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Abstract. String theories with supersymmetry have perturbation series that are finite at each
order with exponential bounds and do not reflect the presence of nonperturbative effects. Worldsheet
instantons in superstring theory are surfaces which support fields with a finite Euclidean action.
Dirichlet boundaries can be added to compact surfaces to represent the coupling of open and closed
strings and yield an exponential term with a dependence on the coupling characteristic of strings
rather than point-particle field theory. An additional set of worldsheet occurs in N = 2 string theory
after the quantization of a U(1) symmetry. The N = 2 open string amplitudes with U(1) instantons
may be derived from a cubic Yang-Mills theory. Nevertheless, the summation over the genus and
U(1) instanton number includes other amplitudes without an exponential nonperturbative term. The
expansion of N = 2 closed string amplitudes similarly consists of many vanishing terms, and couplings
with the open string are required initially for the introduction of nonperturbative string effects. It
is necessary to evaluate the action of a nontrivial solution to the effective field equations to find an
exponential term with the dependence on the coupling of point-particle field theories. The theory then
can be developed into a description of a model for elementary particles at larger distance scales. The
theory of Eisenstein series and cusp forms is developed for the delineation between strings and point
particles in the effective action.
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1. Introduction

The selection of a vacuum in a field theory is necessary for the existence of a space of quantum
states defined by operators that are coefficients in an orthonormal expansions of variables
which have commutation relations derived from the classical Poisson brackets and the series
expansion of a scattering matrix in the region of the interactions. There exists configurations,
however, which cannot be described by perturbation theory. Nonperturbative effects are required
for the characterization of certain states in the theory. It may be demonstrated that these
instantons arise in field theory, within the series expansion of correlation functions equal to
functional derivatives of the partition function, as terms of O(e_iLl2 ), where A is the coupling. If
perturbation theory is developed around a new vacuum representing the nontrivial state, the
special configurations would occur with probability O(1). Therefore, the selection of the vacuum
and the classification of instantons is essential for a complete understanding of the model.
Nonperturbative effects in string theory initially have been related to terms of O(e_gls ), where
g5 is the coupling. The point particle limit of the string partition function must reproduce the
nonperturbative term, which would require g, to be proportional to g%, - This condition follows
from the equality of the closed string coupling to the square of the open string coupling [10].
By contrast with field theory, however, string theories have been formulated initially through
the path integrals for two-dimensionally conformally invarant Lagrangians. Therefore, the
instantons that are nontrivial finite action solutions to the Euclidean equations can be defined
at first only in two dimensions. Introducing a form of coupling to the open string through
the addition of disks with Dirichlet boundary conditions on the fields, localized at a point, an
exponential term of this order can be added to the perturbation series [23]]. The nature of the
coupling, however, will determine if this effect is separate from the nonperturbative physics
of point particle. The geometry of these worldsheet instantons do not extend over the entire
space-time, and therefore, do not represent instantons of point particle field theories which
are functions of the coordinates of the embedding manifold. A second class of instantons, being
solutions to the Euclideanized string effective field equations, must be introduced. The string
effective action is a finite-dimensional integral over the embedding space-time. The contribution

of a space-time instanton to the effective action also may be evaluated to be e_!é?_s| , where @ is
the topological charge. The coupling here is that of a closed string, and this exponential matches
the instanton terms in gauge field theories [8]].

The equations of closed bosonic string theory include harmonic conditions on the coordinate
variables that can have nonconstant solutions with finite Euclidean action only if the surfaces
have finite genus and a boundary or infinite genus and do not belonging to the class Ogp,
defined by the absence of harmonic functions with finite Dirichlet norm. The equations of the
superstring sigma model have other terms with fermion fields. The N = 2 string model has a
finite particle spectrum and, in its primary form, it consists of a single scalar field. Therefore,
the N =2 string theory has some similarities with that bosonic strings.
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It is known that N = 2 superstring amplitudes may be derived from an effective field theory

for closed strings
1 2 . g
Jott. = f dx| 9O+ 3—lﬁ¢(aia’i¢)<a+da_b¢)] (1.1)

for the zero-instanton sector and
1 P) .
Jet, ins. = [ d'x| 5009+ PR CLRDCIENT

after summing over U(1) instantons for some constant ¢ [16]]. This result follows from

(1.2)

perturbative expansion of the Lorentzian model with the equations consisting of the differential
operator 0,0_ = (0; + 0,)(0; — 0y) = 02 — 0%2. The addition of U(1) instantons, related to a
rotational invariance of set of currents for the superconformal algebra, and therefore worldsheet
supersymmetry, can be achieved by including solutions to Euclidean equations that contain the
differential operator 6% +6§. The operator 0,0, equals 6% +6§ +20;0,. To first approximation, the
solutions to the Lorentzian equations have the form f (7 +0)+g(r—0), which can be Wick rotated
to S[f(r+io)+f(r—io)+g(r+io)+g(r—io)], and 20:0,f (1 +io)+f(1—io)+g(T+io)+g(r—io)] =
%[f”(r +i0)-f"(t—i0)+g"(t +i0) - g"(tr —io)], which has vanishing real part and does not
contribute to the action of a real instanton. The choice of the derivatives in the action (1.2) is
consistent with generation of these instantons.

A Chern-Simons action is derived with the identification of ¢ with a string field. The change
from the derivative 0_ to 0, allows a generalization to a theory with a mixed derivative %
invariant under the coordinate parameterizations in the orthogonal direction. Reduction over
this coordinate would yield the three-dimensional theory. Since the Chern-Simons theory is
represented by the boundary action of a self-dual Yang-Mills theory, it may be deduced that
there is a derivation of the point particle gauge theories describing the elementary particle
interactions. It may be noted that the N =2 string theory is formulated initially on a manifold
with Kleinian signature (— + —+). With the reduction to three dimensions, the signature would
be (—+ +). The Yang-Mills theory in four dimensions then can be reintroduced in a space-time
with Lorentzian signature (— + ++).

