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@ Recent decades an enormous progress in calculation of higher loop
amplitudes of D=4 supersymmetric theories, in particular of maximally
supersymmetric 4D N = 4 SYM and N = 8, was reached

@ [Bern, Carrasco, Dixon, Johansson and Roiban, Fortsch.Phys. 2011],
e [Benincasa, IUMP A 2014],
e [R. Britto, F. Cachazo, B. Feng and E. Witten, PRL2005] and refs. therein.

@ The list of relevant papers certainly includes
e Parke and Taylor, PRL 1986.

M.Bianchi, H.Elvang, D. Freedman, JHEP 2008 [arXiv:0805.0757 [hep-th]],
Drummond, Henn, Korchemsky, E. Sokatchev, NPB 2010 [arXiv:0807.1095],
Drummond, Henn, Plefka, JHEP 2010 [arXiv:0902.2987 [hep-th]],
D. Kazakov, Borlakov, Tolkachev, Vlasenko, PRD 2018 [arXiv:1712.04348
[hep-th]].

and many others...
@ Sorry for missing a lot of references!
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@ Many of these works used essentially spinor helicity formalism related
(although not identical) to the twistor approach [Penrose 1963]
@ and its superfield generalization related to the supertwistor approach [Ferber
1978],
e Arkani-Hamed, Cachazo, Kaplan, JHEP 2010 [arXiv:0808.1446[hep-th]],
e Brandhuber, Heslop, Travaglini, PRD 2008 [arXiv:0807.4097 [hep-th]].
o ...
@ Thus it was natural to search for generalization of these for the case of higher
dimensions, especially D=10 and D=11 interesting in String/M-theory
perspective.
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Higher D generalizations of spinor helicity formalism

@ The generalization of spinor helicity and superamplitude formalisms to D=6 is
quite straightforward [Cheung and O’Connell JHEP 2009].

° spinor helicity formalism is more complicated because the helicity and
polarization spinors are constrained variables.

@ This was proposed by Caron-Huot and O’Connell [JHEP 10].
@ In[l.B: PRL 2017, JHEP 11(2018)] we observed that 10D spinor helicity
variables of [Caron-Huot+O’Connell 2010] can be identified with
@ spinor moving frame variables
[I.B.+ Zheltukhin 91-95], [I.B.+ Nurmagambetov 96], ... or, equivalently, with
e D=10 Lorentz harmonics.
[Galperin+Howe+Stelle=91, Galperin+Delduc+Sokatchev =91].

@ This observation allowed us to construct the 11D spinor helicity formalism
[I.B: PRL 2017, JHEP 11(2018)].
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Higher D=10,11 generalizations of superamplitude formalism

@ Moreover, on this basis we proposed and elaborated the generalization of the
4D superamplitude approach to D=11 supergravity and 10D SYM [I.B:PRL
2017, JHEP 11(2018)], the so-called constrained superamplitude formalism.

@ Furthermore, in [IB: JHEP 05(2018)] we constructed another, ‘almost

unconstrained’ analytic superamplitude formalism for 11D SUGRA and 10D
SYM.

@ More recently an apparently different approach to 11D SG and 10D SYM
amplitudes was proposed by Geyer and Mason [2019=PLB2020].

@ It is based on the so-called polarized scattering equation (PSE), which can be
considered as a kind of square root of the CHY scattering equations
[Cachazo+He+Yuan 2013] (actually present already in [Gross+Mende 87,88;
Gross+Maries 89]).
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@ The relation of 11D polarized scattering equation approach with ambitwistor
string models was discussed and especially stressed in
[Geyer+Mason:2019=PLB2020], where a modification of the 11D ambitwistor
superstring action form our [I.B. JHEP 2014] was proposed for these
purposes.

