversed connected compo-
nents obtained by removing all the chord endpoints from all the backbones).

We now introduce the combination of the boundary length spectrum and the
boundary point spectrum, namely our new boundary length and point spectrum.

The boundary length and point spectrum m = (m(dl,m,dK)) is assigned to c,
if its boundary contains mq, .. 4,) connected components of length K with
marked point spectrum (dy, ..., dg), meaning that there cyclically around
the boundary components are d; marked points, then a chord or a backbone
underside, then ds marked points, then a chord or a backbone underside,
and so on all the way around the boundary component. In fact we will
not need to distinguish which way around the boundary we go. Hence it
is only the cyclic ordered tuple of the numbers dy, ..., dg, which we need
and which we denote as dix = (dy, . ..,dg). We remark that some of the d;
(1 < I < K) might be zero.

We have the following relations

b:ZbZ-, nzzniz ZEK: szdw

i>0 i>0 K>1 K>1 dg

2k +1= ib, 1= inj=> > |di|ma,
>0 >0 K>1 dg

2k +b = ZKEK = ZZKde’
K>1 K>1 dg

where |dg| = 3% d;. For all K and i, we also have that

EKzg M, , ni:E E M -
dg

K>1i=|dg|

We define M, ;;(b,m) to be the number of connected partial chord diagrams
of type {g,k,l;b;m} taken to be zero if there is none of the specified type. In
[1], Nygi(b,n,p) is defined as the number of distinct connected partial chord
diagrams of type {g, k,[;b;n;p}. We find the relation between these numbers by
the following formula

Ny ln) = > Myui(b,m),

meM(£n)
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where

n)={m|lx = Zde, n; = Z Z My }-
di

K>1i=|dg]|
In particular, the numbers Ny ;;(b,n) and Ny, (£) are given by
/\/'g7klbn ZNgkle’n> gkb ZZ ./\fgklobﬂn)
n > b=b
For the index b = (b;), we consider the variable t = (¢;) and denote
=]
i>0

And for the index d = (dx), we consider the variable u = (uq, ) and denote

- T

K>1dg

for any m = (mg, ). We define the orientable, multi-backbone, boundary length
and point spectrum generating function H(z,y;t;u) = >, Fo(, y;t;u), where

(1.3)  Hy(,y:t;u) = blz > DD Myrab,m)zytttum,

=k—2g—b+2

For an element p = (p(4,,..ax)), Where each pq,,. 4, € Z, we write
p=p —p,

where p™ contains all the positive entries and p~ the absolute value of all the
negative ones, which we assume to both be finite. We define the differential
operator

b1 T ()

We now define SI,J,Z,m(dK)y SI,@,m(dK> and qLJ,g,m(dK7fL) to be StI‘iIlgS like P
given by the following formulae

S1,.76m(AK) = €die = €(dy,..dy 1,d1—C—1imydy1,die) — €(bdr i1,y 1,dg—m—1)s
SLZ,m(dK> = €dy — €(dy,...di_1,bmdri1,di) T €(dj—t—m—2);
QI,J,f,m(dm fL)

= €di T €51 — €(dy,.dr_1,di—L—1,m, Ly 1se fLoS1res f—1, f g ==L dr 1 1,dc) -
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where eq,. denotes the sequence (0,...,0,1,0,...) where the component 1 appears
only at the entry indexed by dy. We further define the index ¢y jon(dx, far) by
the formula

CI,J,e,m(dmf L)
= (dlﬂ"'adf—ladf — 1 — 17mafJ+17'"7fL7f17"'7fJ—17fJ_m_ 17€7d1+1a"'7dK)7

which is identical to the index on the last term of the above assignments.

Theorem 1.1 (Enumeration of partial chord diagrams filtered by their boundary
length and point spectrum).

Define the first and second order linear differential operators

di—1dy—1 K di—1
Ly - ( SIS TS ol s DSI,e,muK)) ,

K>1 dg 1<J<I<K (=0 m=0 I=1 ¢,m=0
(1.5) E E E E DQI,J,Z,h(dK)’
K.L>ldg f, I=1 J—1 (=0 m=0

and the quadratic differential operator

(16 S =5 3 S S SN Y e tansn D (H)Dy, (H)

L di—1f.—1
K,L>1dg. fr, I=1 J=1 =0 m=0

Then the following partial differential equations hold

OH OH
(1.7) L — (M + 2®My)Hy, — = (My+ 2*My+ S)H
dy y
Together with the initial conditions
(1.8) Hy(z,y = 0it = (h);u) = ugtr, H(z,y=0tu)=> upl,

i>1
they determine the functions Hy and H uniquely.

