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Motivation
• Theoretical physics institutes play an important role in efficiently bringing researchers together 

and organizing activities.

• Although there are dozens of such institutes in North America, Europe, and Asia, there are very 

few in South America.

• South America has a few countries with highly developed physics research (Brazil, Argentina, 
Chile) and several countries with excellent undergraduates but less developed physics research.

• Internationalization of physics research in South America is difficult because of excessive 
bureaucracy in hiring and few international advisory boards.

• Example of successful Mathematics institute:  IMPA in Rio de Janeiro.

• ICTP’s vision to create regional centres, with the first one at IFT-UNESP in Sao Paulo.



Why IFT-UNESP in São Paulo?
• Founded in 1952, IFT-UNESP is one of the oldest and most prestigious graduate schools in 

theoretical physics in South America with approximately 20 professors and 60 masters and PhD 
students.

• The São Paulo state research funding agency FAPESP is perhaps the most stable and well-funded 
agency in South America.

 
• IFT-UNESP is centrally located next to a major bus/train station near the largest South American 

airport and close to several large top-ranked universities. 
 
• The original IFT building near the financial section of São Paulo is being restored and may soon be 

available for hosting scientific activities.



ICTP partners 2010

Perimeter 1999

Simons Fellows 2014

1st FAPESP grant 2011

IFT-UNESP 1987IFT 1952 IFT-UNESP 1987 ICTP Partners 2010 Inauguration Ceremony 2012

FAPESP 1962 Simons 1994 ICTP-UNESP MoU 2010 Simons Fellows 2014

ICTP 1964 Perimeter 1999 Steering Committee 2011 Perimeter MoU 2015

UNESP 1976 UNESP Barra Funda 2009 FAPESP grants ’11 ‘16 Serrapilheira 2017

Brief History of ICTP-SAIFR



ICTP-SAIFR  Councils
Steering committee
Fernando Quevedo (chair)-ICTP director
Julio Cezar Durigan - UNESP rector
Carlos Brito Cruz - FAPESP scientific director
Jacob Palis - Brazilian Academy of Science 
Juan Maldacena – representing South America  

Scientific council
Peter Goddard (chair) – IAS, Princeton 

Seifallah Randjbar-Daemi - ICTP vice-director
Rogério Rosenfeld - IFT-UNESP director

Marcel Clerc - Univ. de Chile, Santiago
Eduardo Fradkin – U Illinois, Champagne

Gabriela Gonzalez - LIGO, Louisiana State U
Belita Koiller - UFRJ, Rio de Janeiro

Luis Lehner – Perimeter, Waterloo
Gabriel Mindlin - U. Buenos Aires

Barton Zwiebach - MIT, Cambridge



Funding Sources 

5 year grant (renewed until December 2021)

5 new permanent  research professor positions (2 have been filled)
4 staff members
Infrastructure of IFT-UNESP

12 FAPESP postdoctoral positions
3 FAPESP young investigators
Funding for visitors and activities (schools, workshops, programs)
Fellowships for scientific journalism, technical support, and PhD

Funding for visitors from other South American countries
Training of secretaries
Joint schools and workshops



Funding Sources 
Joint faculty position
Joint school
Joint masters program
Joint outreach activities

Two tenure track positions 

Isaias Raw chair (salary bonus)Private Donation (Brazil)

Masters and PhD fellowships

       ICTP, CERN, Fermilab, 
KITP, NORDITA, CEA-Saclay,  
CUNY-Princeton, IAM-Madrid,  
Perimeter, Mainz ITP, CLAF  

Research exchange agreements

Outreach coordinators and activities



Research
• Current ICTP-SAIFR faculty:  

 
 
 
 
 
 
 

• 12 International postdocs in diverse areas of theoretical physics

• 200 short and long-term visiting researchers per year

• Current international search for research professor in biological physics

Nathan Berkovits                                                          String theory  
Fabio Iocco                                                                   Astrophysics  
Eduardo Ponton                                                           Particle physics  
Aline Ramires                                                               Condensed matter  
Rogério Rosenfeld                                                       Cosmology    
Pedro Vieira                                                                  Quantum field theory



Astrophysics/Cosmology/Gravitational Waves 
Raul Abramo (IFUSP), 
Marcos Lima (IFUSP), 
Elisabete de Gouveia Dal Pino (IAG-USP), 
Riccardo Sturani (ICTP-SAIFR/IIP-Natal);    
Complex Systems with applications to Biology 
Marcus Aguiar (Unicamp), 
Hilda Cerdeira (IFT-UNESP), 
Roberto Kraenkel (IFT-UNESP), 
Paulo Prado (IB-USP);
Condensed Matter and Cold Atom Physics 
Sadhan Adhikari (IFT-UNESP), 
Leandro Aolita (IF-UFRJ)
Alexandre Rocha (IFT-UNESP);
String Theory/Field Theory/Mathematical Physics 
Andrei Mikhailov (IFT-UNESP) 
Horatiu Nastase (IFT-UNESP)
Victor Rivelles (IFUSP)
Diego Trancanelli (IFUSP)             
Theoretical and Experimental Particle Physics 
Gustavo Burdman (IFUSP), 
Oscar Éboli (IFUSP), 
Gastão Krein (IFT-UNESP), 
Ricardo Matheus (IFT-UNESP), 
Sérgio Novaes (NCC-UNESP/IFT-UNESP).

Associate Members from 

Sao Paulo and other regions

	
 
STEERING COMMITTEE 

F. Quevedo (Chair), ICTP director 
J. Durigan, UNESP Rector 
C.H. Brito Cruz, FAPESP Scientific director 
J. Palis, Brazilian Academy of Science 
J. Maldacena, for South America 

SCIENTIFIC COUNCIL 

P. Goddard, (chair) IAS, Princeton 
S. Randjbar-Daemi, ICTP vice-dir. 
R. Rosenfeld, IFT-UNESP director 
M. Carena, Fermilab & U. Chicago 
M. Clerc, Univ. de Chile, Santiago 
B. Koiller, UFRJ, Rio de Janeiro 
L. Lehner, Perimeter Inst., Waterloo 
G. Mindlin, Univ. de Buenos Aires 
M. Zaldarriaga, IAS, Princeton 
B. Zwiebach, MIT, Cambridge 

ASSOCIATE MEMBERS 

ARGENTINA: 
 