Scattering amplitudes have been evaluated both in a flat space-time, which has ten
dimensions for superstring and heterotic string theory and four for N = 2 string theory, and
compactifications over the torus T'¢. Since an SL(2;Z) modular invariance occurs generally
in string theory, the Eisenstein series would be expected to be a factor of the couplings in the
effective action. It may be demonstrated, however, that the three-point amplitude vanishes
beyond first order in the perturbation series for open superstring theory. The coefficient in the
string effective action is found to have a conventional value not determined by Eisenstein series.
The closed string amplitude at genus one is found to be an integral of an Eisenstein series
that includes a divergent first term. This term is rendered finite through a modular-invariant
zeta-function regularization method in Section [2| Therefore, the final formula for the coupling
is not precisely equal to the expansion of an Eisenstein series, and this characteristic would be
valid for the couplings in the string effective action. The toroidal compactification introduces
SO0(d,d;7) Eisenstein series, and the generalization of the formula to arbitrary genus requires
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the proof of the independence of the region in the Siegel upper half plane of period matrices
with respect to symplectic modular transformations in Section

The expressions for these amplitudes form either exponential or convergent series.
The occurrence of instantons, other than those arising from the quantization of a U(1) gauge
field in the N = 2 theory, is not predicted by the perturbation expansion. By analogy with
the superstring theory, either D-instantons must be added to the path integral or space-time
instantons are found from the four-dimensional effective action.

The N =2 open string is classically equivalent to self-dual Yang-Mills theory [19], [17], with

2 Mw¥
gym (x—x0)2+p2’
where x is the center of the solution and p is a scale, with 7}, being the ’t Hooft symbol, has

. 2
the action 8%
8 Y M2

the coupling g open identified with the gauge coupling gy . The instanton AZ(x) =

[2] . The contribution of this instanton action to the effective action then equals
_ 82
e fvum Therefore, it is again the bosonic component of the space-time instanton in N =2 string

theory that yields the exponential term representing nonperturbative effects in point particle
field theory.

The dimensions of the space of modular forms and cusp forms of weight &, where % is even,
are derived in Section |4, It is found that cusp forms of half-integer weight also do exist with
the same codimension in the space of modular of forms of the same weight. These forms would
provide a basis for a series that has an expansion with a coupling % rather than é when
the alternating coefficients can be set equal to zero. The cusp forms then would represent a
component of the series expansion of higher-dimensional effective actions with U-duality that

defines the nonperturbative effects characteristic only of a point particle field theory.

2. The Effective String Coupling with Worldsheet Instantons

The N = 2 superstring amplitudes without gauge instantons are given by

A" (k1yeo k) =Y 2720 dmgdma(V(ky)... V(k)APLPL), (2.1)
g

no instantons
sMg

where k1,...,k, are the momenta of the n vertex operators and P, and P_ are picture-changing
operators. The dimension of the punctured moduli space is 3g—-3+n and j=2g—-2+n. The

addition of gauge instantons requires a second coupling related given by a phase e'?, and
summing over the instanton number [16]]
2] I ; ,
AD(kq,... ky) = ZZ ( _ J )KJ sin/ ¢ = cos’/ "¢ —f dmgdmA(V(kl)...V(kn)fl?fcf]’f__c).
z c\J+tc 2 2 sMg
(2.2)

The product of the picture-changing operators in the expectation value allows its evaluation in
terms of states with a specific ghost number. The amplitude also could be expressed in the form

Y f N dmgdma(V(k1)...V(k,) A P 1%) (2.3)
g JsNyg
with
+ [}
U=k 2 (2.4)
v —sm§
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and P, =€, P =P =P, 8 (—%) and P_=e_, P =P+ =-P_8§ (%), since v*P, = v/x[cos gi& -
sin3P_1= Vxlcos §P.8(~3) +sin §P_§ (1)1, where S() is a spectral flow operator [16]. Then
the n-point amplitude at g =0

) , 0 1y . 6 1\¥
Ay :fdmhdmAK] V(k1)...V(k,)A cos§T+8 -3 +s1n§fP_8 5

27 . .0 .0 .
= . J )KJ sin%/7¢ = cog?/*¢ —(—1)J2_‘22
—\j+c 2 2
1 Jj+c 1 j—c . )
-fdmhdmA V(k1)...V(k,)AS (—5) 8(5) 'Pi cpic ), (2.5)

Given that S(a)|74,7m_,q) =|n+ +a,n_ — a,q + a), where (m,,7 — —) are picture charges and q is
the global boost charge with respect to the SL(2;R) generator L._ [16], and S (-3)S(3) =1. The
three-point amplitude

AP = [ dmpdmavAEROVEEIV G A T T

_ f dmhdmA<VA(k1)VB(k2)VC(k3)

rots 3 o o (2} s2fs 2] ro-of2f

— i fABC

0 0 0
cos> Qkf Akg +sin 5 cos Ek(f /\kg) +sin? ki nkg

) (2.6)

with .AE)?’)I 0=0,=1 = ﬁ f ABckI Ak, , and the vanishing higher-point amplitudes at leading order
can be derived from a cubic action [16].
Generalizing the formula to genus g,

4g—-4+2 0 .0
Al(g”)(kl,...,kn):Z(2 g 9.1 f )Kzg_2+nsin2g_2+”_c§cosJ+C§ 2.7
c 8~ n-rc

: f dmpdma(V(k1)...V (k) APFE e p2E-2imme)

_ 5 f dmpdma(V(k1)...V (k)AL P22y,
—-2g+2-n<c<2g-2+n

aj)a]4g—4+2n

where the binomial have been absorbed in the power [v , and the amplitude is

evaluated in the SL(2;R) gauge by fixing the vector v®.

When g=1,n=3 and j=3

6 5
wH8(P,)88 (—%) —6(v+)5v_(iP+)5‘P_S(—%) 8(1)

[v+§3++v_§)_]6: 3

4 2
+15<v+)4(u—)2(9>+)4(ﬂ>_)28(—%) s(%)

3 3
—20(v+)3(v—>3<9>+)3(9>_)38(—%) s(%)
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2 4
+15(u+>2(v—)4(ﬂ>+)2(ﬂ>_)4s(—%) s(%)

1 6

> —\6 6 1
5) +(U )(T—)S(é)

Restoring the SO(2,2) symmetry and aligning v* and v~ with all three vectors k1, k2 and k3

— 60T (W )PPL(P)°S (—%)s (2.8)

gives

_20i 60 o0
AP =Tl pABCgin n® 2 cos® ki ARG ARG AR ARy AR, (2.9)

=1
K=t p?

where {fABC} is the set of structure constants of the vertex operator algebra. It vanishes when

0 equals 0 or 7 and A(13) /”ABC[k+ ANky NRS Nk Nkg AR5 The open string three-

—lg_z
K—Hﬂ—z

point amplitude vanishes for g = 2. Consequently, the coefficient in the cubic action for the open

wy

superstring theory may be fixed without any further corrections from genus g = 2.

