Bulletin of Pure and Applied Sciences. Print version ISSN 0970 6569

Vol.40 D (Physics), No.1, Online version ISSN 2320 3218
January-June 2021 P.1-13 DOI: 10.5958/2320-3218.2021.00001.4
Original Research Article Available online at www.bpasjournals.com

Twistors and the Amplitudes in the Integrable Sector of Superstring
Theory

Simon Davis

Author’s Affiliations:

Simon Davis Research Foundation of Southern California, La Jolla, California, U.S.A.
Corresponding author: Simon Davis, Research Foundation of Southern California, La Jolla, California,
U.S.A.

E-mail: sbdavis@resfdnsca.org
Received on 18.04.2020
Accepted on 14.10.2020

ABSTRACT Twistors can represent the spin in superstring theory and provide a theoretical explanation of
the two-dimensional spherical model of elementary particles together with the surface
distributions of the charges. The integrability of certain matter sectors of the strong
interactions also may be traced to the action of the conformal group on collinear trajectories
that occur in a twistor formulation. The amplitudes for these scattering processes in four
dimensions have a representation with quantum states in a nonsupersymmetric theory defined
by the low-energy limit of a solution to the N = 2 string equations with a Wick rotation of the
metric with (2, 2) signature. The twistor form of an N = 2 scattering amplitude is given.
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1. INTRODUCTION

The connection between twistor theory and string theory generalizes the spinor bilinear representation of the
momentum in a ten-dimensional massless vector field theory. The twistor transform for the super-Yang-Mills
and self-dual Yang-Mills equations has been developed in ten dimensions [1], and super-self-duality equations
may be solved with supertwistors [2]. By dimensional reduction of the field equations, the integrability
conditions on light like lines may be derived in N = 2 super-Yang-Mills theory in six dimensions [3] and N = 4
super-Yang-Mills theory in four dimensions. There is a correspondence between super-Yang-Mills actions,
classical superstrings in 3, 4, 6 and 10 dimensions and the division algebras. It may be noted that, although the
dimensions of other real division algebras must be 1, 2, 4 or 8 by Hurwitz’s theorem, division algebras of other
dimensions exist over finite fields [4][5][6] and the relation to discrete symmetries [7] in field theories may be
considered.

The number of world sheet supersymmetries in D dimensions equals D - 2 because the super-Poincare algebra in
D dimensions generates a D-2-superconformal algebra in two dimensions [8]. The heterotic string and Type 1A
superstring theories have been written in twistor formalism and the N = 8 superconformal algebra may be
parameterized by §’, the Kac-Moody extension of S’ [9]. The occurrence of the string tension as an integration
constant [10] in the ten-dimensional heterotic string theory has implications for its physical interpretation in
relation to gradients of J vs. M? plots, minimal distances and the effective string coupling [11].

An S’ transformation rule cannot be constructed for a pure Yang-Mills theory with the connection taking values
only on the four-dimensional base space [12]. Since twistor variables that transform under Sp (4; @) can be
combined to transform parameterize S’ [13], the problem of constructing a model with this invariance may be
transferred to the action on twistors. It can be solved if the fundamental variables in the theory are interpreted in
terms of the space S8 of lightlike lines of octonionic superparticles. This approach can be compared to an
algebraic description of the supersymmetric Hopf fibration. When the base space is the super-sphere S.% a
supers%/mmetric version of the U (1) theory is found [14]. A generalization would exist for the base spaces S.*
and S.”°.
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The duality between points and lines in projective geometry, and the intepretation of points as lines in twistor
space, would be expected to have implications for the superstrings in a formalism combining the two theories.
This duality might be interpreted as a reflection of the two different descriptions of superstring dynamics
through the path integral with a two-dimensional action for the weighting factor describing and the point-
particle effective field theory in ten dimensions.