@ This talk is based on [I.B. JHEP 11(2019)] where we

e shown that the correct basis to derive the PSE is provided by the original 11D
ambitwistor superstring of [I.B. JHEP2014] rather then its modification
suggested in [Geyer+Mason:2019=PLB2020]

e and presented a rigorous derivation of the polarized scattering equation (PSE)
and other basic equations of the PSE formlism.

o To this end we have used essentially the 11D supertwistor approach,

e the possibility to formulate the 11D ambitwistor superstring as a system in an
enlarged superspace with 528 bosonic coordinates as well as

e the SO(16) gauge symmetry of the 11D ambitwistor superstring [I.B.:2014lja].
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@ After a brief review of scattering equations and D=4 spinor helicity formalism
and superamplitudes,

@ we will introduce the 11D spinor frame variables and helicity spinors encoding
momenta and polarization data of scattered particles on this basis.

@ Then we describe the scattering equations and use the supertwistor form of
the 11D ambitwistor superstring action with suitable vortex operators to obtain
the 11D polarized scattering equation and other basic equations of the PSE
formalism.
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Scattering equations

@ Scattering equations [Gross et al 87,88; Cachazo, He, Yuan 2013] relating massless scattered
particles (k,ik!" = 0) and points o; on Riemann sphere read

Z kIHk]‘M :O
; gj — 0j

@ Using this one can write a convenient expression for scattering amplitudes (see below).
@ One can introduce the meromorphic 11-vector function

K;
Pu(o) = Z P _MU,
i !

and write the scattering equation in the form

K'Pu(oi) =0 .
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How to write amplitude with (polarized) scattering equation

@ Let us present the form of 11D amplitude in CHY formalism written with the use of scattering
equation k; - P(o;) = ki*Py(oi) =0

AL‘D:/dundet’M oF .= / o SL SEET) H T 80k Plon) det'M &F
i=1 i=1

n n n
where H ! 5(/(, . P(O’,)) = OjkOKOJj H 5(/(, . P(O’,)) and C H d(T, H ! d()’,‘ are

=1 i=1,ij k.| vol( SL 2, =1
independent on choice of j, k, I, oj = oi — oj, Mlis 2n x 2n CHY matrix
kgkj 5 — Ui P(oi)dj ;
M = b ? Welll , detM——detM,j,
L Uy o)y ah o
F

where U; is the polarization vector and the factor e~ determines the fermionic contribution.

@ To write this eF we need helicity spinors and polarized scattering equation.
@ In D=4 also the measure of the amplitude simplifvy when written in terms of helicity spinors.
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@ One can also write the scattering equation as’ ReSy—0, 3 P?(c) =0 ‘

@ This actually implies [Geyer+Mason=2019] the light-likeness of the meromorphic 11—-vector
function,

P*(c)P.(c) =0

which can be considered as the third equivalent form of the scattering eq.

@ The constraint P*(o)P.(o) = 0 can be generated from the so-called ambitwistor string action
[Mason+Skinner=2013].

@ It can be considered as extended complexified massless particle action,

@ i.e. as massless particle action the worldline of which is replaced by 2d space and time
derivative replaced by holomorphic drivative.

@ P.(o)=3; 0’:"“0,, can be obtained from the deformation of this action by incorporating of the
contribution to the path integral measure of the suitable vertex operators.

@ Here we will use 11D supersymmetric generalization of the ambitwistor superstring action
[IB:2014] to obtain the Polarized version of the 11D Scettering equation - 11D PSE proposed
by Geyer and Mason [2019=PLB2020].
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Amplitudes and superamplitudes in D=4

Bosonic spinors and spinor helicity formalism.

@ An on-shell n-particle amplitude of Yang-Mills (or gravity),

n)(P(1)7 Uayi - Py, Umy)

depends on n light-like momenta p,., | PuiyPui) = 0|,

@ and n polarization vectors U,,;y which obey

@ In D = 4 spinor helicity formalism both data are encoded in the bosonic Weyl spinor

i = (,)) (A=1,2, A=1,2) called helicity spinor.