Ifg=1,n=4and j=4,

8 7
[P, +v P18 = (v+)8(3’+)68(—%) —8(u+)7v-(ﬂ>+)7?_s(—1) 8(1)

2 2
1\6 [(1)2
+28( M)W APHP)2S -5 815
1\° (1\3
—56(")° W )PP(P-)3S -5 813
1\* (1\*
+ 70N @ HHPOHP)LS -5 83
1\3 (1)°
— 563w )PP -5 83
1\2 (1)\5
+28(0 )% )P HA(P_)5S -5 8135
+(0=)7 7 1 1)’ -8 8¢ (1 °
8t )P (P) s(—é)s 5) + P 5(5) . 2.10)

Then, it would follow that A{" = 70x*dABP sin® Y cos® Skt AkS AL ARL ART ARy AkZ AR and

AW T 12385u dABCDk+ Nk3 NREAES NRT ARy ARG ARy, with dABCD resulting from the
K=ﬁ, =3

integral of the expectation value the product of four vertex operators, picture changing and
spectral flow operators over the modulus of the torus and the gauge moduli. Again, the N =2
four-point open-string amplitude vanishes for g = 2.

The existence of instantons in a string perturbation series can be determined by a modular
form that represents the amplitude. The coefficients would not occur in an Eisenstein series for
the open string with SL(2;7Z) being replaced by a relative modular group [3]. The expansion
of modular forms representing of the quartic sector of SL(2;Z)-invariant superstring effective
action consists of a series nonvanishing at zeroth and first orders and an exponential term.
Therefore, the string perturbation expansion would cause the quartic curvature term to be
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{(3) 2 _ABCDEFGH ;MNPQRSTU ¢ABCDEFGHIJ .MNPQRSTU
s (Um 1)2 (g Ly +35 10 ? 1J)

RapunRceproREFRsReury, where Ryn™® = RyntQ + Je 2V[MH 29— 1gmf VN Ve

transformed from L4,; =

and 7 = y+ie ? is a complex scalar field, with y belonging to the Ramond sector, ¢
being the dilaton in the Neveu-Schwarz sector and H%kry = 0xB7,, + OMBy; + LBy,
a = 1,2, representing the field strengths of the antlsymmetrlc tensor B1 7y in the Neveu-

Schwarz sector and B2, in the Ramond sector, to £ R‘= 3 27 fo(t, T)(tABCD EFGH tMNPQRSTU +

88‘140BCDEFGHIJ MNPQRSTU[J)RABMNRCDPQREFRsRGHTU such that the coefﬁc1ent is fo(7,7) =

zm,n’M = 2((3)(Imr)§ + 2—”(Imr)-% + Sn(Imr)% Y mpon=1 || 2T mnReT Ky (27|mn|ImT)

m+nt|3

[14]. ’Ilhe Valllue of {(3) is 180 -2352 m I If the sum of exponential terms is separated
then the coefficients in the first two terms of the series include g; Z3(Im T)2 and 2?7 (Im T)

which are algebraically dependent over transcendental extension of the field of rational numbers,
QI7,Im7]. The coefficients in eq. and are both rational multiples of a power of
the coupling and and the form constructed from the momentum vectors. Since the string
coupling is proportional to e~?, a similar series expansion may be deduced for the N = 2 string
amplitudes without the separation of the sum over exponential functions in the second term.
For the quartic curvature sector of the superstring effective action, the ratio of the first two
terms is 6—70 ~2(Im7)~2. Identifying x with 772(Im )2, the numerical factor apart from the
power of the coupling is 8. Given that the three-point amplitude at genus zero arlses from

ko™ P, +v P_1? l—1 o=1 the coefficient multiplying the form is —% sin® 1 cos? 1="5 The ratio
w’

_5
of coefficients of the first two terms in the expansion of the three-point amplitude is 16_“3 = 857.
2p

Similarly, the four-point amplitude at genus zero is given by x2[v* P, + v~ P_14| x=1g=1; which
u’

yields the coefficient 2 6 sin* N cos? 1=

. The ratio of the coefficients of the first two terms
35

in the expansion of the open string amplitude is 128” = . Both of these ratios differ from
8_2

8u2

48
that of the quartic curvature sector of the Type IIB superstring effective action. It may be
noted, however, that quotient of the three-point ratio by the four-point ratio is g. Considering
the degeneration limits of the genus-one amplitudes, the ratios will be given by the product
of three-point genus-zero amplitude, combined with a ratio resulting from the removal of a
four-point contribution, and the inverse of a superstring factor, and the product of a four-point
amplitude and the inverse of a superstring factor. The calculation of the relative modular factor
in N =2 open string theory will include a quotient by a numerical coefficient derived from the
breaking of the restriction of the N =2 closed string worldsheet supersymmetry to that of the
open string without the projection of Type IIB supersymmetry. The restriction to the relative

modular group also introduces a factor of %. Using the original four-point genus-zero amplitude
3

and the derived three-point genus-zero coefficient, the ratio is % = % The complement of

8;12
this ratiois 1— g = % The product of this fraction with relative modular group and the closed

1S. Plouffe, Identities inspired by Ramanujan Notebooks, part IT and III, (2009), URL: http:/plouffe.fr/simon/
articles/Identities%20inspired%20by%20Ramanujan%20Notebooks2.pdf.
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superstring factors is g % X % = g, which coincides with the quotient of the three-point and

four-point ratios.

The closed string amplitudes A(”) also vanish for more than three vertices at leading order.
The closed string three-point amphtude Ag’) does not have singularities and A(13:)cl is evaluated
through modular integration on the torus [4]] to be

@) 3 6 f d’t (Im7)?