Gerardo �Aldazabal� (Bariloche)��
Carlos� Antonio� Balseiro� 
(Bariloche)��
Daniel� de� Florian �(Buenos� Aires)��
Reinaldo� Gleiser� (Córdoba)�
Daniel �Gómez �(Buenos �Aires)����
Karen� Hallberg� (Bariloche)�
Diego� Harari� (Bariloche)��
Gabriel� Mindlin �(Buenos� Aires)�
Carmen �Núñez �(Buenos �Aires)��
Juan� Pablo� Paz �(Buenos �Aires)��
Esteban �Roulet� (Bariloche)�
Fidel� Schaposnik� (La� Plata)���
Hector� Vucetich �(La� Plata)��
Damian �H.� Zanette� (Bariloche)��
� ��
BRASIL (OUTSIDE SÃO�PAULO): 
� 
Jailson �Alcaniz� (Rio de Janeiro)�
Luiz Davidovich (Rio de Janeiro)�
Ronald �Dickman �(Belo Horizonte)��
Viktor �V. �Dodonov �(Brasilia)���
Julio �Fabris� (Vitória)��
Álvaro Ferraz (Natal)�
Jason �Gallas� (João Pessoa)��
Reimundo Heluani �(Rio de Janeiro)��
Belita� Koiller� (Rio de Janeiro)��
Gilberto �Kremer �(Curitiba)�
Yan �Levin �(Porto Alegre)��
Caio� Lewenkopf �(Niteroi)���
Martin �Makler �(Rio de Janeiro)���
Eduardo� Marino� (Rio de Janeiro)�
Olivier �Piguet� (Vicosa)��
Sergio� Rezende �(Recife)��
Ilya �Shapiro �(Juiz de Fora)��
Silvio� Sorella �(Rio de Janeiro)�� ��
Giovani �Vasconcelos� (Recife)��
Ioav �Waga� (Rio de Janeiro)�
 

CHILE:� 

Max Bañados (Santiago)�
Claudio Dib (Valparaiso)�
Gonzalo �Gutierrez �(Santiago)��
Marcelo �Loewe �(Santiago)��
Francisco �Melo� (Santiago)���
Miguel� Orszag �(Santiago)��
Gonzalo �Palma �(Santiago)���
Andreas �Reisenegger �(Santiago)���
Jorge� Zanelli �(Valdivia)� 

COLOMBIA: 

Marta �Losada �(Bogotá)��
Roberto� Martinez� (Bogotá)�
Marek �Nowakowski� (Bogotá)�
Hernan �Ocampo �(Cali)���
Luis �Quiroga �(Bogotá)��
Diego �Restrepo� (Medellín)��
��

PERU:�� 

Alberto� Gago� (Lima)�
Orlando �Pereyra� (Lima)������
Francisco� de �Zela �(Lima)� 

URUGUAY:� 

Raul� Donangelo �(Montevideo)���
Rodolfo �Gambini� (Montevideo) 

VENEZUELA:� 

Fernando�Cordero� (Caracas)��
Mario� Cosenza �(Mérida)��
Anamaria �Font �(Caracas)��
Ernesto� Medina� (Caracas)��
Alejandra� Melfo� (Mérida)��
Claudio� Mendoza� (Caracas)� 
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1500 VISITING RESEARCHERS/SPEAKERS 
25 INTERNATIONAL POSTDOCS
50 PHD SCHOOLS
25 ADVANCED MINI-COURSES
60 WORKSHOPS AND PROGRAMS
4000 STUDENTS*

* 2500 FROM BRAZIL, 1000 FROM SOUTH 
AMERICA. 500 FROM OTHER COUNTRIES

Activities

(FROM 2012 TO 2018)

~  900 students and 300 researchers per year participate 
in ICTP-SAIFR activities. Online applications for the 
activities are judged by the organizing committees

• International Schools for ~ 2 weeks with ~ 5-6 lecturers and ~ 
60 students. Students travel and local expenses covered. All 
lectures are recorded with ICTP equipment and put online.

• Mini-courses are given by one or two distinguished lecturers. 
Expenses are paid for participants from South America.

• Programs/workshops typically involve a few long-term visitors 
and a short workshop on a selected topic with invited 
participants. 

• Outreach activities include monthly informal public lectures, 
classes for São Paulo high-school students and teachers, and an 
annual school for the top undergraduates in South America.



International Centre for Theoretical Physics
South American Institute for Fundamental Research

Agosto - Novembro, 2018

CIÊNCIA EM 
DIÁLOGO NO IMS: 
FÍSICA E ARTE

MATÉRIA
9 de Novembro
Convidado a confi rmar
Aline Ramires (ICTP-SAIFR/MPI-PKS Dresden)

LUZ
5 de Outubro
Millard Schisler (Johns Hopkins U.)
Pedro Vieira (ICTP-SAIFR/IFT-UNESP/Perimeter I.)

TEMPO
14 de Setembro
John Boudler (PIAP/IA-UNESP)
Nathan Berkovits (ICTP-SAIFR/IFT-UNESP)

GÊNESE
3 de Agosto
Betty Mindlin (IEA-USP)
Raul Abramo (IF-USP) 

“Ciência em Diálogo: Física e Arte” é o novo programa de 
divulgação científi ca do ICTP-SAIFR, realizado no Instituto 
Moreira Sales. Nesta série mensal de debates organizada 
em parceria com o IMS, um cientista e um não-cientista 
são convidados a discutir sobre assuntos de interesse 
comum. O público terá a oportunidade de discutir com os 
convidados as convergências e divergências resultantes 
das diferentes perspectivas em relação a cada um dos 
temas. 

No segundo semestre de 2018, os tópicos serão Gênese, 
Tempo, Luz e Matéria. A entrada é gratuita e haverá 
distribuição de senhas uma hora antes do início das 
apresentações.