@ The light-like momenta are defined through Cartan-Penrose representation

Pul)hy = 20 Aapy & Put) = ApFur@p, n=0,...3,

where A=1,2, A=1,2, 0% are relativistic Pauli matrices, obeying o(*5") = n/** and

P L. M ~VAA_ Ky
0 ,an0 by = 2€ABEpp 5 Ona0 2n
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Amplitudes and superamplitudes in D=4

Bosonic spinors and spinor helicity formalism

@ The polarization vectors are defined as

_ Mo%a 0 = e w g
AA(i) [S\(i)W] 2 AA(i) < whg > ()~ r(7)

where w, = (wa)" is a constant reference spinor and + < helicity +1.
@ In D=4 spinor helicity formalism the commonly accepted notation are

<if>=< AAG) >= EAB)\'S')AS) =—<Jji>,
= = ~A<B .
[ = Dorpl = easrnAgy = —Uil ,

GAB:(? 7)1):—6AB7 GAB:(? 61)=—eAB.

@ where
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Amplitudes and superamplitudes in D=4

D=4 polarized scattering equation

@ In D=4 P*(0)P,.(c) = 0 can be solved in terms of complex Weyl spinor function

P.(0) = 1Aa(0)A5(0)54 .

@ To factorize the meromorphic vector function P, (o) = > “ie_ e have to use a meromorphic

i o—oj

! n = =5
Ui€iNpi 5 Uj€iN i
A = e aa and A = —a
A7) /:Z1 o= 0ai 4G /:E/; o =i

@ Here \4 and ¢; characterize the momentum and polarization of scattering particles

k'AA = )\A,'AA,- y UAAi = E,‘)\A,‘WA/[S\,‘W] or UAAj = EjWA/_\A,-/ < \w >

[/

and u; are complex numbers. The data obey the polarized scattering equation.

Uda(o) =24 =10  Aa(o)T=22, j=I+1,..,n.

€j &
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Amplitudes and superamplitudes in D=4

D=4 amplitudes from polarized scattering equation (from ambitwistor superstring)

@ The integration measure to calculate D=4 amplitudes as it was obtained from D=4 ambitwistor
superstring,

i=I+1

contains delta functions of the polarized scattering equation and integrations over constants u;.
@ Here GL(2,C) = SL(2,C) ® GL(1,C) with GL(1, C) generated by

! n
Z u,-8/8u,- = Z u,-6/8u,-
i=1

j=I+1

so that

[T+ dojdu;/y; i 4

= OiyipOipia O3
VOI(GL(Z (C)) J=1,jFh i3 J=1,j#1s
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Generalizaion of Cartan-Penrose representation to D=11

Light-like momentum and moving frame in arbitrary D

To construct the spinor helicity formalism for arbitrary D, we first should find the

counterpart of D=4 Cartan-Pernose representation which solves .

@ A particular solution of the constraint p;p? = 0 is given by

p(a) = p(1 5 0, ...,0, —1)

with arbitrary p = p(7) describing the energy of the massless particle.

@ Any other solution can be obtained from this (or from the reflected one with
negative p) by performing an O(1, D — 1) Lorentz transformation

U e 0(1,D0-1) o uPuAO) = 5B = diag(+1,-1,..., 1),

i.e

b D—1 _
Pa :Ug )p(b) = p(ug - ng )) = p*uy .
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Generalizaion of Cartan-Penrose representation to D=11

Solution of the light-likeness condition

@ It is convenient to write the vector frame matrix ugb)(f) € SO(1,D-1) explicitly in terms of uz, its
complementary uZ () = (ud + uﬁ,,D_”), and u}, (light-cone harmonics [Sokatchev 86,87]). Then

U:= () = (% (ua: e u?f) , Uby s (uf = u;)) € SO'(1,D—1)
@ implies UTnU = n which can be split into [E. Sokatchev, 86,87]
ulu==0, du# =0, uu¥=-6Y.