2. ASUMMARY OF THE TWISTOR FORMALISM
Dimensions for Twistor Transforms and Green-Schwarz Superstring

The number of fermion degrees of freedom in the division algebras is sufficient to be identified with one of the
division algebras

SL(2,K,) ~ SO(1,v + 1) pr=1,%4 (2.1)

Sp(4;K,) ~ SO(2;v + 2). '
Twistor transforms exist only in dimensions 3, 4, 6 and 10, when the identity
)\1"%'9)\2"‘; )\g + )\g ”,)\1"%'! )Lg S )\‘g"‘pkg i }\1 =10 (22)

is required for supersymmetric invariance of the Green-Schwarz superstring [15]. The action of linear groups
on division algebras can be found in the formulation of superstring theory [16]. The known particle multiplets
also may be derived from the representations of the exceptional group, defined by division algebra modules,
which also arise in the spinor space of the standard model.

The Hopf Fibration and Twistor Space

Let [af nb] = v, (ay"b) and l[x Y, z]] = 0 Then [PP] = 0 for massless bosonic particles in dimensions D = v + 2,
which issolved by P =y y'. If y= [&n], then

— _ LT g
P—L.L = [??é '?IT}*} (2.3)

and

det P = (££%)(mm™) — (En*)(n€™)

reflecting the light-like nature of the spinor bilinear.

There is a symmetry algebra which leaves vy unchanged. It may verify that the symmetry algebra is S'™.
The Hopf fibrations are

st sY Z, =RP!, $°—S?=CP*, S'—S*=HP'and S®— S® =OP'={4 }/~,
where A~Aif AdT= A

The equation relating twistor space and Minkowski space-time is
(O] a =V X{m
The supertwistor is Z A = (o vy, ¢) and the spin-shell constraint is
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5 (W e + Yaw®) + €€ = 0.

If wy'=P oo'= X[XP]-%P[XX]and M =1 2™\, Z generate the conformal group,

while [T = -1/(v+1) M“T\wZ provides conformally covariant generators for S' %, Given a supersymmetric
extension of the symplectic metric gag, which is the invariant tensor of OSp (N,4;K, ) , the superconformal
group in v+2 dimensions, the spin-shell constraint is % gagZ*Z ®= 0 [13].

The S'~ transformations, when v # 8, are vy — vy Q, o — o, with [Q]=1. The spin shell in the twistor space
KPvy is

N ={(¥,9) € KP3|1g9apZ24 2% = 0},

where N has dimension 2v+1. When v = 8, the condition may be chosentobe T=(yy Do -y [y 0] =0
with © =yy [17].

The geometry of N may be deduced from fibrations of S™*to KP™ ' The fibresare S’whenn=8andv=1
or 2, and, if n=8 and v = 3, S’ transformations may be defined over a set of equivalence classes of coordinates
on OP? [18]. The coordinates of the supertwistor may be chosen such that one of the coordinates is aligned
with the lightlike direction representing a point on the sphere at infinity S* and v — 2 = 6 components are set

equal to zero through the S’ transformation, and the spin shell is diffeomorphic to S*.

After the condition of equivalence under the symmetry algebra of the bilinear y v ' is imposed, the number of
independent parameters is 9, following from the invariance of the ten-dimensional vector P = y v ', and the
topology of this space S would be S°. It may be noted that the homology group of the twenty-six dimensional
space E¢/F4is non-zero only for the indices 9 and 17. From the dimensions, there would be a transformation
from the space {S, N} to E¢/ F4. Then the Eg/F 4bosonic string theory may be described in terms of octonionic
twistor variables. The existence of a supersymmetry through the lattice representation of the Eg supercharges
has been given [17]. A closed superstring theory in the twistor formalism providing a theoretical basis for
spinning particles then could be derived.