Agosto a Novembro de 2018  
Primeira sexta-feira do mês,  19h00
Instituto Moreira Salles
Av. Paulista, 2424 - Consolação

outreach.ictp-saif.org/dialogo/ims.com.br/eventos/ciencia-em-dialogo-fi sica-e-arte/

LUANA SUCUPIRA PEDROZA (UFABC)
8 de novembro
Física da Água

BEATRIZ BARBUY (IAG-USP)
4 de outubro
O Bojo da Nossa Galáxia

MARINA NIELSEN (IF-USP)
13 de setembro
Essa tal de Física Quântica

DIEGO TRANCANELLI (IF-USP)
2 de agosto 
Simetria e Escala: dos átomos às galáxias

Tubaína Bar
Rua Haddock Lobo, 74 - Cerqueira César

Primeira quinta-feira do mês*, das 19h30 às 21h
Papos de Física é um evento mensal de divulgação científi ca organizado pelo ICTP-SAIFR 
para discutir as mais recentes descobertas científi cas na área de física. Pensado para o 
público leigo, o evento começa com um seminário de no máximo 20 minutos de duração e é 
seguido por uma sessão informal de perguntas e respostas. O evento é gratuito. Participe!

http://www.ictp-saifr.org/papos/*Em caso de feriado será na quinta-feira seguinte
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Twistors	and	the	Superstring	

Nathan	Berkovits	
ICTP	South	American	Ins<tute	for	Fundamental	Research	

IFT-UNESP,	São	Paulo	



Brief	history	of	string	theory	

1)  1968-1975:	Model	for	strong	interac<ons		
String	resonances	describe	“democracy”	of	hadronic	bound	states.	
D=26	(bosonic	string)	or	D=10	(spinning	string)	was	a	problem.	

2)	1976-1982:	Model	for	quantum	gravity	
Spinning	string	describes	quantum	supergravity	in	D=10.	
String	resonances	are	massive	states	needed	for	consistency.	

3)	1983-1994:	Model	for	unifica<on	of	forces	
A]er	compac<fica<on	to	D=4,	superstring	spectrum	contains	massless	states	
and	gauge	groups	that	might	be	related	to	the	Standard	Model.		

4)	1995	–	1997:	M-theory	and	duali<es	
Superstring	theory	is	the	perturba<ve	descrip<on	of	a	larger	theory.		
By	studying	this	larger	theory,	superstring	theory	can	be	related	to	other	
theories	such	as	d=11	supergravity	or	N=4	d=4	super-Yang-Mills	theory.	



•  A]er	1997,	much	of	string	theory	research	has	involved	a	specific	
duality	(AdS-CFT)	which	relates	string	theory	compac<fied	in	a	d-
dimensional	An<-de-Si`er	space<me	to	a	conformal	field	theory	in	
d-1	dimensions	

•  Different	choices	of	the	AdS	space<me	relate	string	theory	to	d=4	
Yang-Mills	gauge	theories	or	to	d=3	conformal	field	theories	
appearing	in	condensed	ma`er	physics		

•  Researchers	have	also	used	AdS-CFT	to	study	black	holes	and	
quantum	gravity	through	holography	and	quantum	entanglement	

•  Sca`ering	amplitudes	of	conformal	field	theories	have	special	
proper<es	such	as	integrability	which	should	be	related	to	sca`ering	
amplitudes	of	superstring	theory	

•  Despite	great	progress	in	understanding	these	amplitudes	from	the	
CFT	side,	very	li`le	progress	has	been	made	on	the	superstring	side	
which	would	be	useful	for	finding	a	“proof”	of	AdS-CFT	duality.		

•  To	relate	these	amplitudes,	“twistors”	seem	to	play	a	useful	role.	



Introduc<on	
•  Both	twistors	and	the	superstring	have	a	long	history	beginning	in	

the	late	60´s	

•  Twistor	theory		was	proposed	in	1967	by	Roger	Penrose	(Oxford)	as	
an	alterna<ve	to	field	theory	in	which	the	fundamental	role	played	
by	space<me	points	is	replaced	by	light-like	trajectories.		

•  Twistor	theory	is	especially	convenient	for	describing	massless	
theories	in	four	dimensions	(such	as	Yang-Mills)	since	conformal	
invariance	can	be	made	manifest.		

•  Although	Penrose	did	not	consider	(and	dislikes)	supersymmetric	
theories,		Alan	Ferber	showed	in	1977	that	twistors	have	an	
elegant	generaliza<on	to	supertwistors	which	describe	
supersymmetric	versions	of	d=4	Yang-Mills	.	

•  Un<l	2004,	most	of	the	twistor	research	was	done	at	Oxford.	



•  String	theory	began	in	1968	with	the	observa<on	by	Gabriele	
Veneziano	that	a	certain	product	of	Gamma	func<ons	describes	4-
point	S-matrix	amplitudes	with	proper<es	similar	to	those	found	
in	hadron	sca`ering.	

•  This	amplitude	was	easily	generalized	to	n-point	amplitudes	and,	
in	1969,	was	shown	to	come	from	a	theory	in	which	point-like	
par<cles	are	replaced	by	one-dimensional	strings.		

•  Vibra<ons	of	these	strings	describe	the	massless	par<cles	of	Yang-
Mills	and	gravity,	as	well	as	an	infinite	tower	of	massive	par<cles	
whose																	is	propor<onal	to	the	string	tension.	

•  In	1970,	a	fermionic	version	of	this	string	was	developed	,	and	in	
1976,	the	massless	vibra<ons	of		this	superstring	were	shown	to	
describe	super-Yang-Mills	and	supergravity	.	

•  Unlike	point-par<cle	theories,	superstring	theory	is	consistent	only	
in	10	dimensions,	but	it	describes	quantum	gravity	without	the	
ultraviolet	divergences	of	quantum	general	rela<vity.	



•  For	35	years,	the	twistor	and	string	communi<es	rarely	intersected.		

•  But	in	2004,	Edward	Wi`en	showed	that	the	sca`ering	amplitudes	
of	maximally	supersymmetric	Yang-Mills	in	four	dimensions	(``N=4	
d=4	super-Yang-Mills”)	could	be	computed	using	a	string	theory	
constructed	from	twistor	variables.	

•  Unlike	ordinary	Yang-Mills	in	which	quantum	correc<ons	break	the	
classical	conformal	invariance	and	the	coupling	constant	depends	
on	the	energy	scale,	N=4	d=4	super-Yang-Mills	is	conformally	
invariant	at	the	quantum	level	.	

•  Using	twistor	methods,		N=4	d=4	super-Yang-Mills	sca`ering	
amplitudes	can	now	be	computed	in	a	much	more	efficient	manner	
than	by	using	Feynman	diagrams.	