—_— E— 2.11
Ll wmreg = 1612 Jy Im D)2, 70,0 In + TP .

where c19=p1:-p2—p1-p2, with p; and pg being the complex external momenta, and one half
of the sum is the nonholomorphic Eisenstein series [31]]

1
niT 5 3
G(1,3) = ((6)Im71)> + ;(3() )((5)(1 ?(3)(11111)2 ,,;’1 m”2 |r|2K5(2nm|r|ImT)e2”lereT

r#0

(2.12)

The integral of the first term 2 012 fgd 7 (Im7) is attributed to infrared divergences.

It can be traced to a divergent formula for the three-point vertex
3

—12(17[—)30?2fd22d2wd2xA(w,z)A(w,z)A(z,x)
mt

1 2
9[ ; ](212,T)

at the coincidences of the bosonic propagator A(zi,z2) = log 2% (Imz19)% [4].

Im‘r

@/[ 3 ](o,r)
The inclusion of a regularized Green function in the amplitude Wouﬁfi yield a finite integral for
the three-point amplitude, which is nonsingular on the sphere. The removal of the first term is
not invariant under modular transformations. Consider instead the volume of the fundamental
region H?/PSL(2;Z), which is equal to V; = 27I'§F( ){(s)ls=2 = §. Given the invariance of zeta
function regularization under the action of the generators L, =2z""! U‘liz on the complex plane
including sl(2;R) and sl(2; Z) [24]], this method yields the coefficient in the central extension of the
Witt algebra to the Virasoro algebra. Analytic continuation to s = —1 gives on2T (—%) (-1 = %
Setting the first integral equal to this constant,
2
Al,cl,reg = gcéliz + 2_25(5)0(132L(I(5n—:)4

7

3n2 d?t

+Lc‘152f _ Zm 2|r|2e 27””|r|1n“(3(27tm|r|ImT) 2
16 7 (Im7)3 =t

+3@2am|r|Imt)” 2 +(27Tm|r|ImT)_g)eZ”im"ReT
d*r 3.2 —2rmlr|1
m_ |r| e_ Tmir(lmT
16\/_ iz 5 (ImT)2 le

r#0

1
:2[3 64\/_(( )] iz

In? d?t L .
+ 0?2 - Z m 4|r|e 27tm|r|ImTe2mere‘r
32v2 “Jyr(Imrt)3 7=

r#0

3n 6 dzT -5 —2am|r|Imt 2mimrRert
+ c m e e (2.13)
32v2 12 ?(Imr)“n;

r#0
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with [ % = 3% This formula for the regularized three-point amplitude would be derived
from an effective action for the closed N = 2 string theory with a coefficient of the coupling that
does not exactly equal the integral of an Eisenstein series. The factors of Im 7 have been found
to be essential for establishing the consistency of the point particle limit [5]. Other methods
for integrating over the fundamental region of SL(2;7) with powers of Im 7 in the numerator
include its partitioning and the evaluation of separate nonanalytic threshold terms, where all of
the integrals must be evaluated to preserve modular invariance [9].

The four-point function vanishes on-shell, and the amplitude derived from a cubic action with
off-shell cubic couplings still requires equations derived with the relativistic null momentum to
be vanishing [21]. Since the off-shell four-point amplitude would not be zero, the higher-point
amplitudes do not necessarily vanish at genus g = 1. For example, the factorization of the
four-point torus amplitude into three-point sphere and torus amplitudes introduces kinematical
factors [4] that vanish only on-shell, and therefore, integration over off-shell internal momenta
could yield a non-zero result.

The effective action of the N = 2 string in four dimensions, evaluated from the non-zero
three-point function, is found to be a self-dual Yang-Mills theory that can be written in either of
two gauges [16]]. The N = 2 heterotic string effective action can be reduced either to two or three
dimensions after the momentum vector is chosen to belong to a four-dimensional subspace of
the 26 dimensional embedding space, after U(1) reduction from 28 dimensions, or a twenty-four
dimensional subspace with another timelike coordinate, and the action will receive corrections
beyond four-point terms for the scalar field [19].

The genus g amplitude of the topological string on T2 x R? [20] is equal to

1,1 2.2 )4g—4

u;u u
(n,m)#(0,0) n+mo n+mo

4g -4 In+mao|28~4
' 0g+22ny<2g-2 (Zg -2+ng, ) (n.myz0,0) (M + mo)28=2+nL(n + mg)28—2 "L
. (ui)zg—2+nL(u11%)2g—2+nL(u%)2g—2—nL(u%)2g—2—nL, (2.14)
which follows from the series
Fé(ur,ug)= ( te 4 )( te 4 )anL,nR
—9g+2<npmp<2g-2\28 —2+nr)\28-2+npg
_ (uIIJ)Zg—2+nL(uIIB)2g—2+nR(u%)2g—2—nL(u%)2g—2—nR
only if
Fg ..=0, np#ng,
_ -1 2g-4
F&, .0, =C(g) (zg‘l_gz +4nL) oy m0)2é|”"1;:’ ZLL(O;' s (2.15)
and yields | ,
4\7! 1
F?0=C(2) (2) (n’m)z;;(o’o) it MmOt moR’
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4)-1 1

F? 1= C'(2)(3

(2 0.0) (R+ma)3(n+ma)

and

1
F?55=C(2) ——>
(n,my7(0,0) (M +M0O)

which coincides with the Eisenstein series for genus 2 if C(2) = 12.
The contribution of the instantons is

4g-4 \? ,
A%6,0)=) A em?
©0,0) m(Zg—2+m) mé

i0 _ig 484
_ e? e 2
=C(@)) Ir+sal*#™* + + -
P r+soc r+sc

94g—4( )y (Re(r +so)cos g +Im(r + so)sin g)4g—4
= g

2.16
P Ir +so|68—4 ( )

When o is real and 9 = (2n + 1), the sum vanishes. If ¢ is real and 9 = 2n7, the sum is
424g—4 C(g)zl 1

r,0 (r+so)?8 "’