@ In particular, we see that u®= is light-like, uz u*= = 0, and this is the reason why
pa = U Py = p' U solves pap? = 0.

@ The nontrivial consequences of this simple fact appear when we “extract square root” from the
vector frame by introducing the spinor frame.
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Generalizaion of Cartan-Penrose representation to D=11

Spinor moving frame = /moving frame

@ Spinor moving frame = /moving frame is defined by conditions of Lorentz invariance of
D-dimensional '? and also C, if such exists, i.e. by a matrix V € Spin(1, D — 1) which obeys

VeV =0T,  VIF@V=Fu®  (and VCV' = C, if C exists) .
@ The SO(1,1) x SO(D — 2) invariant splitting of the spinor frame matrix is

(a)

VO = (Vi Vag) €Spin(1,D=1) & ul? = (uj, uf, ub) ,

agq’
where g and g are indices of the spinor representations of SO(D — 2), which can be different
D=10: a=1,..,16, g=1,..,8, g=1,..,8,

or the same
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Generalizaion of Cartan-Penrose representation to D=11

@ With the suitable representation for T—matrices, the constraints
VI vT = uga)r(a) Vit@y = I"'bu,(f) can be split into

=ra — = - = =

u; Faﬂ =2Vaq V3q Vg Favp = Uy Ogp,

#ra _ L+ +& ot s
, uj Faﬂ = 2vaq Vag' s v(.7 Favp = ug 5qp ,

lra _ = LAF =F oar — allal .
Ualop = 2V(alg YgqYma + Vg TaVs = UaVgp -

@ ForD=11g,p=g,p=1,...,16 are spinor indices of SO(9) and v/, = 75,

@ In our perspective an especially important among above relations are
ugriﬁ =2Vaq Vg Vg laVp = Uz 0gp

@ which allow to state that v, is a square root of the light-like u;

@ in the same sense as in D=4 one states A4 "= /p," keeping in mind the
Cartan-Penrose representation p,o’, , = 2Xa\ .
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Generalizaion of Cartan-Penrose representation to D=11

D=10 vs D=11 spinor helicity formalism

@ The D=10 spinor helicity variables of Caron-Huot and O’Connell [2013] are Aag = /p* Vg
carrying 8s index, and the polarization spinor is Ay = P vq"" which carries 8c spinor index of
SO(8).

@ Here p* comes from p, = p* uz which now reads p. = FAT2A.

@ In contrast, in 11D the polarization spinor Ay = /p# v, * = —iC*® )44 actually coincides with

the spinor helicity variable | A\ag = v/ p7* Vg |

@ (pa = p”uz; now reads pa = 5 AlaN).

@ Notice that using these constrained helicity spinors one can now write an equivalent
Ferber-Schirafuji-like form of the D-dimansional Brink-Schwarz superparticle action
S = [dr (pa(0-X? — i0-67%0) — Lepap?): substituting pa = Al 2\ we arrive at

§= 11? / 0T AaqAsal 37 (8- X? = i0-07%) ,  2Xaghsq = p"UzT2s .
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Scattering data and complex helicity spinors

Scattering data and helicity spinors

@ Light-like momentum k,;, k.ik* = 0 of i-th massless particle in the scattering process can be
expressed in terms of helicity spinors by

aqi

Kuibap = Xagif 37 Aspi ‘ = pivighs’ Vspi »

201# Vagi Vepi = ‘ 2XagiAspi = rﬁﬁkui .

@ )\.4’s also carry the information about polarizations, but to make it transparent we need to
supply their space by an additional complex structure.

@ This can be encoded in the complex polarization vector U,,; which obeys

kaU'=0,  UsU*=0

and can be decomposed on the space-like vectors of the frame associated to the momentum

k. through k,; = p U, by with U/U! = 0.
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Scattering data and complex helicity spinors

@ The complex null polarization nine-vector U’ can be related by
Whpi = U,-/’y!,p = 2Wqai Wpai
to the complex 16 x 8 matrices obeying ’purity conditions’
WoaiWgsi = 0, AB=1,.,8.