•  Many	of	these	twistor	methods		extend	to	ordinary	Yang-Mills	and	
have	led	to	more	accurate	predic<ons	for	the	LHC,	e.g.	compare	
twistor	expression	for	the	5-point	gluon	tree	amplitude:	

																																																																																																									with	
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Result of evaluation (actually only a small 

part of it): 

Messy combination of 

momenta and gluon  

polarization vectors. 



•  As	shown	by	Juan	Maldacena	in	1997,	N=4	d=4	super-Yang-Mills	is	
dual	to	superstring	theory	in	an																							background	with	
Ramond-Ramond	flux	

•  Superstring	theory	with	Ramond-Ramond	flux	cannot	be	described	
using	the	conven<onal	“Ramond-Neveu-Schwarz”	formalism	and	can	
only	be	quan<zed	using	the	“pure	spinor”	formalism	which	is	
manifestly	space<me	supersymmetric.		

•  In	addi<on	to	the	usual	fermionic	spinor	variables							of																			
ten-dimensional	superspace,	the	pure	spinor	formalism	for	the	
superstring	also	includes	bosonic	spinor	variables									which	sa<sfy	
the	d=10	pure	spinor	rela<on				

•  The	d=10	bosonic	variables																				naturally	combine	into	a	d=10	
twistor		which	transforms	covariantly	under	d=10	conformal	
transforma<ons.	

•  Work	is	in	progress	on	rela<ng	these	d=10	twistors	of	the	superstring	
with	the	d=4	twistors	of	N=4	d=4	super-Yang-Mills.								
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<latexit sha1_base64="+UXWpwmEZpncnKHpdTVpxYj11wo=">AAAB+3icbVDLSsNAFL3xWesr1qWbwVZwVZJCscuKG5eV2ge0MUwmk3bo5MHMRCyhv+LGhSJu/RF3/o3TNgttPXDhcM693HuPl3AmlWV9GxubW9s7u4W94v7B4dGxeVLqyjgVhHZIzGPR97CknEW0o5jitJ8IikOP0543uZn7vUcqJIujezVNqBPiUcQCRrDSkmuWKtd+262joWIhlaj9UK+4ZtmqWgugdWLnpAw5Wq75NfRjkoY0UoRjKQe2lSgnw0IxwumsOEwlTTCZ4BEdaBphvcnJFrfP0IVWfBTEQlek0EL9PZHhUMpp6OnOEKuxXPXm4n/eIFVBw8lYlKSKRmS5KEg5UjGaB4F8JihRfKoJJoLpWxEZY4GJ0nEVdQj26svrpFur2lbVvquVm408jgKcwTlcgg1X0IRbaEEHCDzBM7zCmzEzXox342PZumHkM6fwB8bnD5IBkss=</latexit><latexit sha1_base64="+UXWpwmEZpncnKHpdTVpxYj11wo=">AAAB+3icbVDLSsNAFL3xWesr1qWbwVZwVZJCscuKG5eV2ge0MUwmk3bo5MHMRCyhv+LGhSJu/RF3/o3TNgttPXDhcM693HuPl3AmlWV9GxubW9s7u4W94v7B4dGxeVLqyjgVhHZIzGPR97CknEW0o5jitJ8IikOP0543uZn7vUcqJIujezVNqBPiUcQCRrDSkmuWKtd+262joWIhlaj9UK+4ZtmqWgugdWLnpAw5Wq75NfRjkoY0UoRjKQe2lSgnw0IxwumsOEwlTTCZ4BEdaBphvcnJFrfP0IVWfBTEQlek0EL9PZHhUMpp6OnOEKuxXPXm4n/eIFVBw8lYlKSKRmS5KEg5UjGaB4F8JihRfKoJJoLpWxEZY4GJ0nEVdQj26svrpFur2lbVvquVm408jgKcwTlcgg1X0IRbaEEHCDzBM7zCmzEzXox342PZumHkM6fwB8bnD5IBkss=</latexit><latexit sha1_base64="+UXWpwmEZpncnKHpdTVpxYj11wo=">AAAB+3icbVDLSsNAFL3xWesr1qWbwVZwVZJCscuKG5eV2ge0MUwmk3bo5MHMRCyhv+LGhSJu/RF3/o3TNgttPXDhcM693HuPl3AmlWV9GxubW9s7u4W94v7B4dGxeVLqyjgVhHZIzGPR97CknEW0o5jitJ8IikOP0543uZn7vUcqJIujezVNqBPiUcQCRrDSkmuWKtd+262joWIhlaj9UK+4ZtmqWgugdWLnpAw5Wq75NfRjkoY0UoRjKQe2lSgnw0IxwumsOEwlTTCZ4BEdaBphvcnJFrfP0IVWfBTEQlek0EL9PZHhUMpp6OnOEKuxXPXm4n/eIFVBw8lYlKSKRmS5KEg5UjGaB4F8JihRfKoJJoLpWxEZY4GJ0nEVdQj26svrpFur2lbVvquVm408jgKcwTlcgg1X0IRbaEEHCDzBM7zCmzEzXox342PZumHkM6fwB8bnD5IBkss=</latexit><latexit sha1_base64="+UXWpwmEZpncnKHpdTVpxYj11wo=">AAAB+3icbVDLSsNAFL3xWesr1qWbwVZwVZJCscuKG5eV2ge0MUwmk3bo5MHMRCyhv+LGhSJu/RF3/o3TNgttPXDhcM693HuPl3AmlWV9GxubW9s7u4W94v7B4dGxeVLqyjgVhHZIzGPR97CknEW0o5jitJ8IikOP0543uZn7vUcqJIujezVNqBPiUcQCRrDSkmuWKtd+262joWIhlaj9UK+4ZtmqWgugdWLnpAw5Wq75NfRjkoY0UoRjKQe2lSgnw0IxwumsOEwlTTCZ4BEdaBphvcnJFrfP0IVWfBTEQlek0EL9PZHhUMpp6OnOEKuxXPXm4n/eIFVBw8lYlKSKRmS5KEg5UjGaB4F8JihRfKoJJoLpWxEZY4GJ0nEVdQj26svrpFur2lbVvquVm408jgKcwTlcgg1X0IRbaEEHCDzBM7zCmzEzXox342PZumHkM6fwB8bnD5IBkss=</latexit>

