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1 Introduction

S-matrix elements contain very useful information about terms in the low energy effective
action of superstring theory. In perturbative string theory, they yield terms with coupling

2h—2

z at genus h, where g, is the string coupling. Each such contribution

dependence g
at fixed h can be expanded in powers of o/, the inverse string tension, to yield terms
in the effective action that are analytic as well as non-analytic in the external momenta.
Focussing on the terms that are analytic in the external momenta, thus we see that the
coefficients of the various interactions in the effective action are given by integrals over
the moduli space of (super)Riemann surfaces with punctures. These have been explicitly
evaluated in various cases for low genera. In such cases, the integrands which depend on
the particular string theory under consideration, are given by a sum of terms, each of which
has basic building blocks which are referred to as modular graph forms [1, 2]. These are
Sp(2h,Z) covariant objects which can be interpreted graphically very usefully. The links
of these graphs are given by the conformally invariant Arakelov Green function on the
genus h worldsheet or their holomorphic or anti-holomorphic derivatives, while the vertices
correspond to the positions of insertions of vertex operators on the worldsheet which are
integrated over. Modular graph functions which are Sp(2h,Z) invariant are special cases
of modular graph forms, and will be the relevant objects for us. We shall consider them in
the context of type II superstring theory, though the techniques should generalize to yield
information in cases with lesser supersymmetry.

Analysis of these string invariants at genus one that result from the low momentum
expansion of one loop amplitudes [3-7] has yielded detailed information about various



relations among them, as well as played a crucial role in performing the integrals over
moduli space [1, 2, 7-20]. Analogous analysis has also been done at genus two [21-30] based
on the low momentum expansion of the two loop four and five graviton amplitudes [31-34],
though much less has been understood compared to the one loop graphs.

Consider the string invariants that arise in the evaluation of the D8R* and DSR®
interactions in the low momentum expansion of the four and five graviton amplitudes
respectively, at genus two. The asymptotic expansions of these invariants around the non-
separating node yield elliptic modular graph functions [2, 29], graphs in which two of the
vertices are not integrated over the worldsheet. These graphs depend on 7, the complex
structure of the resulting torus at the non-separating node as well as on p, and py, the
locations of the two punctures on the genus two Riemann surface which are connected by a
long handle, roughly the inverse length of which is the asymptotic expansion parameter.! In
fact, using translational invariance on the torus, these graphs depend only on the difference
v = pp—pq. Thus the two unintegrated vertices are at v and 0. These generalize the modular
graph functions in which all the vertices are integrated over,? and are invariant under the

SL(2,Z) transformation
ar +b v
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where a,b,c,d € Z and ad — bc = 1.
Now most of the elliptic modular graph functions that arise in this analysis have links

(1.1)

that are given by the Green function on the toroidal worldsheet. However, the ones that
arise from the asymptotic expansion of the genus two graphs

2
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2
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are different from this point of view. In fact, (1.2) and (1.3) arise in the low momentum ex-
pansion of the four and five graviton amplitude respectively. In these expressions, G(z1, 22)
is the genus two Arakelov Green function, and

wu(z) = Yl}lwl(z)wj(z), (z,w) = }/I}le(z)wJ(w), (1.4)

where Y; ' = (Y™!);; and w; = wy(z)dz is the Abelian differential one form. We have
defined Y77 = (Im€);7, where Q is the period matrix. The integrals are over 39, the genus
two worldsheet.

Along with elliptic graphs with links given by the Green function, the asymptotic
expansion of (1.2) and (1.3) also yields graphs in which the links are given not only by the

!The expansion yields a Laurent series in this parameter, with the elliptic graphs arising as coefficients
in this series.
When the vertices v and 0 are identified, the elliptic modular graphs reduce to modular graphs.



Green function, but also by its holomorphic and anti-holomorphic derivatives.? Thus they
yield graphs that are of a qualitatively different kind.? Essentially this happens because
the graphs (1.2) and (1.3) form a closed loop on the worldsheet and this involved structure
arises from the structure of the Green function in the degeneration limit. It is interesting
to analyze if these graphs can be expressed in terms of those that do not have derivatives
of Green functions as their links, or if they are genuinely new graphs which add to the
number of basis elements in the space of elliptic modular graphs. We shall show that each
of these graphs can be expressed solely in terms of those that do not have derivatives of
Green functions as their links, leading to a simplification in the structure of the amplitude.
It will be interesting to see to what extent this structure survives for elliptic graphs at
higher orders in the low momentum expansion.

We begin by giving the details of the various elliptic modular graphs as well as the other
modular graphs that are relevant to our analysis. We then show that each of the graphs
having derivatives of Green functions as their links can be expressed in terms of those that
have only Green functions as their links, which is the main result of the paper. This is
done by introducing auxiliary graphs [12-14] at various intermediate stages of the analysis.

2 The elliptic modular graph functions having links involving derivatives
of the Green function

We first begin by setting up notations and conventions characterizing the torus that is
relevant for our analysis. Denoting by z the coordinate on the torus, we have that
1 1

—§§R<—32§§, 0 <Imz < 7, (2.1)
where 7 = 71 4 i79 is its complex structure. The measure in the various integrals below is
given by d?2z = dRezdlmz. In the integrals over the toroidal worldsheet, we shall denote
the worldsheet by X.