@ Actually, wgs; are internal frame variables or SO(9)/SO(7) x SO(2) harmonics in the sense of
[GIKOS=Galperin, lvanov, Kalitzin, Ogievetsky, Sokatchev, 1984].

@ This is to say | (Wqai, Wg) € SO(9) |, where wg” = (Wga)*, which implies that

A= = A
Wgi" Wpai + WgaiWpi " = bqp ,

_ A A A B _
WgsiWqi© = 08", Wqi' Wgiw = 0 = WgaiWysi,

as well as the above mentioned U/~}, = 2WqaiWpai and a few similar relations with other
vectors of SO(9) vector frame.
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Scattering data and complex helicity spinors

@ It is convenient to introduce the set of complex spinor frame variables
F —vEwm vFA — yF A
Via = VagWaa ViT = vigWy

@ By construction, v_,v5* =0=v_,v B, vI voB =58 .
@ We will use the SO(1, 1) invariant complex helicity spinors

AaAi = \/E Voai» A= Vo#v]
which can be used to ‘factorize’ the on-shell momentum as
k1P = g9 = XG4 o Kas=4AAAga
The helicity spinors are solutions of the massless Dirac equations

K \gpi =0, R?ﬁ)\éi =0.
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Constrained spinor function on Riemann sphere

Back to scattering equation k; - P(o;) =0 (= P*(o)Pu(c) =0)

@ Back to scattering equation: P*(c)P.(c) = 0 suggests the existence of a meromorphic
function carrying 11D spinor index which plays the role of ”y/P.(c)” in the sence of

Pu(0)dgp = Aq(”)ruAp(U): 2Xaq(0)Asq(0) = FgﬁPH(a).

Then it is convenient to assume the existence of a spinor frame field v, (o) and a (purely
gauge or Stiickelberg) density p* (o) to solve these by

Aaq(a) =V p#(a) VOTP(O—)SPQ(O—) ) Spqur = 5pq .

@ Indeed, substituting this, we fNind
Pu(0)dap = p7 (o) Vg (o) vy (0) s 207 (0)Vag(0)Viqe(0) = ThsPulo)
which describe the essential constraints on the spinor frame functions and their relation with

the meromorphic vector‘ P.(o) = p*(o)u5 (o) ‘

@ The presence of SO(16) valued matrix field S(o) € SO(16), , reflects the invariance
under the SO(16) gauge transformations.
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Constrained spinor function on Riemann sphere

Polarized scattering equation

@ The 11D polarized scattering equations is the counterpart of
ki'P,(ci)=0

written for the constrained \,4(c) and the scattering data.

@ It was proposed by Geyer and Mason [2019], who claimed its relation with a
modified version of the 11D ambitwistor SSTR of [IB: JHEP2014].

@ In[IB:JHEP 2019] we have shown that appropriate model for this is actually
provided by the original model of [IB:JHEP 2014]

@ and obtain the form of the meromorphic A\.q(c) and the 11D polarized
scattering equation on this basis.
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11D supertwistors and ambitwistor superstring

11D ambitwistor superstring

@ The 11D ambitwistor superstring action is [IB:2014]
S= | dPorag(c)Asg(0) <5xaﬂ(a) — 96 (0) 9'8)(0)) ,
W2
@ where 6%(o) are fermionic 32-component Majorana spinor functions,
o X*(0) = 55" X¥ (o), with bosonic 11-vector X*(c), and
@ \.q = Aug(o) are the above constrained spinor functions, obeying

X;Aap =0 and

)\q(ff)ru/\p(ff) = Pu(0)dgp, 2Xag(0)Asg(o) = FZQP#(U),

where P, (o) obeys P,(c)P*(c) = 0 and in all other respect is defined by the
above constraints.
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11D supertwistors and ambitwistor superstring

@ For our purposes it is much more convenient to consider the action
S=[iye dPoAaghsg (90X — 96> 6P)) with an arbitrary symmetric

1. 1. N .
X8(5) = XP(0) = ﬁrﬁaﬁx*l(a) - Gj/z“y(a)rgf + zuv--%(a)rgﬁ”us.