3. TWISTORS AND THE REPRESENTATION OF SPIN

Spin in the Supersymmetric Point Particle Action

The supersymmetric sigma model for the superstring is

I'm erstring —
= & dmod

/ d*¢ jsv€ {g“-‘e u XH 03 X" + ie; Tty T

i (3.1)
+ 2eg efi“pbp“t_{!"‘ {(’)g)f" - 51.-"."’){_3} ]-.

where {p" }are two-dimensional Dirac matrix includes the fermion fields with intrinsic spin [18]. However,
there is no immediate description of fields of arbitrary spin in the Lagrangian until the fields are expanded in
terms of vibrational modes. It is not a direct generalization of the spinning particle action with an extra term
given by the Pauli spin matrices [19]

1
il E 2 e o =1
Ef.spi?ming point particle = aTn S + nil'r (G’;;S S}

: (3.2)
T S . - g
= gmr + Em.r TrX +niTr(ozs™ s)

such that X =o' %= So; S parameterizes S or the supersymmetric Lagrangian [20]
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im 9
,£supm‘a-ym-nu:u‘éc spinning =— ._,_Xﬂ.d{?;{a e ﬁ.TT(U;;SIdQSi)
point particle 2 (':}t

1 3 {3.3)
.9 i : ; } . —— s

= Em:nﬂ + Efﬂﬁ1 + ?-'RTT’(J;;STS‘) + 2nicapeEapée,
with fa being an anticommuting Grassmann variable, while the spin vector is Sa =tpewe fo fo which can
be coupled to the magnetic field.

Spin Condition from Spinning Twistor String Action

However, with a twistor formulation of superstring theory, the spin of the particle
might be separately described. Consider the closed twistor string action [21]

If.'.io,sed twistor string — [[C++ ATE VTZ nE d2£LG] {34)

JS

where € ** are the worldsheet zweibein one-forms, T = (p%, i)
fermion terms related to the gauge group G The constraint

is the supertwistor and L consists of free

Ty = Xap® — iAo + 2ii'n; = 0. (3.5)

follows from the field equations. Asolution [22,23] is

pe = (% + 878"\, =05 Aa (3.6)
since
d‘t.!.& = (dmdn 4 idﬁ;‘ﬁdi ki ig;xdﬁdi)ha
+ (29 4+ i078°)d), (3.7)
dn; = dOi A, + 07 dX,
such that
/ e ATsdYE = / et A (du® s — dAL A" — 2idn:f;)
Js s
= / et A[(dz®* + idfS 0% + i0FdAV ) As )\,
s
+ (2 + 020 A ad Ao — drg (T — 0767) )\,
— 2i(dO% Ny + 0%dAL)O¥ M)
— / et (dz™® — idf%0™ + i02dA ) A g \a-
s
(3.8)
and
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TsTT = Xa(z® + 02054, = (22 — i020%)Asd0 + 200504022,

- 21(0:16{}:1 s édi{;;t) (39)
= 0.
given the anticommuting variables %" and #**. The product
TsY =71 (3.10)
— Il . . .
is a condition on a massless particle with spin ¥ = 2 [20], and the closed twistor string action does not

describe such fields. The action of the spinning twistor string [24]

I-spunnng twistor string = / I:TTY‘ FAYM VTE + dz )(TETE )
= / (3++ M f-?.__[V++TgV__TE + v__TEv++TZ]
J 8

+ [ Pe=OTeT® 1),
Js
[3:1T)
yields the relation for non-zero spin with = (5 ) being a Lagrange multiplier.

Projection of the Nonvanishing Spin of the Ten-Dimensional Twistor Superstring to Four Dimensions

The generalization of the tW|stor superstring to ten- dlmen5|0nal superspace can be derived with spinor and

v
vector Lorentz harmonics, 2?, which span 88 and @ , satisfying

Doy — ——

‘hﬁqﬂ.ﬁ g = Ua Egﬁ

prcnBlfl e s .
Vapia Vg = Opqlly (3.12)

a; b=10,1,..,9; @ p=1,.;16;, pa=1;...8,

where {E_ﬁﬁ} is the set of Dirac matrices in ten dimensional Minkowski space-time [24]. The
superspace action can be reduced to