In the various graphs, the links involve the scalar Green function G(z,w) = G(z — w)
on the toroidal worldsheet, as well as their holomorphic and anti-holomorphic derivatives.
The Green function is given by the lattice sum [3, 35]

Ty . (A
G(z) = - Z meW[Z(mTJrn) z2(m7+n)l/72 (2.2)
(m,n)#(0,0)
It is modular invariant and doubly periodic on the torus. Since it is single valued, we
can freely integrate by parts and neglect total derivatives which is very useful in our
calculations.

3In fact, the two graphs (1.2) and (1.3) are related [29] by a non-trivial algebraic identity which also
involves other graphs, none of which contain elliptic graphs in their asymptotic expansion that involve
derivatives of the Green function. Thus to consider graphs involving derivatives of the Green function, it is
enough to either consider (1.2) or (1.3).

4This situation is somewhat analogous to modular graphs that arise in the low momentum expansion
of the five graviton amplitude at genus one that yield the D®*R® and D'°R5 interactions in the type IIB
theory, where some of them involve derivatives of the Green function [6]. However, all these graphs can
be expressed in terms of graphs not involving derivatives of the Green function [14], hence simplifying the
structure of the amplitude.



Also from the definition (2.2) of the Green function, it follows that
/ &22G(z,w) = 0. (2.3)
)

Thus there can be no graphs where a single link ends on an integrated vertex, a relation
which we often use.
The Green function satisfies the equations

900G (z,0) = 162(2 — w) — -,
T2
9.0.G(z,w) = —m6*(2 — w) + Ti (2.4)
2

where the Dirac delta function is normalized such that [s d?26%(z) = 1.

We now list the elliptic modular graph functions that not only have Green functions
as their links, but also its holomorphic and anti-holomorphic derivatives [27]. Apart from
the complex structure 7, they are also functions of the complex parameter v = pp — pq,
where p, and p, are the locations of the punctures on the genus two worldsheet which are
connected by a long handle at the non-separating node.

To start with, we define

2 2. 12
K0) = 2 [ T2 658Gl G 000G, p) Gl ), (25)
¥2 T2 T2
as well as
2 2. 72
Ko(v) = T—2 : ai_;ci?a G(2,04)0-G (2, pp)G (2, )20 G (w, Pp) 0w G (w, Pq) (2.6)

which has the same topology as 1 but has two derivatives interchanged. Both these graphs
are three loop graphs on the toroidal worldsheet.?

Apart from these graphs, we also have other multiloop graphs. One of them is defined
by

_ 2 2., 12
/Cg(v)=7—2/z d°z d°w

72 2 ™ T

.G (2, pa)

0uG (0, pa) 3G (w, ) (G(z,w)? = Gw,pa)?]. (27)

This graph is complex and in the amplitude we thus have to consider K3(v) + c.c..
The remaining graphs are defined by

2 2. 12
~ T d“z d“w
Kalv) = /22 T2 T2

’8 G w pb)‘ [G(Z,’U))2 - G(wapa)2

— Gz,p)* + Glpam)?],  (28)

and

_ &
ICg,:—/ z
T™Jy T2

5From now onwards loops refer to the loops in the graph, and not to string loops. All the graphs are at

G| W) - 4c3)]. (2.9)

genus one.



where ) )
W@yf?/dﬂagmﬂQ%WM—QQXQ@M—GWQ. (2.10)
™JY T2
Note that Ks is independent of v, and hence is a modular graph, but not an elliptic modular
graph.

For the sake of brevity, from now onwards, we shall simply refer to all graphs as
modular graphs.

In analyzing these graphs, at certain intermediate steps we obtain expressions involving
G(z,z), the Green function at coincident points. We simply set G(z,z) = 0 in such
situations, which is the natural and standard thing to do.® This is because in defining the
graphs the vertex operators are never allowed to coincide, as such colliding vertex operators
produce another local vertex operator at that point using the operator product expansion.
Hence coincident Green functions are not in the moduli space of these graphs, and can be

/ d’z
by

where we have integrated by parts, and used (2.4) and (2.3). This allows us the simplify

consistently ignored.
Thus we have that

0,G(z,w)

2
=0 (2.11)

the expressions for the various graphs we have listed above.
We see that IC1(v) and Ka(v) are as given in (2.5) and (2.6) respectively. On the other
hand, K3(v) in (2.7) reduces to the three loop graph

72 d?z d%w
oo = 2 [ 2

w2l o

2 _
0.G(z,paq) &UG(w,pa)awG(w,pb)G(z,w)z, (2.12)

and so we shall consider 3(v) + c.c..
Also K4(v) in (2.8) reduces to a three loop graph

2 2, 12
IC4(v):T—2/ 4%z d’w

2 2
5 0.G(z,pa) ‘&UG(w,pb)’ G(z,w)? (2.13)
T J¥2 T2 T2

with distinct topology compared to Ks(v).
Finally, K5 in (2.9) reduces to a four loop graph given by

N O

w2 x2 T2 T

QZG(z)‘Q‘BwG(w)‘Q(G(z, w) — G(z)) (G(z, w) — G(w)), (2.14)

since only the contribution involving W (z) survives. Thus among the graphs we consider,
this is the only graph with more than one term. We shall depict all these graphs diagram-
matically later on.