32. 5!

@ Such a modified action is gauge equivalent to the original one, with
Xaﬁ(a) =X ﬁﬂﬁX#(a):

@ the constraints | \og(c)Agg(0) = I‘gﬁ imposed on A7 guarantee that the
arbitrary 62" (o) and 6Z*1--#5(o) do not change the action

@ This is the statement of gauge symmetry which can be fixed just by setting
Z(g) = 0 and Z+1-#5(g) = 0, which reduce arbitrary X*’(c) = X”*(0) to
ruo‘ﬁX“(a).
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11D supertwistors and ambitwistor superstring

Supertwistor form of the 11D ambitwistor superstring action

@ Theaction S= [, > d°cAaghsq (EXD‘B —igo™ 95)) can be written as

S = / , d’c ()\aq 5#3 - 5)\aq Py — igﬁq 77:7) )
w

where | Aog(0) = +/p7 () Vap(0)Spg(co) | and

Hg (o) = XP(0)Asq(0) — éGa(U) 6" (7)Asq(0),

1q(0) := 6°(0)Asq(0) -

@ These are the 11D generalizations of the 4D Penrose incidence relations imposed on the set of
16 constrained 11D supertwistors [I.B., Sorokin, de Azcarraga 2006]

‘ZAq = (Mag s 1§, Mq) ‘
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11D supertwistors and ambitwistor superstring

@ These 11D incidence relations
i
pg (o) = X*P(a)Agq(0) — 39%(9) 0°(0)Asq(0),  ng(o) = 0°(0)Agq(0)
describe the general solution of 120 constraints

Jpg = 2Xapriq)™ + inpng = 0

@ which can be identified with generator of SO(16) gauge symmetry in the
Hamiltonian formalism.

@ The rigid SUSY leaving invariant the original action,
6. X8 = jglaeP) | 5.0% = ¢, is realized on our constrained supertwistor by

56)\0{(] =0 y (SE,Uqa = —ieanq s 6677(7 = ea)\aq.
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11D supertwistors and ambitwistor superstring

@ The action is also invariant under the following gauge symmetry
transformations

Sug = —ggidZ"2 (o) 5 Asq + 3251027 5(0) vy s ™ Agq

with arbitrary 62" (o) and 6Z2"1"5(0).

@ This symmetry allows for the gauge fixing conditions reducing the general
solution of the constraints Jg, = 0 with 1§ = X*#\gq — 56% 0% A4 to

«@ 1 Vo i «
Hg = 35X FPxpq — 50 0° \sq
@ which is the bosonic incidence relation for the case of ambitwistor superstring
considered as dynamical system in the standard 11D superspace.
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11D supertwistors and ambitwistor superstring

@ The advantage of considering ambitwistor superstring as a dynamical system
in enlarged superspace ¥(5281%2) is that in its twistor form 4.5 variable is
restricted by the (first class) constraints Jgp = 0 only.

@ Furthermore, we can introduce Jg, with Lagrange multiplier into the action,

S= / 0?0 (AagOug — Oag pg — idngng) + / d?c AP9 (2Aa[pug] + in[pnq])
W2 W2

and consider the variables ng as unconstrained.
@ It is important that the action is invariant under SO(16) gauge symmetry

Xag(0) = Xap(0)Opg(0),  1g(0) = 115(0)Opg(0)  OOT =T,

provided the Lagrange multiplier A9 = AlPdl is transformed as a gauge field,

AP s (0*150+O*1A0)pq, 00T = 1.
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11D supertwistors and ambitwistor superstring