; g =t . T 3 .1s
I den=dimensional = ﬂ; e A (dpg "vgg Hq dL(w idxg Xq ) (3.13)
Where
— Qﬁ — ' - = .
He® = X28g v, — ef*et. P = 0%y, (3.14)
and the inner product must be
5 Bulletin of Pure and Applied Sciences
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— g LES A e
g Vaq +EXg Xq - (3.15)
By the relation [22]
— - Z - — B o
Hq Vap = Xiu& Opg + E}(q, K s (3.16)
it follows that
- — — ) S T
g —1_.'9? = =] E.ui -+ EX‘*’ Xq : I{ﬂ.li)
Then
- 31
o i o D, g R e o e pe
Ba Vg T iXg Xqg =8X%u; ™ + T XgXqg = 8X%u, (3.18)
Because ‘¢ is an odd Grassmann variable and Xg Xqg = 0. The ten-dimensional

equivalent of T=T® s nonvanishing and represents non-zero spin. The expansion into spinorial Lorentz
harmonics is sufficient to represent any rotating configuration corresponding to a particle with spin. A reduction
of this model to four dimensions would yield an action that includes

P = iy ——  —
Ifour—di-mens‘if)naf twistor superstring — / € AT Vo Vo

Hr.ift - d:r_f'xrt - Ed{}:\am 4 ?oztdgﬂl ;_1‘_: — AQ
(3.19)

together with the supertwistor relation TeY¥ =7 for non-zero spin, and the sphere of spinorial harmonics
would be projected to S* The twistor formalism provides an intrinsic rotational motion of the string which
would represent the spin. Consequently, the two-dimensional spherical model of elementary particles with
charge and spin is verified.

The N = 4 super-Yang-Mills theory may be found from a boundary theory of the reduction of ten-dimensional
superstring through the compactified solution AdS5 x S°.  The isometry group of then ten-dimensional space is
SO (4, 2) x SO (6) that is isomorphic within a Z, factor to the bosonic part of the symmetry group of N =4
super-Yang-Mills theory, which has an invariance under conformal and internal SU (4) transformations. There is
a twistor formulation of the super-Yang-Mills theory, which will be constrained to be consistent with boundary
conditions for spin-s fields on AdSs. Peeling theorems have been adapted to asymptotically anti-de Sitter space-
times to determine the fall-offs of conformally related massless spin-s fields on conformally compactified anti-
de Sitter space-times [25]. The dependence may be given for five-dimensional anti-de Sitter space by replacing
the dimension d = 4 by d + 1 = 5. The gauge symmetry results from the isometry group of SO (6), and
therefore, boundary conditions for the entire bundle must be given. The group SU (3) is an S°® bundle over S°
[26], and the boundary conditions for the spin-s SU (2) fields in the superstring theory on AdSs x S° then must
be defined to be consistent with the transition functions of this bundle to describe SU (3) fields on I and
Minkowski space-time.
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4. INTEGRABILITY OF ASECTOR OF THE THEORY OF THE STRONG INTERACTIONS

Collinear Trajectories and Solutions to the Super-Yang-Mills Field Equations by Twistor Transform

The existence of solutions to the super-Yang-Mills field equations in four [27], six [3] and ten dimensions [1]
through a twistor transform requires vanishing curvature along the super null lines in super-Minkowski space-
time. The derivation of the N= 4 super-Yang-Mills theory in four-dimensional Minkowski space-time by
dimensional reduction over T®, with the isometry group U (1)° [28], follows from the orthogonal splitting of
Minkowski space-time that yields a sequence of integrability conditions for the field equations between four and
ten dimensions.

The spaces of light like lines in four, six and ten-dimensional Minkowski space-time are s?, S* and S8, which
represent the base spaces of three of the Hopf fibrations. The action of S!, S® and S on these Hopf bundles
[13] generate differential systems describing the integrable parallelisms of tangent vector fields on the fibres.
The integrability conditions for field equations of the super-Yang-Mills theories may be solved similarly if the
superconnection has a vanishing supercurvature.