✓↵
<latexit sha1_base64="sDy/qpXT2YkljSZ4ooGKhVyg3Dg=">AAAB+HicbVC7TsNAEDyHVwiPGChpLBIkqshOQ8pINJRBIg8pNtH6co5POT90t0YKVr6EhgKEaPkUOv6GS+ICEkZaaTSzq90dPxVcoW1/G6Wt7Z3dvfJ+5eDw6Lhqnpz2VJJJyro0EYkc+KCY4DHrIkfBBqlkEPmC9f3pzcLvPzKpeBLf4yxlXgSTmAecAmppZFbrLoYM4cEFkYZQH5k1u2EvYW0SpyA1UqAzMr/ccUKziMVIBSg1dOwUvRwkcirYvOJmiqVApzBhQ01jiJjy8uXhc+tSK2MrSKSuGK2l+nsih0ipWeTrzggwVOveQvzPG2YYtLycx2mGLKarRUEmLEysRQrWmEtGUcw0ASq5vtWiIUigqLOq6BCc9Zc3Sa/ZcOyGc9estVtFHGVyTi7IFXHINWmTW9IhXUJJRp7JK3kznowX4934WLWWjGLmjPyB8fkDHZGSrw==</latexit><latexit sha1_base64="sDy/qpXT2YkljSZ4ooGKhVyg3Dg=">AAAB+HicbVC7TsNAEDyHVwiPGChpLBIkqshOQ8pINJRBIg8pNtH6co5POT90t0YKVr6EhgKEaPkUOv6GS+ICEkZaaTSzq90dPxVcoW1/G6Wt7Z3dvfJ+5eDw6Lhqnpz2VJJJyro0EYkc+KCY4DHrIkfBBqlkEPmC9f3pzcLvPzKpeBLf4yxlXgSTmAecAmppZFbrLoYM4cEFkYZQH5k1u2EvYW0SpyA1UqAzMr/ccUKziMVIBSg1dOwUvRwkcirYvOJmiqVApzBhQ01jiJjy8uXhc+tSK2MrSKSuGK2l+nsih0ipWeTrzggwVOveQvzPG2YYtLycx2mGLKarRUEmLEysRQrWmEtGUcw0ASq5vtWiIUigqLOq6BCc9Zc3Sa/ZcOyGc9estVtFHGVyTi7IFXHINWmTW9IhXUJJRp7JK3kznowX4934WLWWjGLmjPyB8fkDHZGSrw==</latexit><latexit sha1_base64="sDy/qpXT2YkljSZ4ooGKhVyg3Dg=">AAAB+HicbVC7TsNAEDyHVwiPGChpLBIkqshOQ8pINJRBIg8pNtH6co5POT90t0YKVr6EhgKEaPkUOv6GS+ICEkZaaTSzq90dPxVcoW1/G6Wt7Z3dvfJ+5eDw6Lhqnpz2VJJJyro0EYkc+KCY4DHrIkfBBqlkEPmC9f3pzcLvPzKpeBLf4yxlXgSTmAecAmppZFbrLoYM4cEFkYZQH5k1u2EvYW0SpyA1UqAzMr/ccUKziMVIBSg1dOwUvRwkcirYvOJmiqVApzBhQ01jiJjy8uXhc+tSK2MrSKSuGK2l+nsih0ipWeTrzggwVOveQvzPG2YYtLycx2mGLKarRUEmLEysRQrWmEtGUcw0ASq5vtWiIUigqLOq6BCc9Zc3Sa/ZcOyGc9estVtFHGVyTi7IFXHINWmTW9IhXUJJRp7JK3kznowX4934WLWWjGLmjPyB8fkDHZGSrw==</latexit><latexit sha1_base64="sDy/qpXT2YkljSZ4ooGKhVyg3Dg=">AAAB+HicbVC7TsNAEDyHVwiPGChpLBIkqshOQ8pINJRBIg8pNtH6co5POT90t0YKVr6EhgKEaPkUOv6GS+ICEkZaaTSzq90dPxVcoW1/G6Wt7Z3dvfJ+5eDw6Lhqnpz2VJJJyro0EYkc+KCY4DHrIkfBBqlkEPmC9f3pzcLvPzKpeBLf4yxlXgSTmAecAmppZFbrLoYM4cEFkYZQH5k1u2EvYW0SpyA1UqAzMr/ccUKziMVIBSg1dOwUvRwkcirYvOJmiqVApzBhQ01jiJjy8uXhc+tSK2MrSKSuGK2l+nsih0ipWeTrzggwVOveQvzPG2YYtLycx2mGLKarRUEmLEysRQrWmEtGUcw0ASq5vtWiIUigqLOq6BCc9Zc3Sa/ZcOyGc9estVtFHGVyTi7IFXHINWmTW9IhXUJJRp7JK3kznowX4934WLWWjGLmjPyB8fkDHZGSrw==</latexit>