@ The fact that 1g (o) and ng(o) in our action can be treated as unconstrained
allows to obtain immediately the equations of motion for the constrained
spinor functions \,q(c) and for the 16 fermionic functions 74(o),

D)\aq = 5)\aq—)\apflpq =0, Dr’q — 577q_77p_[lpq20 ,

where D are SO(16) covariant derivatives.
@ To arrive at the equation the solution of which can be related with
meromorphic vector function P,(c) = > ; Uk_’—’;, by

Pu(0)dgp = Ag(0)FuAp(0),  2Xag(0)Asg(0) = T 5Pu(0)

we need to include into the action the contribution of a suitable vertex
operators.
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Vertex operator and the constrained meromorphic spinor functions

Vertex operator

@ The suitable vertex operator was proposed by Geyer and Mason [2019=PLB2020].
@ In the spinor frame formalism its SO(16) gauge invariant generalization reads

V- / oPoid(ki - P(1)) 20 exp (21 (07) X i) + 20q(0r)as Wel(c1) )

where 20 denotes a possible additional worldsheet operator depending on polarization data
the explicit form of which is not be essential for us.

@ Besides this, the vertex operator is expressed in terms of fermionic and spinorial bosonic
functions describing the ambitwistor string, 7¢(c) and pg (o), Aag(o) (the latter entering
d(ki - P(oi)) and the scattering data of i-th particle.

@ These latter are described by .., which also defines k; through £ = 4\ A\P*,
@ fermionic 14 and bosonic matrix function W;}(a) which obeys the purity conditions

Wi(o)Wa(o)=0.
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Vertex operator and the constrained meromorphic spinor functions

Pure gauge nature of Wc’;‘,(a)

@ Despite of the entrance of Wg}(a) into the set of scattering data, we consider it
as a function of o as otherwise we break explicitly the local SO(16) symmetry.

@ However, it should be expressed in terms of WS‘,- (the square root of the
polarization vector in the sense of Ui := Ul}, = 2WgaiWpa;) by

W(’;,(a) = w,é,.@p,,-@,q(a) , Opq(0) € SO(16) , Opgi € SO(16) .

@ This eq. implies that Wg)(a) is essentially a Stiickelberg field for SO(16)
gauge symmetry and its presence implies that this gauge symmetry is
actually broken by the vertex operators, i.e. at 0 = o;.

@ Clearly, no independent equation can be obtained by varying this Stlickelberg
field.
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Vertex operator and the constrained meromorphic spinor functions

@ The simplest calculations of the path integral with a vertex operator insertions
can be done by searching for the saddle point of the exponent of the action
multiplied by the exponential factors from the vertex operators.

@ This is to say, the main contribution to the path integral will come from the
extrema of the effective action with the source terms coming from vertex
operator, which is essentially

S+Sy = /W2 d?c (/\aq 5#8‘ - 5/\aq u‘é,‘ - féT]q 77(7) +
i 2o AlPal (2 Aafphig) + iﬁ[pnq]) +

w2
+2 o Foile =) (264D Wolr) = 2inel )W)
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Vertex operator and the constrained meromorphic spinor functions

@ Egs of motion which follow from the variation of the eff. action with respect to
the unconstrained fields, ug(o) and ng(o), are

o) = Z (o — gi)\ani Wc’;\,-(a,-) , Dnq(o Z 0(o — oi)nai Wq,(a,) .
i

@ The SO(16) connection .49 in the covariant derivative D is a one component
gauge field associated to the derivative in one (anti-holomorphic) complex
direction and, as such, it can always be gauged away.