Yang-Mills Theory constructed from a Hopf Fibration
S7
The Spin (9)-invariant theory representing the Hopf fibration S** — S%is

/ 2 Tr ( F el ﬁ[ubc] )

J g8

ﬁlbr: = :i?a i X 5%6 i fic + 5?:(1 [“a‘b? “'ir.'] (4 -1 )
diy B

;’1,, = '.iCtEag,:i?b

where “La . a=1, .., 9 are the coordinates of R°, the sphere is represented by Tala =1 and Aada =0

[29].  The solutions to the Euclidean equations will represent finite-action instantons of the theory on R 8
derived by stereographic projection.

By using the transformations,

. Bicy; e 1 —z2
B 1422 T 1422
5] = o, 0 N 2(1 + z22)0,# — dxtz, O (4.2)
Oz Oz, 0%, (14 x2)2 %,
A= H—L;v?(ﬁ“ - prjig).
it follows that
FEY = gAY — gV A + [A¥, AY]
2 4 ztx, 8 |2(AY —zvA9)
e [1 + 2205,  (1+ .-n2)2a;frf,] 1+ 22)2 i)
2 8 | z'z, O |2(A*-—=z+A?) i
- [1 +220%, (1 +;r:2}25)5:J (1 + 22)2

LK, 4] - 27 (A%, 2°) + 4[4, 29),
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- T d T a - 2z PR

B =9 .8 e T Ay R

— (1+mza§:, R B R W L

~ : x 9] T d p 2x —_—
F,o=2 £ - < 4 E_[A,, Ag], 4.4
e (1+:r.zfz?:fri, 1+22 2 )"”+1+.-r2[ vr Aol; )
and the action (4.1) is equivalent to

d°z Tr(F*F,,) (4.5)

R&

when a single point is removed from S®.  This integral is invariant under SO (8) x E®, which has the same
dimension as SO (9). The translation symmetry is considered to be separate from the compact gauge group that
has been reduced from SO (9) to SO (8).

This integral may be cast in the form

1 ; 1
= /‘ddj:T'rfém.{m.} + EcpypaTT(F“HFPJ}

4
1 3
5?’4’1 = lmg — ;Crnonnp (4(})
C‘mnpfi 1R C'mn.p C?nnpq — Eé_rnnpqr.st

9" Crst

where cnqp are the octonion structure constants, and a method for finding instanton solutions with the potential
and field strength

2 1

Au(z) = -z 7 =CMNzN
2 24z 4 1
F. L =——,‘(_f. *'+—fﬂ: .G.T T 4?
MmN (T) 33 222 CMN T 3 2 CmpTe (4.7)
2 1 P.Q R
_— e (—1 N (-f )
9 (1+ z2)? UNERS

and finite topological charge defined over a four-dimensional hypersurface, begins with setting &, = 0 [30],
where Gy are generators of SO (7). Since
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| (2+;1:2)2 do o | PkET N
F .'F'”'I\ - —7,@ IrGﬁlI.-'\v + —7.(?‘”.\ zinilas IP
MN 9 (14 22)* MN 9 (1+22)4 (NP

8 2+2? .
B Em(}-’u.\ xP22CnuNnprGQ™
I 16 1

9 (1424)"

16 1 [M ~N]P .45 i
el — | S G Trpr T (_"J N 5
27 (1 + x2)4 ! P MNRTG S

4 1 P.Q R,S.TAMN U
— 3 x*CynepGatzx" CV oG-,
+ 81 (1 +22)2 MNPRYQ subr

M GMR Gy pr” (4.8)

M N 1 13156 |, 2156 . 784
Tr(FynFMYN) = 72| 8 3:4+Tar3+ 2 (4.9)

and the integral over the Euclidean space diverges. The remaining term, however, is a total derivative, and the
boundary integral vanishes if

1 N
Ap ~ mGMN-'F

and v > "7 Then the artinn alen Anmale

% / & Tr(ubia) (4.10)

which is invariant under SO (7). When the energy of the Yang-Mills field is conserved, the symmetry group
may be enlarged to SO (8) [31]. Therefore, the action is invariant under SO (8) / SO (7) transformations or
octonion multipication on S”. This method may be contrasted with the use of auxiliary fields which belong to a
division algebra in supersymmetric Yang-Mills theories for closure of the superalgebra and do not occur in the
on-shell action [32].