We shall need the expression for the SL(2,7Z) invariant Laplacian involving derivatives
with respect to the complex structure given by

82

A= 4722%. (2.15)

6See [6] for example, for a recent discussion.
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Figure 1. (i) 0.,G (21, 22) = —0,,G(21, 22), (ii) 0.,G(21,22) = —0., G(21, 22).
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Figure 2. 9.,0.,G (21, 22).

We shall also find useful the SL(2,7Z) invariant Laplacian involving derivatives with
respect to the complex parameter v on the torus given by

(2.16)

In the various graphs, the unintegrated vertices v and 0 can be interchanged which we
shall use implicitly, which simply follows from the properties of the Green function (2.2).

In our analysis, it is very useful to diagrammatically depict these graphs. While the
Green function along a link is given by a solid line, holomorphic and anti-holomorphic
derivatives of Green functions are depicted by figure 1. Such derivatives appearing in the
same link is depicted by figure 2.

3 Relations between the various modular graphs

Apart from the graphs KC;(v) (i = 1,...,5) mentioned above, several other graphs appear in
our analysis which we now list. The relevant elliptic modular graphs are given in figure 3.
The unintegrated vertices of such graphs (denoted by v and 0) are always depicted in the
figures, while all other vertices are integrated over.

From now onwards, for the sake of brevity we shall refer to [y d*z/m, simply as [, in
the various expressions.

Some of the graphs in figure 3 are defined by [27]
k - I—k
D) = [ G(v.2)G() " = DfP() (3.1)

for | > 2 and k& < [. Some of the others are given by the iterated Green functions Gy (v)
(k > 1) defined recursively by

Crsr(v) = / G0, 2)Gi(2) (3.2)
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Figure 3 The elhptlc modular graphs (i) G(v), (ii) G ( ), (iil) Gs(v), (1v) D( )( ), (v) Ga(v), (Vi)
Dfll)( ), (vii) D<2) ), (viii) D( ) ), (ix) D(1’1’2) (v), (%) D( 12)(0), D(122 ), (xii) Dé2)(v).

)
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Figure 4. (1) .D47 (11) 0171’2, (111) E47 (IV) Dg, (V) E3, (Vl) EQ.

where G1(z) = G(z), the Green function. The remaining graphs are defined by the integrals

DS P () = | G(w)G(w,v)G(2v)G(w, 2),

D () = : G(w)G(z,0)*G(w, 2),

D) = [ Gw)G(2)G(w,0)G(z,v)G(w,2),

D2 (y) = Z G(w)2G(w,v)G(z,v)G(w, ). (3.3)

We next mention the various modular graphs that arise in our analysis which are given
in figure 4.

These can be obtained from some of the elliptic modular graphs mentioned above by
identifying v and 0. Thus we have that D{®(0) = D; for 1 > 2,k < 1, and G411(0) = Ery



Figure 5. A relation between elliptic graphs.
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Figure 6. 72K (v).

for £ > 1. We also have that

Di(0) = DY (0) = Cuaa. (3.4)
We also often use the relation between the elliptic graphs given in figure 5 [36], where
the graph on the right hand side is given by

/sz(Z,U)G(’w)G(w,Z)Z. (3.5)

We now proceed to obtain the relation between each of the graphs IC;(v) (i = 1,...,5)
and the other graphs given in figures 3 and 4. Note that all the links in all the graphs in
figures 3 and 4 involve only the Green function, and not its derivatives.

Thus schematically the aim is to express each of the graphs KC;(v) in terms of graphs
having no derivatives of Green functions as the links. The strategy we shall follow starting
from /C;(v) is to use the single valuedness of the Green function (2.2) and integrate by parts,
and use (2.4) to remove the derivatives. Now this does not always work in a straightforward
way in removing derivatives, as will be evident in the manipulations below. To proceed
in such cases, we shall introduce auxiliary graphs at various intermediate stages of the
analysis. To summarize, at the end we shall express each C;(v) in terms of graphs that
appear in figures 3 and 4.

3.1 Relation involving K1 (v)

We first consider the relation involving the graph Ki(v) defined by (2.5).
Thus we have that

Ki(v) = 7—22/ 0.G(2,0)0.G(2)G(2,w)? 0 G(w, v) Dy G(w) (3.6)

2

as depicted by figure 6.
Integrating appropriately by parts and using (2.4), we get that

ICl (’U) = *DgG(U) —

4 G(v)*
3 3

_ DS’LQ) (v) — 2F1 (v) — (FQ(U) + c.c.) +2H1(v), (3.7)



(i) (x)

Figure 7. The graphs (i) m2H;(v), (ii) 72Hs(v), (iii) m7H3(v), (iv) m2Hy(v), (v) 72Hs(v), (vi)
72 Hg(v), (vil) m2Hy(v), (viii) 72 Hg(v), (ix) m2Hg(v), (x) 72 Hyo(v).

where
2
Hyi(v) = % /wz 0.G(z,w)0,G(2,w)0.G(2,v)0uG(w)G(w,v)G(z), (3.8)
as depicted in figure 7. The graphs Fj(v) and Fy(v) are defined by (A.1) and given in
figure 13.