3. Modular Invariance of Compactifications of Ten-Dimensional Theory

Modular forms arise upon compactification of the string background, and especially, the SL(d;Z),
S0(d,d;Z) and E 3:1(4+1)(Z) Eisenstein series for theories with S-duality, T-duality and U-
duality when the compact dimensions describe the torus T¢. There remains, however, an
inherent SL(2;7) modular invariance arising from the summation over Riemann surfaces, since
SL(2;7Z)cSp(2g;7) and SL(2;7) c SL(2;R) c SL(2;C), the global conformal group of the sphere.
This symmetry occurs in coefficients of both R* and similar terms in the superstring effective
action in ten dimensions [14].
The partition function of string theory after compactification over T¢ at genus one is

d2
Lo=21 | S Zaate.Biv),
F T4
d

Zad= -[25 Z e—ﬂ(erTni)(gij+Bij)(mj+Tnj)’ (3.1)
m;,nt
where g;; are block diagonal elements in an SL(d;R) subgroup and B;; parameterize a nilpotent
subgroup in the Iwasawa decomposition of SO(d,d;R), such that
_ 605S0(d,d;2) S0(d,d;7)
Iq _288;5::1 +2EC;S=1 ’

2
I =220(2)R™ 1+ 2{(2)R) = 4((2) (R + l) = Z (R + l) ,

R) 3 R
I = 2(-nlog(de ¥ 1o(U)In(U)|*) — mlog(de 4 1o(T)In(T)*)
= —21log(16e 8 1o(T)1o(U)n(T)nU)|*) (3.2)

with 79 =Im7 [18].
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Now consider the genus-g amplitude
I§:f dugZ: (8ij,Bij;TaB),
Mg ’

0 0 0 0

+ ;
0114B 0T1cD  0724B 0T2cD
after defining the real and imaginary parts of elements of the period matrix 74p to be 7145 =

1
Z§,d = ZT2ACT2BD( (3.3)

Retap and 1945 = Im714p [18]. Instead of restricting the period matrices to a fundamental
domain of S p(2g;7Z) in the Siegel upper half plane, the sum over mi‘ and n*4 can be constrained.

Then u(xi,x9,t) = %ln OWWUx1 +Vxe+ Wt + X|1) must satisfy the Kadomtsev-Petviashvili
2

equation uy, + %(ut —3uuy, + %u xox9x9)x When 7T is the period matrix of a Riemann surface.

Theorem 3.1. The solutions to the Kadomtsev-Petviashuvili equation form a set invariant under
the action of the symplectic modular group at arbitrary genus.

Proof. Under a modular transformation, 7 — (A7 +B)(Ct + D)1,

2mi

OW(CT+D) Y 2|(AT +B)CT + D) 1)) = &5 (det(CT + D))2 ™2 CT+D) ' C2 g4 ).

Ifz=Ux;+Vxog+Wt+X,
Av7B
0 0 0 0
@(zlr)——@(zlr)——azAG(zIT)—azBG(zIT) . (3.4)

) ’t =2
ulwr,xp, 1) =25 024 0B

Since

=(Ct+D) HTUx1 +(CT+D) H Vg +(CT+D) HTWt+(CT+D) ™ HX

- (€T VAT VB 8 8 a o
a(xq,xg,t) =2 O(3|7)2 G)(zIT)aZTA(aZTB@(zIT)—OZTA(a(zn)aZTB@(zm
(3.5)
and
aye NT TIPS TPV S
2VV 0G| OCI7) -7 5 OCEID -~ OG5 0D
=2VAVP[27i((CT+ D) ' C)ap ~ 47°25(CT+ D) ' C)pa(CT + D) ' C)rpzr]. (3.6)

The first term 27iVAVg((Ctp) 1C)ap can be removed through the addition of a constant to «,
which would remain a solution to the differential equation. The second term yields a non-zero
function of z. If the remainder is denoted by u .,

2 1
(U +ur)gx + 3 ((u +up)i—4u+u)w+up)y, + é(u + ur)xzxzxz)

X2

2
= Ur)eyy + 3 @)y = 2(ur )y, — 4ty (Ur)xy — 20Uy )y (3.7
since u satisfies the Kadomtsev-Petviashvili equation. The second derivatives u, in this
equation
0o o0
Ar7B
(ur)xlxl =U"U az_AaZ_Bur’
0 0
_vyvAwB
(Up)eyt = VW az_Adz_Bur (3.8)

Commaunications in Mathematics and Applications, Vol. 14, No. 2, pp. (805 , 2023



816 Instantons and the Point Particle Field Theory Derived From Strings: S. Davis

are constants and the equation has the form

cl(T)z—u +co(T)u = 03(‘[)22 + c4(7)
dz

3.9
which can be solved by another remainder term
ur, = c5(1)2% + c(1),
cs(7) = c3—(T),
2¢1(1) + c2(7)
c4(7)
c6(m) = co(1)

(3.10)
The sequence u + u, + u,, continued to an infinite series u + u, + u,, +... with cancellations of

the constant and quadratic terms. The coefficients c1(r) and c3(7) derived from
Ou Ou
AysB
—4ux2(Ur)x2 =—-4V4V OZ_AJ;

9
= 6472VAVBYGyH az—l;((Cr +D)1C)pe((CT. D) C)rpzF,

ou, 0u
2 _ 272 AxsB r r
2u,)?, = 2(-8722 VAV i 5T
=512 VAVEBVOVEVIVI(C1 + D) 'C)ac((CT + D) ' C)rmzr
((CTt+D)1C)p1((CT+D) 1 C)g g2k,

(3.11)
respectively. Similarly, co(7) and c4(7) are derived from
%u
_ AvsB r
_2(ur)x2x2 =-2V°V aZAaZB
=32712VAVBVEVE(C1+ D) 1C)s6((CT + D) 1C)BH,
2 A++B azu,« 2 A+x-B 62ur
“Uxix1 — S Ux9t = -U”U - = w
Hayoy — gl 024028 3 024928

=1672UAUBVEVE(CT+ D) 1C)ac((CT + D) 1C)py

+ ?#VAWBVGVH (CT+D) 'C)ac((CT+D) C)pH.

(3.12)
Then,

51274 VI8(Cr+D)tC)* 16 , _ 1o
~ ~ =2 D
()~ Te02viiCr+Dyicp "5 v (CTHDITO)

and

1672 UV 2+ Zr2|VEIW| U2+ 2IVIIW]
ce(T) ~ ~
3212V |2

2|V |2

Consequently u; does not satisfy the Kadomtsev-Petviashvili equation and u cannot equal u;.
If V4 is chosen such that

2VAVE [27i((CT+ D) 'C)pp — 47225 ((CT + D) 1C)ga((CT + D) 1C)ppzr| = 0,

(3.13)
or VA(CTt+D)1C)sp =0, the extra term will have no effect on the solution, since u, = 0. This

condition reduces the number of independent components of V4 to g — 1. It follows that
(V(Ct+D) )ACap =VACap =0.