In this article, we also consider the non-oriented analogue of partial chord
diagrams. The generalization of the above analysis is straightforward, as we will
now explain. A non-oriented partial chord diagrams, is a partial chord diagram
together with a decoration of a binary variable at each chord, which indicates if the
chord is twisted or not. When associating the surface ¥, to a non-oriented partial
chord diagram, a twisted band is associated along twisted chords as indicated
in Figure 2. By this construction, 2* orientable and non-orientable surfaces are
obtained from one partial chord diagram with k chords, when we vary over all
assignments of twisting or not to the k& chords. In the non-oriented case, we have
the following definition of the Euler characteristic.
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e Euler characteristic y.
The Euler characteristic of the two dimensional surface ¥, is defined by the
formula

(1.9) X =2-—h,
where h is the number of cross-caps and we have Euler’s relation

(1.10) 2—h=b—k+n.

With this set-up, the enumeration of the non-oriented partial chord diagrams is
considered in parallel to the oriented case discussed above with a small change
for the boundary length and point spectrum m. In this non-oriented case, there
are now induced orientation on the boundaries of Y. and hence for an index
dix = (dy,...,dg) corresponding some boundary component of ¥., we not only
need to consider this tuple up to cyclic permutation of the tuple, but also reversal
of the order

di = (d1,d2; - de) = (dK7 . ‘-d2,d1)~

C

m Chord _ Band
/)\ Twisted chord — X Twisted band

Figure 2: The non-oriented surface constructed out of untwisted and twisted
chords.

Let ./f\/lvh,k,l(b, m) be the number of non-oriented partial chord diagrams of type
{h,k,l;b;:m}. In [1], Ny (b, £,n) is defined as the number of non-oriented con-
nected partial chord diagrams of type {h, k,[;b; €;n}. These numbers are related
by the following formula

Nhkl<b£’n Z thl(b m)

meM(£n)

and the numbers Nh,k,l(b,n) and Nh,k,b(ﬁ) are given by

Nhkl b,n) Z Nhkl bl n), -/vh,k:,b(e) = Z Z th,k,l:o(b,f,n)-
n Zbi:b
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We define the non-oriented generating function ﬁ(m, yitiu) =) ﬁ]b(x, y;t;u)
to be given by

(1.11)  Hy(z,y;t;u) = blz > > Zthlbm yFtdu™.

h=0 k=h+b-1 Y, Yy ma, ¥ bi=b
—k—h—b+2

We define sy ;,,(dk), s7,,(dx) and q; ;,,(dx, f1) to be by

SIX,JLm(dK) = €dy — €(dy,...dr_1,6mydy_1,dii1,dg—L—1,dy—m—1,dsi1,00dK )
SZg,m(dK) = €dy — €(dy,....dr_1,0,di—b—m—2,m,d1 41, dEc )

q;J’é7m(dK7fL)

=Cdy T €5y — (1, fy 1 frmm—1bdr 1 ,didicsen, dry1,dr—L=1,m,fy1,..,fL)"

And we also define indices c; ;,,(ds, far) by the formula

C?,J,é,h(dK7fL)
= (fla"'afJ—th_m_17€ad1—17"'7d17dKa"'7d1+17df_6_ 17m7fJ+17"'7fL)7

which again, we note is identical to the index on the last term of the above
assignments.

Theorem 1.2 (Enumeration of non-oriented partial chord diagrams filtered by
their boundary length and point spectrum).

Define the first and second order linear differential operators

dj—1d;-1 K di-1
(t12) M=% ( Yo DD Dot D Dsiz,mum) !

K>1 dre \1<J<I<K (=0 m=0 I=1 £,;m=0
di—1dy—1

(1'13) Z Z ZZ DqIJZde

KL>1dK,fLI 1 J=1 £=0 m=0

and the quadratic differential operator

(1.14)  S*(H Z > ZZ Uk ooy D (H) Dy, (H) .

KL>1dK,fL I=1 J=1 (=0 m=0

3

Then the following partial differential equations hold
OH,
dy
OH
dy

= (Mo + M + 2(M, + M) Hy,

(1.15) = (Mo + x M + 2*(My + M) + S+ S*)H
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Together with the following initial conditions

(1.16) Hy(z,y =0t = (t,);u) = u(o)ti, H(z,y=0:t;u) = Zu(i)ti,

i>1
determines Hy and H uniquely.