Thus using (A.4), we see that all the terms on the right hand side of (3.7) except the
one involving Hj(v) are expressible in terms of graphs having only the Green function as
the links.

Now let us consider the term Hi(v). To analyze it, we shall introduce appropriate
auxiliary graphs [12-14]. In general, an auxiliary graph is a graph which trivially yields
the desired graph using (2.4). However, it can be evaluated independently by integrating
by parts and using (2.4) such that all the derivatives are removed. Thus equating the
two distinct ways of evaluating the auxiliary graph, we get an expression in which the
derivatives in the desired graph are completely removed, in the sense that it is expressed in
terms of graphs without derivatives of the Green function as the links. Often this complete
reduction requires introducing more than one auxiliary graph at various intermediate stages
of the analysis.



(%) (xi)

Figure 8. The auxiliary graphs (i) 734, (v), (i) 72 A2 (v), (iii) 72 A3(v), (iv) 73 A4(v), (v) 73 A5(v),
(vi) m3Ag(v), (vil) A7 (v), (viii) 73 Ag(v), (ix) 72 A9(v), (x) ™3 A10(v), (xi) 73 A11(v).

To analyze Hp(v), we begin with the auxiliary graph A;(v) + c.c., where
3
Ai(v) = % /xwz 0w0,G(2,w)0,G(2,v)0.G(z, 2)0,G(x,w)0,G(z)G(w)G(x,v), (3.9)

as given in figure 8. It is evaluated trivially using (2.4) for the link having a 0 as well as
a 0 acting on the Green function, and alternatively by moving the derivatives around the
circuit and using (2.4). This will be the strategy we shall always follow.

This leads to

D) B2 sy, DY) DP) | Ga(w)? | G)

Hif) = == 4 4 Di() - =g = S ey
+ Fi(v) + §(F3(v) + c.c.) - i(Fél(v) + c.c.) - %(F5(v) + c.c.)
- %(F(;(v) + c.c.) + %(%8UG2(7})5UG3(U) + c.c.) + Hs(v) — i(Hg»)(v) + c.c.),

(3.10)

~10 -



where we define

Hy(v) = %/wzz G(2,0)G(w)0,G(z, 2)0:G(x,v)0,G(z,w)0,G(z),
Hy(v) = 2 /w Gz, 0) PG, 0)0.Glw, 2)2.G(:) (3.11)

as depicted by figure 7. Also the graphs F;(v) are defined by (A.1) and depicted by figure 13.

From the relations in (A.4) and (A.12), we see that apart from the terms involving
H>(v) and Hs(v) on the right hand side of (3.10), all the other terms can be expressed in
terms of graphs without derivatives of the Green function as the links. To analyze Hs(v),
we consider the auxiliary graph

-3 _ _ _
Ay(v) = =2 /wxyz G(z,v)G(w)0,0,G(x,y)0,G(x, 2)0,G(x,v)0,G(y)0,G(w,y), (3.12)

3
as given in figure 8, which leads to

DP(w) E2

Hy(v) = Qu@Qf — D" () + =72 = =

+ Ga(v), (3.13)

where )1 is defined by (A.2). From (A.10) we see that Ha(v) is expressible in terms of
graphs without derivatives of the Green function as its links.

Next to analyze H3(v) + c.c., we consider the auxiliary graph”
2
As(v) = T G (x,v)G(2,w)?0.G(z, 2)0,G(2)0,0,G(w, v), (3.14)

72 wxz

depicted by figure 8, which leads to the relation
H3(’U) = EQGQ(U) — GQ(U)Q + Ey — 2H4(U), (3.15)

where the graph Hy(v) is defined by
Hy(v) = —/ G(z,v)G(w,v)0,G(z, 2)0,G(w, 2)0,G(w, 2)0,G(2) (3.16)

as depicted by figure 7. To analyze Hy(v), we consider the auxiliary graph A4(v) defined by

. _

Ay(v) = G(y,v)G(x,v)0,G(w, y) 0y G(w, £)0,G(x, 2)0,G(2)0,0.G(w, z) (3.17)

73 wryz

depicted by figure 8. This leads to the relation

(2) 2
3E. D E C 1
H4(U) = G4(U) —+ 724 — D£1,2) (’U) _ 42(1}) _ 72 + % _ §G(U)D§1) (U)
_ F F
~ 20,Ga(v)0,G3(v) + 22(0) — F3(v) + 62(”) + Fr(v). (3.18)

"This analysis is similar to that in [17].

- 11 -



Figure 9. m2K5(v).

Using the definitions in (A.1), and the relations (A.4) and (A.12) we see that the we have
expressed H3(v) in terms of graphs without derivatives of the Green function as their links.