The sphere in nine dimensions is diffeomorphic to a compactified, complexified four-dimensional Euclidean
space. Therefore, the model may be projected to a theory described geometrically by an S’ fibre on R* after
imposing additionally conditions on the dependence of the potential on the complex coordinates. This action
would describe a viable model of the vector bosons of the strong interactions, since the energy dependence of
the coupling is unaffected by the replacement of the structure constants of SU(3) by that of the octonions [33].

Twistors arise both in the classical solutions [34] and the quantum amplitudes [35] of a self-dual Yang-Mills
theory. It has been found that two-dimensional symmetric coset space sigma models and the supersymmetric
generalizations with a Z, automorphism can be derived from self-dual Yang-Mills actions in four and eight
dimensions respectively [36]. Rotations in the flat space including the octonion algebra leave invariant a
quadratic form of the latter integral [30]. This S’ symmetry also arises as the set of transformations of the
spinors that fix the vector fields in the twistor form of the heterotic string [37]. It is known also that the
heterotic string effective action to quartic order in the curvature tensor can be cast in the form of a ten-
dimensional higher-derivative super-Yang-Mills theory [38].  Reduction of the self-dual sector to eight
dimensions again yields the eight-dimensional quadratic integral.

9 Bulletin of Pure and Applied Sciences
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There exist sectors of quantum chromodynamics which can be characterized by integrability. It is
found in the equations describing the action of the collinear conformal group on operators
representing products of certain matter fields. A spectral curve of constant energy of states in these
sectors is known to form a Riemann surface with the genus equal to the lengths of an integral
Heisenberg chain and demonstrates the integrability. The BMN states arising from the quantization of
the parallel plane wave limit of the AdSs x S° superstring require surfaces of infinite genus [39]. The
sum over the genus, which occurs in the superstring perturbation expansion, reflects the equivalence
with the superstring sigma model with a coset space that includes SU(3) after a restriction to the
nonsupersymmetric sector. The integrability of that sector of quantum chromodynamics also follows
from the finiteness of the superstring perturbation series. This algebra of the collinear group and the
dilations can be embedded in a higher-dimensional real plane, which is consistent with integrability of
the self-dual Yang-Mills theory in this space. There exists a gauge such that the twistor action for
supersymmetric gauge theories consists only of a nonlocal term representing maximum helicity
violating vertices and the propagator for the anti-holomorphic derivative on twistor space yields a
delta function that has support on sets of collinear points [40]

Twistor Form of N = 2 String Amplitudes
The N = 2 string theory is formulated in a space-time of signature (2,2) and describes a self-dual N = 4 super-
Yang-Mills theory [41]. A higher-genus surface can be decomposed into a topological sum of thrice-punctured

spheres and connecting cylinders allowing a twistor description.  In the Euclidean metric, the open string field
theory formulated on CP® is

y . 2
SN s = ] dc / de'de*de’e* (tr (AQA 4 §A")) (4.11)

where the expectation value refers to the integral over four-dimensional spatial and Grassmann coordinates, A is
the string field defined by

A=Ap+Azd, Ap = (A +0°X" +

S o FRr 1 - i iy~ P q i . -~ .
ey kFafB k€ Foe 2 k€ Fa 7B 2
51070 Paij + 5707°C P xagije + 5077 C*CP Xapijr + 077 CC7C"Gaprijk

o S - SR & & L Ao
: k kit i}
A(Z = %'!"!}U@ij < o %i'glj CG}Cfﬂjk =5 %TQU £ G(l:’?ijk{:e
with S being a coordinate on CPY,

(o = = ,v= (140" Gap = 569G apijre and X%, = He T xqjke
- _(: ‘gg 4! L] Xa 3! Xaj
[42], yielding the component action

<f,"1‘" (G“ﬁ-prxﬁ + 2 erivaii I %oijvctv”@ij T O”,‘Elij)>

[43]. It has been demonstrated that string amplitudes may be derived from a holomorphic Chern-Simons theory
on twistor space [44]. The N =2 open string amplitudes [45] then can be expressed in the twistor formalism. It
follows then that a one-loop n-point amplitude in twistor space would be
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DYz, A D87,