(xm
, ✓

↵)
<latexit sha1_base64="8VPQvxw+eH3yT6MbFSQ1/O7eZGs=">AAAB/3icbVDJSgNBEO2JW4xbVPDipTERIkiYycUcA148RjALJJNQ0+kkTXoWumvEMObgr3jxoIhXf8Obf2NnOWjig4LHe1VU1fMiKTTa9reVWlvf2NxKb2d2dvf2D7KHR3UdxorxGgtlqJoeaC5FwGsoUPJmpDj4nuQNb3Q99Rv3XGkRBnc4jrjrwyAQfcEAjdTNnuQLDx3/krZxyBE6bZDREC7y3WzOLtoz0FXiLEiOLFDtZr/avZDFPg+QSdC65dgRugkoFEzySaYdax4BG8GAtwwNwOfaTWb3T+i5UXq0HypTAdKZ+nsiAV/rse+ZTh9wqJe9qfif14qxX3YTEUQx8oDNF/VjSTGk0zBoTyjOUI4NAaaEuZWyIShgaCLLmBCc5ZdXSb1UdOyic1vKVcqLONLklJyRAnHIFamQG1IlNcLII3kmr+TNerJerHfrY96ashYzx+QPrM8fHiiU1Q==</latexit><latexit sha1_base64="8VPQvxw+eH3yT6MbFSQ1/O7eZGs=">AAAB/3icbVDJSgNBEO2JW4xbVPDipTERIkiYycUcA148RjALJJNQ0+kkTXoWumvEMObgr3jxoIhXf8Obf2NnOWjig4LHe1VU1fMiKTTa9reVWlvf2NxKb2d2dvf2D7KHR3UdxorxGgtlqJoeaC5FwGsoUPJmpDj4nuQNb3Q99Rv3XGkRBnc4jrjrwyAQfcEAjdTNnuQLDx3/krZxyBE6bZDREC7y3WzOLtoz0FXiLEiOLFDtZr/avZDFPg+QSdC65dgRugkoFEzySaYdax4BG8GAtwwNwOfaTWb3T+i5UXq0HypTAdKZ+nsiAV/rse+ZTh9wqJe9qfif14qxX3YTEUQx8oDNF/VjSTGk0zBoTyjOUI4NAaaEuZWyIShgaCLLmBCc5ZdXSb1UdOyic1vKVcqLONLklJyRAnHIFamQG1IlNcLII3kmr+TNerJerHfrY96ashYzx+QPrM8fHiiU1Q==</latexit><latexit sha1_base64="8VPQvxw+eH3yT6MbFSQ1/O7eZGs=">AAAB/3icbVDJSgNBEO2JW4xbVPDipTERIkiYycUcA148RjALJJNQ0+kkTXoWumvEMObgr3jxoIhXf8Obf2NnOWjig4LHe1VU1fMiKTTa9reVWlvf2NxKb2d2dvf2D7KHR3UdxorxGgtlqJoeaC5FwGsoUPJmpDj4nuQNb3Q99Rv3XGkRBnc4jrjrwyAQfcEAjdTNnuQLDx3/krZxyBE6bZDREC7y3WzOLtoz0FXiLEiOLFDtZr/avZDFPg+QSdC65dgRugkoFEzySaYdax4BG8GAtwwNwOfaTWb3T+i5UXq0HypTAdKZ+nsiAV/rse+ZTh9wqJe9qfif14qxX3YTEUQx8oDNF/VjSTGk0zBoTyjOUI4NAaaEuZWyIShgaCLLmBCc5ZdXSb1UdOyic1vKVcqLONLklJyRAnHIFamQG1IlNcLII3kmr+TNerJerHfrY96ashYzx+QPrM8fHiiU1Q==</latexit><latexit sha1_base64="8VPQvxw+eH3yT6MbFSQ1/O7eZGs=">AAAB/3icbVDJSgNBEO2JW4xbVPDipTERIkiYycUcA148RjALJJNQ0+kkTXoWumvEMObgr3jxoIhXf8Obf2NnOWjig4LHe1VU1fMiKTTa9reVWlvf2NxKb2d2dvf2D7KHR3UdxorxGgtlqJoeaC5FwGsoUPJmpDj4nuQNb3Q99Rv3XGkRBnc4jrjrwyAQfcEAjdTNnuQLDx3/krZxyBE6bZDREC7y3WzOLtoz0FXiLEiOLFDtZr/avZDFPg+QSdC65dgRugkoFEzySaYdax4BG8GAtwwNwOfaTWb3T+i5UXq0HypTAdKZ+nsiAV/rse+ZTh9wqJe9qfif14qxX3YTEUQx8oDNF/VjSTGk0zBoTyjOUI4NAaaEuZWyIShgaCLLmBCc5ZdXSb1UdOyic1vKVcqLONLklJyRAnHIFamQG1IlNcLII3kmr+TNerJerHfrY96ashYzx+QPrM8fHiiU1Q==</latexit>

�↵
<latexit sha1_base64="xQhdBiSNcPTJAz/yOnSKXDx17Zk=">AAAB+XicbVC7SgNBFL3rM8bXqqXNYCJYhd00pgzYWEYwD0jWcHd2Nhky+2BmNhCW/ImNhSK2/omdf+Mk2UITDwwczjmXe+f4qeBKO863tbW9s7u3XzooHx4dn5zaZ+cdlWSSsjZNRCJ7PiomeMzammvBeqlkGPmCdf3J3cLvTplUPIkf9SxlXoSjmIecojbS0LarA2HSAT4NUKRjrA7tilNzliCbxC1IBQq0hvbXIEhoFrFYU4FK9V0n1V6OUnMq2Lw8yBRLkU5wxPqGxhgx5eXLy+fk2igBCRNpXqzJUv09kWOk1CzyTTJCPVbr3kL8z+tnOmx4OY/TTLOYrhaFmSA6IYsaSMAlo1rMDEEqubmV0DFKpNqUVTYluOtf3iSdes11au5DvdJsFHWU4BKu4AZcuIUm3EML2kBhCs/wCm9Wbr1Y79bHKrplFTMX8AfW5w+4/ZME</latexit><latexit sha1_base64="xQhdBiSNcPTJAz/yOnSKXDx17Zk=">AAAB+XicbVC7SgNBFL3rM8bXqqXNYCJYhd00pgzYWEYwD0jWcHd2Nhky+2BmNhCW/ImNhSK2/omdf+Mk2UITDwwczjmXe+f4qeBKO863tbW9s7u3XzooHx4dn5zaZ+cdlWSSsjZNRCJ7PiomeMzammvBeqlkGPmCdf3J3cLvTplUPIkf9SxlXoSjmIecojbS0LarA2HSAT4NUKRjrA7tilNzliCbxC1IBQq0hvbXIEhoFrFYU4FK9V0n1V6OUnMq2Lw8yBRLkU5wxPqGxhgx5eXLy+fk2igBCRNpXqzJUv09kWOk1CzyTTJCPVbr3kL8z+tnOmx4OY/TTLOYrhaFmSA6IYsaSMAlo1rMDEEqubmV0DFKpNqUVTYluOtf3iSdes11au5DvdJsFHWU4BKu4AZcuIUm3EML2kBhCs/wCm9Wbr1Y79bHKrplFTMX8AfW5w+4/ZME</latexit><latexit sha1_base64="xQhdBiSNcPTJAz/yOnSKXDx17Zk=">AAAB+XicbVC7SgNBFL3rM8bXqqXNYCJYhd00pgzYWEYwD0jWcHd2Nhky+2BmNhCW/ImNhSK2/omdf+Mk2UITDwwczjmXe+f4qeBKO863tbW9s7u3XzooHx4dn5zaZ+cdlWSSsjZNRCJ7PiomeMzammvBeqlkGPmCdf3J3cLvTplUPIkf9SxlXoSjmIecojbS0LarA2HSAT4NUKRjrA7tilNzliCbxC1IBQq0hvbXIEhoFrFYU4FK9V0n1V6OUnMq2Lw8yBRLkU5wxPqGxhgx5eXLy+fk2igBCRNpXqzJUv09kWOk1CzyTTJCPVbr3kL8z+tnOmx4OY/TTLOYrhaFmSA6IYsaSMAlo1rMDEEqubmV0DFKpNqUVTYluOtf3iSdes11au5DvdJsFHWU4BKu4AZcuIUm3EML2kBhCs/wCm9Wbr1Y79bHKrplFTMX8AfW5w+4/ZME</latexit><latexit sha1_base64="xQhdBiSNcPTJAz/yOnSKXDx17Zk=">AAAB+XicbVC7SgNBFL3rM8bXqqXNYCJYhd00pgzYWEYwD0jWcHd2Nhky+2BmNhCW/ImNhSK2/omdf+Mk2UITDwwczjmXe+f4qeBKO863tbW9s7u3XzooHx4dn5zaZ+cdlWSSsjZNRCJ7PiomeMzammvBeqlkGPmCdf3J3cLvTplUPIkf9SxlXoSjmIecojbS0LarA2HSAT4NUKRjrA7tilNzliCbxC1IBQq0hvbXIEhoFrFYU4FK9V0n1V6OUnMq2Lw8yBRLkU5wxPqGxhgx5eXLy+fk2igBCRNpXqzJUv09kWOk1CzyTTJCPVbr3kL8z+tnOmx4OY/TTLOYrhaFmSA6IYsaSMAlo1rMDEEqubmV0DFKpNqUVTYluOtf3iSdes11au5DvdJsFHWU4BKu4AZcuIUm3EML2kBhCs/wCm9Wbr1Y79bHKrplFTMX8AfW5w+4/ZME</latexit>