Thus from the various relations above, we see that i (v) is expressible in terms of the
modular graphs given in figures 3 and 4, in which the links are given by the Green function
and not its derivatives. In fact, adding the various contributions, we get that

1 2 2 Df) (v)
K1(v) = Z(AT — 8) B3 + 2By + 4G4 (v) + Ga(v)? - 5

2 4
— 2D (v) — 3DaG ) + G(ﬁv) . (3.19)

We now analyze the remaining graphs K;(v) where the basic strategy is the same, and
hence we shall be somewhat brief. We shall say that a graph has “simplified”, by which
we shall always mean that it is expressible in terms of graphs where the links involve only
the Green function.

3.2 Relation involving K2 (v)
We next consider the graph ICo(v) defined by (2.6) leading to

2

Ka(v) = 7—22 0.G(2,0)0.G(2)G(z,w)200G(w) DG (w, v), (3.20)
™ Jwz
as depicted in figure 9.
This gives us that
2G(v)* 2
Ka(v) = é”) — 5 DsG(v) - 2D (v) + 2G(v) DY (v) — DP (v)
+ Ga(v)? = (Fa(v) + c.c.) = Ki(v) + 2H(v), (3.21)

where Hs(v) is defined by

2
Hs(v) = % - G(w,v)G(w)0,G(z,v)0,G(2,w)0,G(z,w)d,G () (3.22)
as given in figure 7. Thus using (A.4) and (3.19) we see that apart from the term involving
Hs(v), the right hand side of (3.21) has simplified. Now to simplify Hs(v), we start with

the auxiliary graph As(v) defined by

3
_ 9

As(v) = G(2)G(z,v)0.G(z,v)0.G(x, 2)0,G(w, )0 G(w)D,0,G(w, z)  (3.23)

73 wrz

- 12 —



as depicted by figure 8. This leads to the expression

H;(v) = —%G(U)Dél)(v) + 25 ZG(v) Fy(v) + 2D ()

3 2
+ BaGa(v) + Go(v)? = DY (v) + (Fy(v) + c.c.)

2Fs(v) 1 D" (w)
3

+ %(Hg(’(}) + c.c.) - %(%&,Gg(v)gvDéD(v) + c.c.) + Ho(v) + Hg(v), (3.24)

where
2

Ho(v) = 2 / G2, 0)G(w)0y G, 2) DG (1, ) 0, C(2)0,Glw, 1) (3.25)
T Jwzz
as depicted by figure 7, and the graphs F;(v) are defined by (A.1). Thus using (A.4), (A.12)
and the expressions involving Hs(v) and Hs(v) in the analysis of K1 (v), we see that all the
terms in the right hand side of (3.24) have simplified, except the one involving Hg(v).

To simplify Hg(v), we consider the auxiliary graph Ag(v) defined by

3
Ag(v) = 2 G(z, )G (y)0.G(, 2)8.G(2)DuwG(w, V) G(w, ¥)D.0uG (w, 2), (3.26)

3 wryz

as given in figure 8, which leads to the relation
Hg(v) = Qa(v)Q5(v) + G4(v) + Fi(v) — (Flo(v) + c.c.)

+ (20,G2(0)0, D5 () + c.e) = 2G(0)0,Ga(0)D,Galv).  (3.27)

Thus using (A.2) and the relations (A.4), (A.10) and (A.12), we see that Hg(v) has sim-
plified. Adding the various contributions, we get that

(2)
1 2D (v
Kav) ===, (DS (v)+ DS (v) 53() ~2G5(v)Gs(v)~Ga(v) DS (v))
(2)
1 5, D7 (v) 1 2 1 2 (1,2)
~1=GWA, (Gz(v) + = +1(AT+2)E2+Z(AT+12>G2(U) +10D{"? (v)
5 2G(v)® 8D
—QDSLQ)(U)—3E2G2(U)+5D§1’1’2)(v)+6(G4(v)—E4)—|—G(v)( é”) —73
+ DV () — B2 G(v)+4G3(v) —2E3—G(U)G2(v)> — K1 (v) (3.28)
and hence Ko(v) has simplified.®
3.3 Relation involving K3(v)
We next consider the graph KCs(v) defined by (2.12) which we write as
2 2 _
Ka(v) = 2 / 0:G(2,)| 9uG(w, 0)BuC(w)G(z,w)? (3.29)
T Jwz

as depicted by figure 10.

8In fact, it is only the combination K1 (v) 4 K2(v) that arises in the asmyptotic expansion of the D8R*
string invariants [27], which is directly given by (3.28).
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Figure 10. 72K3(v).