This paper is organized as follows. Section 2 contains basic combinatorial
results on the boundary length and point spectra of partial chord diagrams and
derives the recursion relation of the number of diagrams (Proposition 2.1), by
the cut-and-join method. This cut-and-join equation is rewritten as a second
order, non-linear, algebraic partial differential equation for generating function
of the number of partial chord diagrams filtered by the boundary length and
point spectrum (Proposition 2.2). Section 3 extends these results to include the
non-oriented analogues of the partial chord diagrams. The cut-and-join equation
is extended to provide a recursion on the number of non-oriented partial chord
diagrams (Proposition 3.1), and is also rewritten as partial differential equation
(Proposition 3.2).

2 Combinatorial proof of the cut-and-join equa-
tion
In this section, we devote to prove Theorem 1.1. The partial differential equation

(1.7) is equivalent to the following recursion relation for the numbers of connected
partial chord diagrams.

Proposition 2.1. The numbers M (b,m) enumerating connected partial chord
diagrams of type {g, k,l;b,m} obey the following recursion relation

k‘./Vlg,k,l (b,m)
di—1dy—1
=3 S (g + 1) [ ST S Mysries (bt s1g0m(di)
K>1 dp 1<I<J<K (=0 m=0
K dj—1
+ Z Z Mg i—1142 (b,m + spm(di))
I=1  £,m=0
€+m<d1—2
1
+§ ZZ Mg, + 1) MfL-i-l 5dK,fL>
K>1L>1 dx f1
K L dj—1f—1
X Z Z My 11042 (b m~+qryem(di, fr))
I=1 J=1 (=0 m=0
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53535 3) i) DD SIS

K>1L>1 dig  fr 91+g92=9 ki+ka=k—1 p1)4p(2)=p

[=1 J=1 (=0 m=0 ) 4m
=m+q1,J0,m(dK.fL)

b!
(2
(21) X ml(izzm.(fL)WMghklvll (b(l)’')’7’),(1)),/\/192,162712 (b(2)’m(2)) .

This recursion relation is referred to as the cut-and-join equation, since it
follows from a cut-and-join argument, which we shall now provide.

Proof. When one removes one chord from a partial chord diagram, there are
essentially three distinct possible outcomes. First of all the diagram can stay
connected and then there are two cases to consider. In the first one, the chord
that is removed is adjacent to two different boundary components and in the
second one it is adjacent to just one. The third case is when the chord diagram
becomes disconnected.

In the first case, the genus of the partial chord diagram is not changed, but
two boundary components join into one component. On the other hand, in the
second case, the genus decreases by one, and one boundary component splits into
two components.

dK d1 dl

(12

/

/
|
4

”;&@w
- T~ dr —0—m —2

Figure 3: Removal of a chord in case one. The chord is depicted as a band. After
the removal of this chord, two boundary components join into one component.
Left: The clusters of marked points (d; — ¢ — 1,m) and (d; —m — 1,/) join into
two clusters d; and d; Right: The clusters of marked points (¢, m) and (d;—m—1)
join into one cluster d;.

dy—m—1

In the first case, and let us say that after removing this chord, the two adjacent
boundary components join into one component with the marked point spectrum
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dx = (di,...,dk). (See Figure 3.) Under this elimination, the numbers k& and
n change to k — 1 and n — 1, the genus g is not changed (c.f. Euler’s relation
2 —2g = b—k+n). The number of marked points | changes to [ 4+ 2, because
the chord ends of the chord which is removed become new marked points. There
are two distinct possible sub cases, namely either the chord ends belong to two
distinct clusters of marked points d; and d; in the resulting chord diagram, or
chord ends belong to the same cluster of marked points d;.

We will consider the former kind of chord, and assume I < J without loss of
generality. Before we remove the chord, the two boundaries adjacent to the chord
needs to have the following two marked point spectra

(dl,...7d[_1,d[—€—17m,dj+1,...,d}()7 and (é,d[+1,...,dj_1,dj—m—1)7
Ogﬁgd[—l, OSdeJ—l,

When removing the chord, we connect the clusters of marked points (d; —¢—1,m)
and (dy—m—1,¢). If the original partial chord diagram has the boundary length-
point spectrum m, the resulting diagram has

M — €(d,,..d;_,dr—l—1mdyy1,dic) — €(Ldrpryndy_1,dj—m—1) T €dy
=m + 57, 70m(dK).