(3.14)
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Only a single component of V4 is determined, and the vector is not zero. The map from {V4}
to {VA} is now an isomorphism of g — 1 complex dimensional spaces. Then it follows that
@2 will be a solution to the Kadomtsev-Petviashvili equation representing the period matrix
(AT +B)(C7 +D)7! of another Riemann surface in Teichmiiller space. O

The Kadomtsev-Petviashvili equation is equivalent to the condition for a Pliicker embedding
of the universal Grassmannian in the exterior power of the space of one-particle states
in a free-fermion theory on a Riemann surface [28]]. Since the Teichmiiller space of any
uniformizing Fuchsian group can be embedded in the universal Grassmannian [30], it follows
that the period matrices related by a symplectic modular transformation f=(At+B)(Cr+D)™ 1,

A B
(C D) € Sp(2g;7) correspond to theta functions such that log®(Ux1 +Vxo+Wet+X|f)is a

solution to the differential equation.

The preservation of Sp(2g;7) invariance in the covering space, the domain of the differential
equation, yields the proof of Aso(d,d;z)li = wlg [18]. There are other symmetries
which yield equalities between Eisenstein series and restrict the number of different types
of coefficients, and an example arises in the compactification over T%. The Laplacian [J; has

eigenfunctions in the vector and spinor representations of the group SO(d,d) [y Eso(d D) _
s(s=d+1) SO(d d;Z) S0(d,d;Z) _ d(2-d) ¢S0(d,d;Z) S0(d,d; Z) d(2 d) ¢SO ,d; Z)
==& , O SS oy = 88’821 and Ug&p " €0t and the
nonperturbatlve amplitude for this compactification has been shown to be equal to Iy =

r(s-1
9 ( )SSO(ddZ) 28SO(ddZ) 28SO(ddZ) When d = 4, I, = 2880(442) 28SO(44Z) —

7_2 Vis=2-1 S;s=1 =1 S;s=1

SO(44 Z)
2803 1

The triality in SO(8) relates the vector and spinor and conjugate spinor representations of the

[[18]]. This equality reflects the existence of a triality automorphism in SO(4,4).

isometry group of the parallelizable seven-sphere. The other seven-dimensional parallelizable
manifold is the quadric admitting the transitive action of SO(4,4). The triality automorphism
follows from the S3 permutation symmetry of the root diagram of D4 and the weights of the
so(4,4) root system [13]]. Neither the paralellizability or the triality would be present for the
other groups SO(m,n), m+n=8, m#0,4,8, n #0,4,8.

The Eisenstein series that do arise in the expressions for the amplitudes are included in the
basis for modular forms of arbitrary weight. The subset of forms that occur and the role of the
spanning set in the series expansion of amplitudes and coefficients in the effective action will
be described.

4. The Dimensions of Spaces of Modular Forms and Transcendental
Numbers

The decomposition of modular forms of weight &, M, = (G) +Sp, where G}, is the Eisenstein
(k=1)! 1

2(2ni)kkzm’n (mt+n)k
majorized by Im(r)"2 as Imt tends to co. The Eisenstein series equals

k
M k-1 2mrmr
@) ((k)+ Z Z

m=1r=

series Gp(7) = and &, is the space of cusp forms with no constant term

Gr(r) =
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B o0
=24 ) op ()", (4.1)
2k n=1

where By, is the kth Bernoulli number, 04_1(n) =} ,, r*~1 and ¢ = e?"7, and it may be proven
that G4 and G¢ form a basis for the modular forms of even weight % for all 2 €27, £ >0 [31].
A formula for the dimension of the space of cusp forms of even weight will be given.

Lemma 4.1. The dimension of the space of cusp forms of weight k, k€2 is [L;EwL [%H +0p2— {[%]}

Proof. Consider the spanning set (GZGgI4a +6b = k). The constant term in the sum

Y ap capGYGY s
4a+6b=k

1 @ b b 1 1 \@ 1 b
2, Cab(ﬁc(_?’)) (55(_5)) -2, c“b2a+b(z4o) (504) ' 42
4a+6b=k 4a+6b=k

The integers ¢, must be algebraic because the Fourier coefficients of cusp forms are algebraic
[31].

The number of solutions to 4a + 6b = k is the number of solutions to 2a + 3b = ¢ where ¢ = %,
O<acs g and 0<b < g. There is only one independent exponent since a = 532, If ¢ is odd, LgJ

2
4 4
is odd, the number of values of b between 0 and g is L3J2+1 if Lg] is odd, and % when Lg] is

¢
even. If ¢ is even, the number of values of b is 1+ L%J because there is an extra solution with

solutions to 2a +3b=¢ or 4a+6b =F is

el - - 4+

b=0anda= g. Representing this additional number as 1 — { [é] } Then the number of integer
) h h

2 2 J+(1_{ g”) “2

The relation (4.2) would be solved for one coefficient, reducing the dimension by 1, except for
k =2, when there are no modular forms of weight 2 and no relation amongst elements of the
spanning set. It follows that the dimension of the space of cusp forms of weight % is

R R

It can be verified that dim8; = dimMj,_15 for £ = 16 because

}, 4.4)

O]

2 4

3
amte- [ B2 -4}
2 4 4
and
1212 rp 412 k
dim5k+12={ g J:l +5k+12,2_{[z]}

|2 Ao

while dimS819 =dimMy =1 and dim 814 = dim M, = 0.
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The product of the constant term of G(7) with l(1 +(— 1)k) equals ( (1-%) by the functional
relation for the Riemann zeta function 7 2T( JC((R) = (1 S2){(1-k).

Lemma 4.2. The relation

(- 1)_ B _1 3
W§(1+( 1) ))F(k){(k)—2((1 k) (4.6)

is valid for all integers k. The factor %(1 +(=1)%) is required since ((s) has trivial zeros at all
negative integer zeros.