Proceeding to simplify it, we get that
Ks(v) = D3G(v) — D" (0) = Fy(v) — Fy(v) + Hz(v), (3.30)

where Hr(v) is defined by
H;(v) = —/ G(w,v)?0.G(w, 2)0.G(z,v)0.G(w, 2)0.G(2) (3.31)

as depicted by figure 7. Using (A.4) we see that this is the only term on the right hand
side of (3.30) which has not simplified.
To simplify it, we consider the auxiliary graph A7(v) defined by

A= 72 / Glw, v)20.G(z,)0,G (w, 2)0:G (w, 2)8,C(2)0,0.G(x, 2)  (3.32)

3

as given in figure 8. This yields the expression

H:(v) = Gi? - % + Cra + EyGa(v) + E2 + D (v) — %D;»,G(v)
— 30) ~ Fo(w) + P - 20,G50)8,D) () + Hy(). (3.33)
where we define
Hg(v) = 7:22 /w ~ G (w,0)%0,G(z,0)0,G(w, 2)8,G(w, 1)9,G(x) (3.34)

as given in figure 7. Based on (A.4), (A.12) and the previous analysis of Hs(v), this is the
only term which has not simplified in the expression for H7(v).
To simplify it, we rewrite it as”
1
Hg(v) + c.c. = gATD;”(U) —2Cy 19+ E3 — By — 2Fy1 (v)
279

+ (Hg(’l)) + c.c.) + 7G(v)8UG2(v)5vG2(v) - Z(Hg(v) + c.c.), (3.35)

where the graph

Hy(v) = = /wm G(v,2)G(v,w)0,G(x, 2)0,G(x)0,G(w, x)0,G(v, x) (3.36)

9This is obtained by using (A.6) as discussed in the appendix.
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Figure 11. 72K4(v).

depicted by figure 7, is the only term that has not simplified in (3.35) on using (A.4), (A.12)
and the expression for Hs(v).
Now to simplify Ho(v), consider the auxiliary graph

73 = —= =
Ag(v) = 2 G(v,2)G(v,Y) 0y G(w, 2)0uG (W) 0:G (2, y)0:G(2,v) 00, G(z,w) (3.37)

3 wrYz

given in figure 8, which leads to

(1)
D 1 C 1D
Hy(v) = Q1Q2(v) + Es + 42(”) — 5B2Ga(v) - DY) () — 1;,2 _ 42(v)

+ Fio(v) = 20,Ga(v)d,Ga(v) + 520,Ga(0)9, D5 (v). (3.38)

Thus on using (A.4), (A.10) and (A.12) we see Hg(v) has simplified.
Hence adding the various contributions, we get that

Ks(v) +e. = 5 A (Gafv)Ga(w) ~Ca(e) DSV ()~ L DY () — <D (0)

D
—?4+301,1,2+3E§—8E4+2D§§’1’2)(u)—fo) (v)+2G4(v) (3.39)

showing that K3(v) + c.c. has simplified.

3.4 Relation involving KC4(v)
We now consider the graph K4(v) defined by (2.13) which is given by

7_2
i) =3 [

as depicted by figure 11. We rewrite it as

2 2
0.G(2,v)[ |G (w)| G(z,w)? (3.40)

7_2
G =7

which we now analyze.

2 2 9
o-c(z, w)’ G(w) (3.41)

0.G(z,v)

In order to simplify K4(v), we start with the auxiliary graph

3 _

Ag(v) = =5 G(2)20.G(2,0)0.G(x, 2)0uG(w, v) 0y G(w, )00, G(2, w) (3.42)

™ Jwzxz
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given in figure 8, which leads to

oDV (v)  2Fs(v)
3 3
+2F; (v) — (Fﬁ(v) + c.c.) + 2H1(v), (3.43)

Ki(v) = 2E2 + 2D (v) —

where the graph Hyp(v) defined by

Hyp(v) = 7—22 - G(z,v)G(w,v)0,G(r,2)0,G(x)0,.G(w,x)0,G () (3.44)

is depicted by figure 7. Thus from (A.4) we see that Hig(v) is the only term which has not
simplified in (3.43). To simplify it, we consider the auxiliary graph

3 _ o

Apv) = = G(z,v)G(w,v)0,G(x, 2)0,G(2)0yG(w, y)0yG(y)0.0,G(x,y)  (3.45)
T Jwayz
given in figure 8, which leads to
DP(v) _Gav)?

Hio(v) = Q2(v)@Q5(v) + Es+—
T2

2
+(Fio(v)+cc.)— % (?&JGQ(U)@, DY (v)+c.c.)— (%avcﬂv)ajag(v)ﬂ_c.)_
(3.46)

D (v)— Fy (v)

Thus on using (A.4), (A.10) and (A.12), we see that Hig(v) has simplified. Hence, adding
all the contributions we get that
1 (2,1.2) (122, D5 (v) (1
Ka(v) =B | D577 (0) =D 777 (v) = =57 = G2(v) Dy (v) —2G2(v) G3(v)
1

—i—E(AT—lG)Gg( 0)24+5B4+2E2 43D (v) = D (v) — 2D (v) — 2G4 (v)

+ FyGa(v)+G(v) (Dg”(u)—mg(v)—G(U)GZ@)—EQG(U)HE?,). (3.47)

Thus K4(v) has simplified.