(�↵
, x

m)
<latexit sha1_base64="R0nc8ZCzqz4PnXy0UG+Ql81vo9M=">AAACAHicbVC7SgNBFJ31GeNr1cLCZjARIkjYTWPKgI1lBPOA7CbcnZ1Nhsw+mJkVw5LGX7GxUMTWz7Dzb5wkW2jigYHDOedy5x4v4Uwqy/o21tY3Nre2CzvF3b39g0Pz6Lgt41QQ2iIxj0XXA0k5i2hLMcVpNxEUQo/Tjje+mfmdByoki6N7NUmoG8IwYgEjoLQ0ME/LFYfruA99B3gygiv82A8vywOzZFWtOfAqsXNSQjmaA/PL8WOShjRShIOUPdtKlJuBUIxwOi06qaQJkDEMaU/TCEIq3Wx+wBRfaMXHQSz0ixSeq78nMgilnISeToagRnLZm4n/eb1UBXU3Y1GSKhqRxaIg5VjFeNYG9pmgRPGJJkAE03/FZAQCiNKdFXUJ9vLJq6Rdq9pW1b6rlRr1vI4COkPnqIJsdI0a6BY1UQsRNEXP6BW9GU/Gi/FufCyia0Y+c4L+wPj8Ab+hlSo=</latexit><latexit sha1_base64="R0nc8ZCzqz4PnXy0UG+Ql81vo9M=">AAACAHicbVC7SgNBFJ31GeNr1cLCZjARIkjYTWPKgI1lBPOA7CbcnZ1Nhsw+mJkVw5LGX7GxUMTWz7Dzb5wkW2jigYHDOedy5x4v4Uwqy/o21tY3Nre2CzvF3b39g0Pz6Lgt41QQ2iIxj0XXA0k5i2hLMcVpNxEUQo/Tjje+mfmdByoki6N7NUmoG8IwYgEjoLQ0ME/LFYfruA99B3gygiv82A8vywOzZFWtOfAqsXNSQjmaA/PL8WOShjRShIOUPdtKlJuBUIxwOi06qaQJkDEMaU/TCEIq3Wx+wBRfaMXHQSz0ixSeq78nMgilnISeToagRnLZm4n/eb1UBXU3Y1GSKhqRxaIg5VjFeNYG9pmgRPGJJkAE03/FZAQCiNKdFXUJ9vLJq6Rdq9pW1b6rlRr1vI4COkPnqIJsdI0a6BY1UQsRNEXP6BW9GU/Gi/FufCyia0Y+c4L+wPj8Ab+hlSo=</latexit><latexit sha1_base64="R0nc8ZCzqz4PnXy0UG+Ql81vo9M=">AAACAHicbVC7SgNBFJ31GeNr1cLCZjARIkjYTWPKgI1lBPOA7CbcnZ1Nhsw+mJkVw5LGX7GxUMTWz7Dzb5wkW2jigYHDOedy5x4v4Uwqy/o21tY3Nre2CzvF3b39g0Pz6Lgt41QQ2iIxj0XXA0k5i2hLMcVpNxEUQo/Tjje+mfmdByoki6N7NUmoG8IwYgEjoLQ0ME/LFYfruA99B3gygiv82A8vywOzZFWtOfAqsXNSQjmaA/PL8WOShjRShIOUPdtKlJuBUIxwOi06qaQJkDEMaU/TCEIq3Wx+wBRfaMXHQSz0ixSeq78nMgilnISeToagRnLZm4n/eb1UBXU3Y1GSKhqRxaIg5VjFeNYG9pmgRPGJJkAE03/FZAQCiNKdFXUJ9vLJq6Rdq9pW1b6rlRr1vI4COkPnqIJsdI0a6BY1UQsRNEXP6BW9GU/Gi/FufCyia0Y+c4L+wPj8Ab+hlSo=</latexit><latexit sha1_base64="R0nc8ZCzqz4PnXy0UG+Ql81vo9M=">AAACAHicbVC7SgNBFJ31GeNr1cLCZjARIkjYTWPKgI1lBPOA7CbcnZ1Nhsw+mJkVw5LGX7GxUMTWz7Dzb5wkW2jigYHDOedy5x4v4Uwqy/o21tY3Nre2CzvF3b39g0Pz6Lgt41QQ2iIxj0XXA0k5i2hLMcVpNxEUQo/Tjje+mfmdByoki6N7NUmoG8IwYgEjoLQ0ME/LFYfruA99B3gygiv82A8vywOzZFWtOfAqsXNSQjmaA/PL8WOShjRShIOUPdtKlJuBUIxwOi06qaQJkDEMaU/TCEIq3Wx+wBRfaMXHQSz0ixSeq78nMgilnISeToagRnLZm4n/eb1UBXU3Y1GSKhqRxaIg5VjFeNYG9pmgRPGJJkAE03/FZAQCiNKdFXUJ9vLJq6Rdq9pW1b6rlRr1vI4COkPnqIJsdI0a6BY1UQsRNEXP6BW9GU/Gi/FufCyia0Y+c4L+wPj8Ab+hlSo=</latexit>