Proof. Substituting s =& in the functional relation for the Riemann zeta function gives
k 1-k
n%—kr(z) ( )C(k)—((l k). 4.7)

The doubling relation for the gamma function T'(22) = (27)~2222~3T(2)0 (2+3) at negative
arguments is

]__
[(-s) = (27) 22772T (—%) r (Ts) : (4.8)
Similarly, the identity I'()['(-2) = - ;5= at z = _% is
k k
F(“)F(‘) = (4.9)
2 2 3sin ()

generally. Nevertheless, it will be useful to transpose factors when the denominator vanishes
and write the identity in the form

1 k _’i) (ﬁ)__z_” "
(1) (1(1))r(2r2_ - keZ'. (4.10)
Therefore

1 by k= 1)__2_” (E)_l X

(1 (—1) )r( —|=-=r|5] . kez 4.11)
and

-1 _
—%’r(;) r(%) - l(—1)’%—1(1 —(~1)F)2kF 3 (2m) 3 T(~). (4.12)

Since [(~k)T(k) = — gz and sin kx = 2sin & cos &2 = 21(-1)'7" (1 - (~DH) L1 + (-DF)(-1)% =
L1k 3(1-(-1)%) for ke 27,

I(-k)'= —%%(—1)k—%(1 —(-1)?T(k), keZ*. (4.13)
Then

CDEL 1>k>r<k>ak>——z<1 k). kez". (4.14)

2m)k 2

If £ = 2n + 1 for integer n, 1+(-1)* =1 —-(-1)?" = 0, which is consistent with {(-2n) = 0. Let
k =€ and consider the limit

I (-1)2 1
m
C—'O(Zn)z

—(1 (- l)Z)F(E)((e)——llm((l €),
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. 1.
21_1%1“(6)((0)— 5211101((1—6)

. 1 1 1., 1
lim [—+... (——):—hm —+...]. (4.15)
e—0|¢€ 2] 2e-0[1-€-1

It follows that the identity is valid for £ = 0 and, therefore, for all integers. O

There are no non-zero modular forms of negative weight [31]]. The modular forms of weight
k can be analytically continued to negative values of k.

Theorem 4.1. The constant terms in the analytically continued forms of weight —k must be
transcendental if {(5) and {(7) are algebraically independent.

Proof. The Eisenstein series form a basis for the modular forms of PSL(2,7) of weight £ with
a non-zero constant term. When £ is analytically continued to negative values, the constant
terms in these forms are required to satisfy an algebraic relation such that the combination
equals zero for equality with a cusp form with the analytically continued non-constant terms
being rational, since the coefficients of the basis of Hecke forms are algebraic numbers [31].
There must be no solution to these algebraic relations for any set of analytically continued
powers GZGZ&, beginning with the analytic continuation of a sum of two terms through the
substitution of £ by —&. Since the constant term of G(7) is %C(l — k) for even k, analytic
continuation from %k to —& would give %( (1+%). The values of the zeta functions {(2n) are
known to be periods and include {(2) = %2, ((4)= g—;, {(6) = 9”7465, ..., and, while there is no closed
analytic formula for {(2n + 1) when n is a positive integer, there exist identities of the form
{2n+1) = gop172" ™ = 19p41,-S-2n+ 1)~ r9n41,+8+(@2n + 1), gan+1, T2n+1,—> T2n+1,+ € Q, with
S:@2n+1) =377, m @ The infinite series renders %( (2n + 1) to be transcendental,
and analytic continuation of the sum ), 5 ca,bGZGg tolimy, . 4,620 Ca,bG%lez gives the
constant term

1
ZWCa,b((5)a((7)b. (4]_6)
a,b

Even if the dimension of the modular forms is not set equal to zero for negative weights —£,
k € 7", the transcendence of the constant terms would follow from algebraic independence of
{€@n+1), nez*}fl

Consequently, the analytic continuation of the relation must be transcendental, and each
of the constant terms would be transcendental numbers since the dimension of the space of
modular forms of weight —Z is zero, given the algebraic independence of each of series over A[q]
and consequently the constant terms. The analytically continued series with transcendental
coefficients are not modular forms. O

The Eisenstein series for theories invariant under the U-duality group E;:1(q+1)(Z2)
have been found to represent string multiplets, particle multiplets and multipets of higher-
dimensional states, with an example being the R* coupling for a toroidal compactification of a

2A. Salerno, D. Schindler and A. Tucker, Symmetries of rational functions arising in Ecalle’s study of multiple
zeta values, (2015), URL: https://people.math.rochester.edu/faculty/abeeson/mzvlc.pdf.
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Type II theory, fr4, that is conjectured to be

Va1
£2+ €a+1d+1)(Dgtrings;s=3»
equal to the sum of terms
2s-1
2((23)E+(E) 8SO(ddZ)+(Vd) Z Y S(mim )[ m*Vg i
g; \g2 Sis=3 g3 F(s) A0 mi m; (rﬁi)2+de(mi)2
2m|m| -
o (— Vo2 +V§(mi)2) T (4.17)
and
(Vd) " om Z m2g2V, ]%
g2 I'(s) Jo Vzm2 + g2(mi)2 +gsV2(m )2
2nlm +0m Omim.
K, (_l—zl\/ Vim®+gi(mi)? +32V2(mi)2)e2mem i, (4.18)

S
1
with the large-volume limits of the Bessel functions producing nonperturbative effects of O(e™ ¢s)
1

and O(e &) [18]. These terms result from string and point particle instantons. The O(e_g_ls)
exponential has been demonstrated to have physical effects that are unique to string theory [26].
Both terms represent an integral component of the nonperturbative effects when the elementary
particle interactions are described by gauge field theories.

The sufficiency of the modular form 8SS=L§2;Z) for the R* coupling in Type IIB superstring

theory [22] has prompted consideration of2 the contribution of the cusp forms. There are
holomorphic cusp forms of weight & + 5 L of congruence subgroups of the modular group that
are constructed from cusp forms of 1ntegra1 weight [27]. Cusp forms are characterized by
Fourier coefficients which increase as a(n) = O(n e ) while modular forms have coefficients
a(n) = O(nk_l) [6]. Consequently, the coefficient a(2n) would be multiplying an expansion
parameter 2 rather than 1 z and it is necessary only to select cusp forms such that a(2n—-1) =

or a(2n) = 0 for all n € Z. The arithmetic density of nonvanishing coefficients can tend to
zero as n — oo for lacunary complex multiplication curves and half of the prime coefficients
vanish if it is a modular form of weight greater than or equal to 2 with a character defined
over an imaginary quadratic field [25]. If a(2) = 0, for example, a(2(2k + 1)) = a(2)a(2¢+1) =0,
while a(4¢) = a(4)a(?) = a(2)? - 2 1a(1)a(?) = -2~ 1a(¢) for a Hecke eigenform of weight %.
A cusp form with these coefficients then would equal } 72 ja(2¢ + 1)g2+1 + ) I 1 a(40)q*’. The
coefficients would not be equal to those of a modular form with coupling g2. Instead, the