Thus we have obtained non-trivial relations involving the elliptic modular graph func-
tions given by (3.19), (3.28), (3.39) and (3.47). In fact, there also exist relations between
the graphs whose links are given only by the Green function. For the modular graphs in
figure 4, we have that [1, 8, 11, 13]

2
Ciipg=—y+— 2 (3.48)
while for the various graphs in figures 3 and 4, we also have the relation [36]

(1) (2)
D D
Di171:2)(v)_ 46(1}) 48(1)) —G4(’U)

Go(v)?
4

E, E2

=0 3.49
20, (39)

—l—EG()

which further restrict the relations we have obtained.
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1

YN '

() (ii) (iif)
Figure 12. (i) 72K (v), (i) 72K (v), (iii) 72K (v).

3.5 Relation involving ICs

Finally, we consider Ks defined in (2.14) which we write as

I = kY — 2k + k8,

where
2
1 T
/cg)—w%/maa ] 0uG(w)[ G (z,w)?
7_2 2
K@ — ;22/10 0,G(> ] 0uG (w)| G(2)G(z,w),
: 9 2
K =[2 [Joce o)

as depicted by figure 12.
1)

To simplify ICé , we consider the auxiliary graph

3
T

An =75 G(x,9)*0.G(x, 2)0.G(y, 2)0u G (w, )0 G(w,y)D.0,G (w, 2)
wWITYZz

given in figure 8, leading to

5D
’Cél) 7A D4—|—2E2—|-20112—T4

We also have that

k@ _ 101 Oz Ej

5 24 2 4’
and )
3 _ E3
K = =

Thus we see that K5 has simplified, leading to

1 33 21E3  3E,
IC5 — E (AT ) D4 3 + T

on using (3.48).
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(3.50)

(3.51)

(3.52)

(3.53)

(3.54)

(3.55)

(3.56)



3.6 Some consistency checks

We now perform some non-trivial consistency checks of the results we have obtained. Con-
sider the case where the two points v and 0 are identified in the graphs IC;(v) (i = 1,...,4).
Thus directly from the figures 6, 9, 10, 11 and 12, it follows that

K1(0) = K2(0) = K3(0) = K4(0) = K. (3.57)

We now want to check the consistency of (3.57).
First let us consider 11 (0), which from (3.19) yields
1 ) 1
K1(0) = Z(AT - 4)E2 +6E; — 5Dy =20 1. (3.58)
The equality (3.57) on using (3.53), (3.58) and the constraint (3.48) yields the eigenvalue
equation
(Ar = 2)(Ds— 3E3) = 36E, — 243, (3.59)

which is precisely the eigenvalue equation Dy satisfies [1, 11, 13].

For the remaining graphs, it is not particularly useful to analyze (3.28), (3.39)
and (3.47) directly simply because they have A, acting on various elliptic graphs, and
these expressions have to be simplified before the points v and 0 are identified. Thus for
these cases, we directly focus on the graphs that arise at intermediate stages of the calcu-
lation where the analysis is considerably simpler as the two unintegrated vertices can be
identified. Various identities relevant for our analysis are given in (A.5) and (A.11) which
we use in the expressions below.

First let us consider K2(0). Using (3.13), (3.15), (3.18), (3.21), (3.24) and (3.27), we

get that

1 5D
K2(0) + K§ = SACES 412012 - 2 (3.60)

Equating the right hand side to 2/Cél) and using (3.48) yields (3.59) as the consistency
condition.

We next consider K3(0) and again directly consider the graphs. Using (3.30), (3.33),
(3.35) and (3.38), we get that

1 1 )
K5(0) = 6(AT ~6) Dy~ Z(AT —18) B} — 3By + 2C1,1,5. (3.61)

Equating (3.61) to ICgl) again yields (3.59).

Finally, we consider K4(0). Now (3.43) and (3.46) leads to

1

K4(0) = Z(AT - 2)E§ +3E4+2C112 —

2D,
— 3.62

3 ? ( )
which when equated to ICgl) yields (3.59). Hence we see that the trivial equality of the
graphs KC;(0) (¢ = 1,...,4) with ICél) actually yields a non-trivial eigenvalue equation

satisfied by the modular graph Djy.
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Thus we have shown that the graphs K;(v) (¢ =1,...,5) can be expressed in terms of
the graphs given in figures 3 and 4, and contain no additional information. The relations
are non-linear in the various graphs, and also involve A, and A, acting on some of the
graphs in figures 3 and 4. Note that in each of the equations, the graph involving K;(v)
has two O and two O derivatives and has six links, while each term involving A, contain
graphs with a total of five links. Every other term in each equation contains graphs with a
total of four links. This is expected, since using (2.4) we see that for the sake of counting
the links, removing a 99 pair is equivalent to removing a link.

A Some elliptic modular graphs and useful identities

We now consider the expressions for F;(v), @1 and Q2(v) that arise in the main text.
Relevant expressions involving them can be expressed in terms of the graphs given in
figures 3 and 4 with significantly less effort than the other graphs in the main text.