@ This simplifies the search for general solution of the equation which reads

n A n A
AasiWyi' (o) naiWyi' (o)
/\O‘Q(U)_;a—a;’ Uq(U)—;U_Ui7
where WyA(a) = W1 Opg(o) and Wj = w)iOpy
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Polarized scattering equations in D=11

Towards polarized scattering equation

A & i
@ Substituting the above solution | Aag(o) = >1, 2o (9) | o the 11D ambitwistor superstring

o‘o’,

equations into the 11D generalization of the Cartan-Penrose relation
Pu(0)0gp = Ag(0)Fudp(0),  2Aaq(9)Asq(0) = TsPu(0),
we find
A
AcAi ABBj 14/B A5 — 2 (alAiN )i
Za—a;?a—a Wq (o )Wq,(a)—zi: o —0j

@ The second order poles are absent in the r.h.s. = should vanish in the I.h.s.
@ This implies the purity conditions W(c') W5 (o) = 0 which is clearly obeyed for
W/i(o) = w),Opqi(o) (as, by definition wywg = 0 and Opgi(o) € SO(16)).
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Polarized scattering equations in D=11

Polarized scattering equation

@ Furthermore, the residues of the first order poles of l.h.s. and r.h.s. of
3 % > 2L A‘?Bf WB( YWi(0) = Z M coincide if the helicity spinors associated to the
j

= —0oj
I

scattered partlcles are related by the condition

Aagj Wq/ qu A
Yoo =
i b
. oA WA . .
@ Using Aaq(o) = 37, %‘jf’((’) we can write this as
- !

Aag(o)Wii(ai) = A -

which is 11D polarized scattering equation proposed by Geyer and Mason [2019=PLB2020]
(actually, the the SO(16) covariant generalizarion of this).

@ Our study in [I.B. JHEP 2019] revealed the moving frame nature of both the constrained
spinors and spinor functions involved in it, and provides a rigorous derivation of the polarized
scattering equation from the ambitwistor superstring action.
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Polarized scattering equations in D=11

Polarized scattering equation

@ Furthermore, using Wi(c) = w;0;0(c), we can write the PSE in the form

wBuwA
Z /\nBququi — A, <:> Z ki'kj _0>
—— =\ =

T O'j*O'j O','—O'j

which includes the scattering data described by the helicity spinors and
internal harmonics (internal frame variables) only.

@ It provides a polarized counterpart of the SE in its form of Zj
@ while

ek _
i—oj 0,

Aaglo)Wi(o) =2 (= ki-P(oj) =0)
is a polarized counterpart of the SE in its form of k; - P(o;) = 0.




Conclusion and outlook

Outline

@ Conclusion and outlook
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Conclusion

@ In this talk, following [I.B. JHEP 11 (2019)] we have revisited the formalism of
the 11D polarized scattering equations of Geyer and Mason [2019=PLB2020]
with the use of spinor frame approach (or Lorentz harmonic approach).

@ In particular, we derived the equations for spinorial meromorphic function
Aag(o) from the (spinor frame formulation) of 11D ambitwistor superstring [I.B.
JHEP2014] supplemented by the suitable vortex operator

@ and then obtained the 11D polarized scattering equation on this basis.

@ To this end, the (gauge equivalent) formulation of ambitwistor superstring as
dynamical system in an enlarged 11D superspace ¥ (52832) with additional
tensor central charge coordinates is very useful.

@ Furthermore we have used extensively the 11D supertwistor approach
[1.B.+de Azcarraga+Sorokin 2006]

@ and SO(16) hidden symmetry of the ambitwistor superstring [I.B. JHEP2014].
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@ Among interesting directions of development of present results let us mention
@ their use in calculations of 11D SUGRA and 10D SYM amplitudes,

@ in particular, to obtain recurrent relations for 11D and 10D amplitudes,
generalizing the 6D line of [Albonico, Geyer, Mason, JHEP 08 (2020)].

@ ltis also interesting to construct 11D generalization of the 6D rational map
and symplectic Grassmannians approach of [Heydeman+Schwarz+Wen
JHEP2017], [Cachazo+Guevara+Heydeman+Mizera+Schwarz+Wen
JHEP2018] (see [Schwarz+Wen JHEP 2019] for 6D interrelations).
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