- k-1
coefficients a(2¢ + 1) are O(Zkz_l“([ + %) 2 +€), which characterize a cusp form with coupling
1

g2. The asymptotics of this series then would give rise to an exponential term O(e ) that can
represent a set of special instanton effects in point particle field theories. It may be noted that
1

the initial series with a(2) = 0 also would introduce another exponential term O(e ). Another
choice would be a series with a quadratic form in the exponent of q, which is derived from
complex multiplication and equals a theta series when the terms are proportional to qnz. When

(nk—1+26)

a(m) =0 for m #n2, and a(r?) =0 , which matches the coefficients in the modular
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forms of E j(4)(Z) except that the non-zero terms are multiplied by gZQ. Theta series have been
found to occur in instanton effects in string theory [1]].

The results on the expansion of the forms and the exponential terms have been extended to
the group E 3.,1q+1)(Z) [12]. A class of parabolic Eisenstein series representing non-perturbative
corrections in string theory are found to include sets of vanishing coefficients, and the
O(e_gls) asymptotics of the series for toroidal compactifications to lower dimensions reflect
the contribution of instantons describing the winding of nonperturbative supersymmetric

states about the circular directions [11]. Setting g, proportional to g% i Yields the exponential
1 1

term O(e_%), which is characteristic of instantons in Yang-Mills theories. The Oe #) and
_1
O(e ) terms similarly would be equivalent to instanton contributions in Yang-Mills theory
1 1

weighted by O(e_%) and O(e_%). It is known that a duality between Type II worldsheet
1 -
and heterotic string space-time instantons interchanges O(e s) and O(e gihet) effects [29].

Since a similar phenomenon occurs for the duality between Type I and heterotic string theory,
1

the O(e 1) term can be attributed to the open string coupling, which has a magnitude
1

different from the O(e_%) effect in point particle field theories, since g5 open < gym. By the

relation g% M= g%e t(2a’ )2 [7], the nonperturbative effect in space-time is restored under duality.

These terms then could be derived from a duality transformation of the modular form with a
1

O(e #s11) term, determined by the asymptlotics of the solution to the equations for the scattering
amplitude, as an alternative to the Oe &) exponential arising from a series with every other
coefficient nonvanishing.

The dimension of space of cusp forms is dim(S) = dim(M}p_19) = dim(M})—1 for even integral
weights £. Holomorphic half-integral cusp forms © of weight ¢ +% can be constructed from
cusp forms ¢ € So/(I'(IN)) through the transform for congruence subgroups of level N through
O(z,p,L,v) =), v(x). fC(x,r(N)) (w)x(1, —w)g_le%(x’x)dw, where x(u,v) = x1ux9uv + x302, L is a
I'(N)-invariant lattice, L* is the dual, v is a function on L*/L satisfying v(p(y)-x) =¢& _1(y)v(x),
¢ is a character of T, (x,y) = T yQx = M(xays — 2x1y3 — 2x3y1), 8D|N, where D = det(1;,1;) and
xo+\/dy to xo—/dy

2x3 2x3

{A1,A9,A3} is a basis of L, C(x,I'(V)) is a geodesic in the upper half plane from
ty—xou  2x1U

—2x3u  ly+xou
the least half-integer solution to ¢ — u?d, = 1 and gcd(x1,%2,%3) = 1, and the sum is evaluated
over I'-equivalence classes of L with positive discriminant [27]]. Since dim(M,, 1 ) =dim(Myy)

2

for d, = x% —4x1x9=m*, meZ or w to y,w, Yy = e I'(N), with (¢,,u,) being

¢
[31],which equals Ltg—J +[5]] - {[4]} + 1, the space of cusp forms is a subspace of positive
codimension

dim(M 1) - dim(S ;1) = dim(M30)) - dim(S/) = 1 (4.19)

in the space of modular forms of weight % + %, k € Z. The nonperturbative effects resulting from
cusp forms would be expected to occur only in a limiting set of the modular forms of a given
weight.
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The space of cusp forms S}, is a Hilbert space with respect to the Peterson inner product

<f,g>=ff f(z)g,f(_z)yw"’_2 dx dy, (4.20)
H2/T

where I' = SL(2;7) [31]. The integration region may be chosen to be a fundamental domain of
the principal congruence subgroup I'(N) for S;(IN), when the number of equivalence class of
parabolic cusps is (1) =1, #(2) =3 and #(N) = %V[F :T(N)]= HpIN (1— =5) [15].

5. Conclusion

The sum over the genus of the diagrams representing the scattering of four external particles in
superstring theory has yielded an effective action with SL(2;Z)-invariant couplings given by
Eisenstein series. When the theory is compactified over a torus, amplitudes at each genus also
have been found to equal Eisenstein series of SO(d,d;Z). The formula at genus g = 3 requires
the Laplacian for Sp(2g.2) of the integral of the partition function for the SO(d,d;Z) lattice
that can be evaluated only if the restriction to the space of Riemann surfaces is invariant under
the symplectic modular group. After transferring the restriction of the fundamental domain on
the period matrix to the sum over the the lattice, it is proven that the condition on the theta
function of the period matrix may be satisfied for all matrices related by a symplectic modular
transformation, which would follow also from the Pliicker embedding of Teichmiiller space into
the universal Grassmannian.

The Eisenstein series have been found to correspond to various multiplets of U-duality

groups which have expansions with both O(e™ & ) and O(e #7) terms in the expansion. The latter

terms must represents nonperturbative effects in a point partlcle theory. It can be traced to the
k-1 k—

presence of a form with coefficients increasing as a(n)=0(n 2 e €)or a(2n) = O(Z 2 +en_“)

For the modular group SL(2;Z7), these coefficients define a cusp form. The generalization of
1

these series to forms invariant under E ;.1(q+1)(Z) would be sufficient to derive the O(e_g)
term in the superstring amplitudes.
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