T o
2 agd A g4 Arrs a A
H[ do;d” p; dYd s, Vi(oi, pd, ¥75) [
o —o0 i

e Vol(GL(2:;C))
m 2
/ d*B 2, d* Zyd®P Zyd® B Z, [ [ 8 (mia + 2aa?) [ [ 6% (w5 + 07008
" =1 r=1
TL 1
11 A12As
o Tyl — Oy

(4.12)

where Lag is the line between Zaand Zg corresponding to (x, 6) in the supertwistor space, the lines
Pic + TaaAe =0 ¥ +002 ' N .
e it and ' * pass through { O 1}, the propagator in twistor space is

Aij=04(Z;, %, Z) = [ o LA Z,+ 52, +1Z;)

F
and * refers the the twistor at infinity Z > and 11(0'1,;1”._ Wi ) represents the i" vertex operator defined
through the expansion of the N =2 string fields in the action [46].

The action representing a nonlinear sigma model on the supersphere S (2,2) arising from the supersymmetric
Hopf fibration, U(1) — S®? — S(*%) has been constructed [47]. The integrability of the supersymmetric
generalization of the theory with the fibre S7 would verify its finiteness in contrast with the problems related to
Borel summability of the perturbation series in quantum chromodynamics. The integrability of the
supersymmetric generalization of the theory described by action in Eq. (32) may be contrasted with the
problems related to Borel summability of the perturbation series in quantum chromodynamics [48] [49] in the
bosonic sector. Even though the spectrum of the closed symmetric N = 2 string consists of a single massless
scalar, it is increased in the N = 2 heterotic string theory to a set of particles corresponding to the sum of the
number of elements of a self-dual even lattice in 24 dimensions and the 24 internal oscillations, and the
existence of an invariant null vector causes the reduction of the effective field theory to two or three dimensions
still allows the dynamics to occur in an embedding four-dimensional space-time through a local variation of the
null vector [50]. Since the signatures of the submanifolds are (1, 1) and (1, 2) respectively, and embedding in a
manifold with Lorentzian signature is feasible, which would be equivalent to a Wick rotation of one of the time
coordinates in the geometry of (2,2) signature. The calculations of the amplitudes may be extended to a larger
number of vertex operators by not utilizing methods of cancellation of the amplitudes of massless scalars
describing self-dual Yang-Mills fields. The twistor formulation then may be derived from the AdS; x S°
superstring [51] [52], the restriction of N=2 string amplitudes of the form given in EQg.(33) to a
nonsupersymmetric sector and gauge/string duality [53].

CONCLUSION

The twistor formulation of superstring theory can be defined such that the spin of the physical state is given. It
arises as a constraint in the spinning twistor action. The description of elementary particles with spin is
supported by a physical two-dimensional spherical model. The fields in this ten-dimensional action may be
expanded in spherical harmonics on the space of lightlike lines. When reduced to four dimensions, the spherical
harmonics representing particles with spin would be defined on the sphere S2 Therefore, the identification of the
spherical model of the particle follows. It remains to establish the relation with the action of rotating superstring
state for a charged particle. The charge density would appear to be uniformly distributed over a sphere for a
sufficiently rapid rotation.. The formula for the mass in terms of the charge on the sphere [54] in the Lorentz
model of an elementary particle such as the electron could be compared with the parameters of the twistor
string. The equation for the tension of the heterotic string and the gauge coupling must be extended to energies
for which the strength of the electromagnetic force achieves its value in elementary particle phenomenology.

Since the boundary values must be equated to super-Yang-Mills fields on Minkowski space-time, the twistors on
I in the conformally compactified five-dimensional antide Sitter space must be conformally tranformed to
twistors on Minkowski space-time to determine the components. The massless fields of the super-Yang-Mills
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theory then may be derived after the mapping supersymmetry transformation rules on | to a flat Lorentzian

manifold.
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