For the latter kind, we must have two boundary components with the marked
point spectra

(dla s 7dI—17€7 m, dI+17 SR dK)? and (df —l—m— 2)
OSg,mgd[—l, 0§€+m§d[—2,
and removing the chord connects the clusters of marked points (¢, m) and (d; —

m — 1). This manipulation changes the boundary length and point spectrum m
into

M — €y, ..dr 1 Lmdrsr,di) — €(di—t—m—2) T €de =M + 510m(dK).

For both of these two kinds of removal, there are mgq,. +1 possibilities to choose
the boundary components in the partial chord diagram. Therefore, the number
of possibilities for the first way of removal is

di—1d;—1
S S ma 40| X 3N Myscrria o+ sn(di)
K>1 dg 1<I<J<K ¢=0 m=0
K dr—1
(2.2) + Z Z Mg ip—142 (bym + 570m(dK)) |
I=1 £,m=0

l+m<d;—2
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In the second case (see Figure 4), the removal changes the numbers k and n
to k — 1 and n + 1 and the genus of the partial chord diagram decreases by one.
For partial chord diagram with a boundary with marked point spectrum

(dly"'vd[—ladf_g_1am7fJ+1a-"7fL7f17"'7fJ—17fJ_m_1a€7d1+17---7dl(>7
OSESd]—l, OSmeJ—l,

we remove the chord which connects the two clusters (f; —m —1,¢) and (d; — ¢ —
1,m) of marked points. The boundary component then splits into two boundary
components with marked point spectra di = (dy,...,dg) and fr = (f1,..., fL)-
If the original partial chord diagram has the boundary length and point spectrum
m, after removal of this chord, we find that

M — €(dy,....d; 1, dr—b—1,m, 141y Frsesfr—1fs—m—16d i 1,di) T €dge T €
=m+qrem(di, fr).

The number of possibilities of this removal is (mg, +1)(mys, +1) for dx # fr.
If di = f1, the number of possibilities becomes mg,. (mg, + 1)/2. In total, the
number of possibilities for the second way of elimination is

% ZZZ de+1)<me+1_5dK7fL>

K=1L=1 di fr
L di—1f;—1

K
(2.3) X Z Z Z My ak-11020;m+qrren(dr, fr)) -
=1

J=1 (=0 h=0

The factor 1/2 in front of the sum takes care of the over counting in the cases
dx # fr.

In the third case, the partial chord diagram split into two connected compo-
nents. We consider the case that the original diagram has the type {g, k,[;b,m}
and the resulting two connected components have types {g1, k1, l1;6), m(Y} and
{go, k2, 13;6? m®@}. These types are related such that

g:g1+g27 k_1:k1+k2, b:b(1)+b(2)

Since a boundary component also split into two components, the boundary length
and point spectrum changes in the same manner as in the second case.

m~+qryem(@i, fr) = mY +m®.

There are mgm}? ways to choose the boundary components which are to be

fused under the inverse operation of chord removal. And the number of different
ordered splittings of a b-backbone diagram is W where 5@ = Y. b§“) (a =
1,2). Therefore, the total number of possibilities of this case is

ZZZZ 2.2

LJ=1 dx fr 91+92=9 kitka=k—1 b1 4p2)=p

[\:)I>—t
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dK d1 fL fl

dg fi

Figure 4: The second and third way of elimination of a chord. After the elim-
ination of this chord, a boundary component split into two different boundary
components.

I=1 J=1 (=0 m=0 m £m(2)
=m+q1,j,0,m(dx.fL)

b!
1 2
(24) X m((llz m;-L) WMglvlil (b(l) R m(l))MgQ’k%lQ (b(2), m(2)) .

The factor 1/2 corrects for the over counting due to the ordering of the two
connected components.

The sum of the contributions (2.2), (2.3), and (2.4) from the three different
cases of chord removals equals kM, (b,m), because there are k possibilities
for the choice of the chord to be removed. This gives the cut-and-join equation
(2.1). O

Proposition 2.2. The generating function H(z,y;t,;u) is uniquely determined
by the differential equation

OH
= (M+S)H
o (M + S)H,

where M = My + x*>M,. The generating function Z(x,y;t,;u) = exp[H] of the
number of connected and disconnected partial chord diagrams satisfies
07
(2.5) — =MZ,
Ay
and is as such determined by the initial conditions
H(z,y =0;t;u) = Ztiu(i), Z(x,y = 0;t,;u) = eXiz1 1%,

i>1
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Proof. 1t is straightforward to check that the differential equatlon = (M+S)H
is equivalent to the cut-and-join equation (2.1). The actions in the quadratic
differential S on H can be rewritten by following relation

1
DdK(H)DfL(H> +DdKDfLH = ZDdKDfLZ'

The derivatives on the right hand side are contained in My, and the differential
equatlon y = M Z follows from that of H.