We first list the graphs Fj(v) (i = 1,...,11) that appear in the main text. They are
defined by

Fi(v) = 2 /w GG )G, 2)0:6(= 0),Clw),
Fy(v) = % . G(w,v)G(w, 2)28,G(z,v),G(2),

Fy(v) = % [ ()G, )6 (7, 0)0:G(, 2)8.G (2 w)
Fi(v) = % N G(2)G(w,v)20.G(v, 2)9,G(w, 2),

Fs(v) = % [ GG, 2)20.G(2,0)0G (w, v),

Fo(v) = % . G(2)2G(w,v)8.G(z,w) .G (2, v),

Fr(v) = % [ GG )G, 0)0uGw, 2)3uG(w),
Fy(o) = 2 / C(2)20.C(2,0)0.G (2, v),

Fy(o) = 2 / G(2)20.G(2,v)D.G (2, v),

Fio(v) = % [ G)G(,0)G(, w)0.G (2, 1)DuG(w, 2),
Fii(v) = % [ G(2)0(w.v)C (. 0)0-G(w, 2)8.G(z, ), (A.1)

as depicted by figure 13.
We also define the graphs Q1 and Qz(v) by!'®

Q1= %/ 0, G(21, 22)0:, G(21, 23) G (22, 23),
212923
Q) =2 [ 0.,G(z1,0)0,Gler, 2)Gz2) (A:2)
2129

ONote that Q- (0) = Q1.
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(X) (xi)

Figure 13. (i) 7Fy(v), (i) 7Fy(v), (iil) 7F3(v), (iv) 7Fy(v), (v) ©F5(v), (vi) 7Fs(v), (vii) 7Fr(v),

(viii) wFg(v), (ix) 7Fy(v), (x) wF10(v), (xi) wF11(v).

which transform as

Q1 — (et +d)(cT + d)_lQl, Q2(v) = (er +d)(cT + d)_lQQ(U)

under SL(2,Z) transformations.
The graphs (A.1) satisfy useful identities given by

DY (v)  Gav)?
2 2 8

Fi(v) = ~G(v)DS" (v) + D{"? (v) +
Fy

F3(v) + c.e. = D" (0) + DM (0) + Ga(v) — BaGa(v),

oo

1
Fs(v) + c.c. = EaG(v ) Dil’l’z)(v) + Df) (v) + EAva(,LZZ) (v),

2y 0)2
Fr(v) = D42( ) Gzé ) ;

—90 —

= LA DY)

v) + c.e. = Q@)D (v) = Cria + G(v) Dy — DY (v) — DIV (v) + EaGa(v),

(v)
(v)

(v) + c.c. = D (v) + D3G(v) — D" (v) — EaGa(v) + Cra2 — G(v) DS (v),
(v) + c.c. = Cria — G)D{ () + DIV (v) — ByGa(v) + D3G(v) — D
(v)

(A.3)

)

v);



1
Fy(v) = =D§"(v) + T AuD (v),

1
Fy(v) = ~D5" () + ¢~ A D (v),
Fio(v) + c.c. = By — G(v)G3(v) + D" (v) + E3G(v) — Ga(v),
E4 GQ(U)2

Fii(v) = D{P(0) + 5 (A.4)

2

which we often use. When the vertices at v and 0 are identified, these elliptic modular
graphs reduce to modular graphs, hence satisfying several identities, of which the identities

_(0) 1 2 _ Ll
Fi(0) = =02 = (D - B3), Fy(0) = 5 (B3 = Da) = Caa,
1 4F3(0 D C
B5(0) = F(0) = i+ 5 (Bs— B), Fo(0) =~ o0 = Bty (0) = 2
(A.5)
are used in the main text.
The SL(2,Z) invariant Laplacian A, can be expressed as
A; =9,0, (A.6)

where 0, is the variation of the Beltrami differential parametrizing the variation of the
complex structure modulus on the toroidal worldsheet. In order to obtain the action of A,
on various graphs using (A.6), we use the relations [1, 9, 37, 3§]

0,G(z1, 22) = —%/az(;(z,zl)azc(z,zg), (A7)

and
0,0,G(z1,22) = 0. (A.8)

Along with the eigenvalue equations
ArEy=k(k—1)Er, A;Gr(v)=k(k—1)Gg(v), (A.9)

for k > 2, we see that the SI.(2,7Z) invariant combinations of the graphs appearing in (A.2)
yield the relations

Qi = (A~ 4) 3,
Q0)Qs(0) = ¢ (87~ 1))
Q1Q5(v) + c.c. = %(AT — 1) (BaGa(v)). (A.10)

On identifying v and 0 in Q2(v), these yield the relations

Q121 = 2(0)Q5(0) = 3 (Q1Qa(0) + ) = (A, — 4) B (A1)

which are used in our analysis.
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Finally, we make use of the identities
— 1
20,Ga(0)0,G3(v) + e.c. = Ay (Ga(0)G3(v)) + Gav)’ + G(v)C(v),
— 1
%avpg”(v)av@(v) tee =4, (D (0)Gs(v)) + Ga(v)G()?

— BxGa(v) + G(v) DS (v),
_1
- 87

to express the graphs with factors of 9, and 0, along the links in terms of graphs with no

%avc;g(v)a,cg(v) AyGa(v)? + G(v)Ga(v) (A.12)

derivatives of the Green functions in the links, at the cost of a contribution that has A,
acting on it.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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