On the initial condition, every partial chord diagram of type {g, k,;b;m} can
be obtained from the disjoint collection of type {0,0,7;e;,ex)} with multiplicity
b; by connecting them with k chords. This implies H(x,y = 0;t;u) = >, tiug.
Since this is the first order differential equation of y, the coefficient of 3/* is deter-

mined uniquely using this initial condition.
O

3 Non-oriented analogue of the cut-and-join equa-
tion

In this section, we will prove Theorem 1.2. We first establish the following propo-

sition.

Proposition 3.1. The number M97k7l(b,m) of connected non-oriented partial
chord diagrams of type {g, k,l;b,m} obeys the following recursion relation

/{Z.K/lvg,hl(b, m)

= Z Z(de + 1)

K>1 dg

dr—1d;—1
X [Z Z Z {Mh,k—l,z+2 (b,m + s1,70m(m)) + Mp_1 1,42 (b,m + S?,J,g,m(m))}

I<J ¢=0 m=0

+ Z Z {Mvh,k—l,l—&-Q (b,m + s m(m)) + Mvh—l,k—l,l-i-Q (b,m +s7,,,(m)) }}

I=1 l+m<d;—2
%ZZZZdeJrl Ymg, +1— bag 1)
1L>1 dx fr

L dj—1fs—1

XZZ Z{Mh ok-14+2 (bm+ a1 jem(di, f1))

I=1 J=1 ¢=0 m=0

+ Mook 1440 (b.m + 475, fr)) }

+y )SID DD VDS

K>1L>1 die  f1, hitho=hki+ko=k—1 p(1) 1 p(2)—p

—_
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K L d;—1f;—-1
1), (2)

x> )OS D Mg My,

I=1 J=1 (=0 m=0 mD m® mD tm®

=m+q1,5,0,m(dx.fL) =m+q1><’Jj’m(dK,fL)
(3.1)
B! _

. b(W1H(2) Mhl k1l (b( ) (1)>Mh2,k27l2 (b(Q)am(Q))'

Proof. If we remove a non-twisted chord, then we find the same recursive structure
as for the numbers (2.2), (2.3), and (2.4) for My, ;(b,m) in the oriented case. As
we did in the proof of proposition 2.1, we also consider three cases, organised the
same way, when removing a twisted chord.

In the first case (see Figure 5), there are again two possibilities, namely the
twisted chord ends belong to two different or the same clusters of marked points
on the boundary component in the resulting diagram after removal. Contrary to
the case of non-twisted chords, the boundary cycle does not split, but the marked
point spectrum changes due to the recombination of the boundary component.
For both of these two cases, the numbers k and n change to k — 1 and n, and the
CTOss-cap number h decreases by one under this elimination (c.f. Euler’s relation
2—h =b—k+n). The chord ends become marked points and [ changes to [ + 2.

Y

| l

d mw m -
7 m = d] Y 1 Od[fefmfz

dK d]

do

Figure 5: Removal of a twisted chord from a non-oriented partial chord diagram.
The chord is depicted as a twisted band. After the elimination of this chord, the
boundary component is reconnected into one component with different marked
point spectrum. Left: The clusters of marked points (d; — ¢ — 1,m) and (d; —
m — 1,£) join into two clusters d; and d;. Right: The clusters of marked points
(¢,m) and (d; —m — 1) join into one cluster d;.

In the former situation, we must have a boundary component with the marked
point spectrum

(dy,....di—1,0,mydy_y,dyg. .. diy1,dp — 0 —1,d; —m—1,dsp1,...,dg)
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[<J, Oﬁﬂﬁdl—l, OSdeJ_l,

from which we remove one twisted chord with one end between the two clusters
(¢,m) and the other between (d; —¢—1,d; —m—1). Then the removal will result
in a boundary component with the marked point spectrum dx and the boundary
length and point spectrum m is changed as follows

M — €(dy,....dy_r bmdy_1,dyyr,ds—L—1,dg—m—1dyi1,..dx) T €dg
_ X
=m + SI,J,e,m(dK)~

The possible number of choices for this kind of removal is mq, + 1, and the total
number of diagrams which can be obtained in this way is

di—1dy—1

(3.2) SN e + DYDY Miycipcrisa(bm+ 57, (m)).

K>1 dg I<J (=0 m=0

For the removal of the latter kind of twisted chords, we must start with a
diagram with a boundary component with the marked point spectrum

(dl,...,df_l,f,d[—ﬁ—m—2,m,d1+1,...,dK),
OSE,de], E—I—deI—Q

from which we remove one twisted chords with one end between the two clusters
(¢,d; — € —m —2) and the other one between the two clusters (d; — ¢ —m —2,m).
After removal, we obtain a boundary component with the marked point spectrum
dy. Thus, the boundary length and point spectrum m is changed to

X
M — €(dy,....d;_1 bd;——m—2,mdrs1,..dg) T €dx =M+ SI,Z,m(dK)'

The number of such chords to be removed is mg, + 1, and the total number of
partial chord diagrams obtained in this way is

K

33) D D ma DY Y Myciperige(bom + s7,,,(m)).

K>1 dy I=1 ¢+m<d;—2

Next, we consider the second case (see Figure 6), where we must start with a
non-oriented partial chord diagram with a boundary component with the marked
point spectrum

(flv"'7fJ—1afJ_m_17€7d1—17"‘adladK7"'7dI+1adI_g_]-7m7fJ+17"‘7fL>7
0<l(<d—1, 0<m<f—1,

from which we remove a twisted chord with one end between the two clusters
(f; —m —1,¢) and the other end between the two clusters (d; — ¢ — 1, m). After
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removal of this chord, the boundary component has been split into two components
with spectra dx and f, and the cross-cap number h decreases by two. Then, the
boundary length and point spectrum m changes to

M = €fy,...fr1,fr—m=10,dr_1,d1,dc yoesdrs1,dr—0—1,m, fr 1o, L) + €dy + €5,
_ X
=m+q; 50mdx, fr).

The number of choices for the chord to be removed is (mg, + 1)(myg, + 1) for
dx # fr and mg,. (mg, +1)/2 for di = f1, and the total number of partial chord
diagrams obtained this way is

% Z ZZ Z(de + 1)(me +1- 5dK7fL)

K>1L>1 diy  fr.
L dr—1f;—1

K
(3.4) X Z Z Z Z Mvh—2,k—1,l+2 (b,m + a1 7.0.m(@rc, fr))-

I=1 J=1 =0 m=0

Figure 6: The second case of a twisted chord removal. After the removal of this
chord, the boundary component split into two distinct boundary components.

In case three partial chord diagram split into two connected components when
we remove the chord. Assume that the original diagram has the type {h, k,[;b,m}
and the resulting two connected components have types {hy, k1, l1;(), m®} and
{ha, ks, 15:5® , m®}. Then these types are related by

h=hy+hy, k—1=Fk + ko, b:b(1)+b(2).
The marked point spectrum changes in the same way as the second case

m+q; jpm(@r, 1) = mY +m®.
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The total number of resulting diagrams is

53535 VD HIED DEND'S

K>1L>1 dig  fr hi+ho=hki1+ko=k—1p1) +p(2)=p
K L di—1f;—1

x 2.2 X

I=1 J=1 ¢=0 m=0 m® 4m®
=m-+q} ;o m(dic.fL)

b —~
(35) X mé}im}g b Mh1 k1,l1 (b( ) )th,kz,lg (b@),m@)).

Therefore, in total, the number of possible partial chord diagrams obtained by
removing a twisted or a non-twisted chord is the sum of (3.2) — (3.5) and of (2.2)
—(2.4) for ./{/lvhvkvl (b,m). This number gives the right hand side of equation (3.1),
which we have just argued also gives the left side of equation (3.1).

O

Along the same line of arguments as the ones which proved Proposition 2.2,
we obtain the proposition below.

Proposition 3.2. The generating function ﬁ(m,y;t, su) 1s uniquely determined
by the differential equation

OH

N — (M +S)H

where M = My + M+ 22(My + M) and S = S+ S*. The generating function
Z(x y;t,;u) = exp[H ] of the number of connected and disconnected partial chord
diagrams filtered by the boundary length and point spectrum satisfies

(3.6) 2 = MZ.

As such they are uniquely determined by the initial conditions

f[(x,y =0;t;u) = Ztiu(i), Z(:U,y =0;t,;u) = ez bit(i)

i>1
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