�↵�m
↵��

� = 0
<latexit sha1_base64="j9grVPGHZhqHkAe5al+y3v+emR8=">AAACIXicbVDLSgMxFM34rPVVdekm2Aquykw3diMU3LisYB/QaYc7mUwbmswMSUYoQ3/Fjb/ixoUi3Yk/Y9oOoq0HAifnnEtyj59wprRtf1obm1vbO7uFveL+weHRcenktK3iVBLaIjGPZdcHRTmLaEszzWk3kRSEz2nHH9/O/c4jlYrF0YOeJLQvYBixkBHQRvJK9YrLTTqAgQs8GQF2hyAEDISXLQXXpxqm+Cc1v+Ibu+KVynbVXgCvEycnZZSj6ZVmbhCTVNBIEw5K9Rw70f0MpGaE02nRTRVNgIxhSHuGRiCo6meLDaf40igBDmNpTqTxQv09kYFQaiJ8kxSgR2rVm4v/eb1Uh/V+xqIk1TQiy4fClGMd43ldOGCSEs0nhgCRzPwVkxFIINqUWjQlOKsrr5N2rerYVee+Vm7U8zoK6BxdoCvkoGvUQHeoiVqIoCf0gt7Qu/VsvVof1mwZ3bDymTP0B9bXN/iDo08=</latexit><latexit sha1_base64="j9grVPGHZhqHkAe5al+y3v+emR8=">AAACIXicbVDLSgMxFM34rPVVdekm2Aquykw3diMU3LisYB/QaYc7mUwbmswMSUYoQ3/Fjb/ixoUi3Yk/Y9oOoq0HAifnnEtyj59wprRtf1obm1vbO7uFveL+weHRcenktK3iVBLaIjGPZdcHRTmLaEszzWk3kRSEz2nHH9/O/c4jlYrF0YOeJLQvYBixkBHQRvJK9YrLTTqAgQs8GQF2hyAEDISXLQXXpxqm+Cc1v+Ibu+KVynbVXgCvEycnZZSj6ZVmbhCTVNBIEw5K9Rw70f0MpGaE02nRTRVNgIxhSHuGRiCo6meLDaf40igBDmNpTqTxQv09kYFQaiJ8kxSgR2rVm4v/eb1Uh/V+xqIk1TQiy4fClGMd43ldOGCSEs0nhgCRzPwVkxFIINqUWjQlOKsrr5N2rerYVee+Vm7U8zoK6BxdoCvkoGvUQHeoiVqIoCf0gt7Qu/VsvVof1mwZ3bDymTP0B9bXN/iDo08=</latexit><latexit sha1_base64="j9grVPGHZhqHkAe5al+y3v+emR8=">AAACIXicbVDLSgMxFM34rPVVdekm2Aquykw3diMU3LisYB/QaYc7mUwbmswMSUYoQ3/Fjb/ixoUi3Yk/Y9oOoq0HAifnnEtyj59wprRtf1obm1vbO7uFveL+weHRcenktK3iVBLaIjGPZdcHRTmLaEszzWk3kRSEz2nHH9/O/c4jlYrF0YOeJLQvYBixkBHQRvJK9YrLTTqAgQs8GQF2hyAEDISXLQXXpxqm+Cc1v+Ibu+KVynbVXgCvEycnZZSj6ZVmbhCTVNBIEw5K9Rw70f0MpGaE02nRTRVNgIxhSHuGRiCo6meLDaf40igBDmNpTqTxQv09kYFQaiJ8kxSgR2rVm4v/eb1Uh/V+xqIk1TQiy4fClGMd43ldOGCSEs0nhgCRzPwVkxFIINqUWjQlOKsrr5N2rerYVee+Vm7U8zoK6BxdoCvkoGvUQHeoiVqIoCf0gt7Qu/VsvVof1mwZ3bDymTP0B9bXN/iDo08=</latexit><latexit sha1_base64="j9grVPGHZhqHkAe5al+y3v+emR8=">AAACIXicbVDLSgMxFM34rPVVdekm2Aquykw3diMU3LisYB/QaYc7mUwbmswMSUYoQ3/Fjb/ixoUi3Yk/Y9oOoq0HAifnnEtyj59wprRtf1obm1vbO7uFveL+weHRcenktK3iVBLaIjGPZdcHRTmLaEszzWk3kRSEz2nHH9/O/c4jlYrF0YOeJLQvYBixkBHQRvJK9YrLTTqAgQs8GQF2hyAEDISXLQXXpxqm+Cc1v+Ibu+KVynbVXgCvEycnZZSj6ZVmbhCTVNBIEw5K9Rw70f0MpGaE02nRTRVNgIxhSHuGRiCo6meLDaf40igBDmNpTqTxQv09kYFQaiJ8kxSgR2rVm4v/eb1Uh/V+xqIk1TQiy4fClGMd43ldOGCSEs0nhgCRzPwVkxFIINqUWjQlOKsrr5N2rerYVee+Vm7U8zoK6BxdoCvkoGvUQHeoiVqIoCf0gt7Qu/VsvVof1mwZ3bDymTP0B9bXN/iDo08=</latexit>



Outline	

1)  Basics	of	twistor	theory	
2)  Basics	of	superstring	theory		
3)  Pure	spinor	formalism	of	the	superstring	

4)  Combining	twistors	and	the	superstring	



Basics	of	Twistor	Theory	
•  In	d=4,	any	light-like	vector												sa<sfying	
					can	be	expressed	in	terms	of	a	pair	of	bosonic	spinors																		as	

							where														are	Pauli	matrices	for	

•  Instead	of	defining	fields	in	terms	of	vectors																				,	define	
fields	in	terms	of	spinors																							and		

					where									and										are	conjugate	to										and										and	are	defined		

					by																																				and																																				.							
•  Under	space<me	conformal	transforma<ons,	the	“twistor”	

variables																																			transform	linearly,		unlike	the	usual	
space<me		variables																							which	transform	nonlinearly.	



•  Space<me	conformal	transforma<ons		SO(4,2)	=	SU(2,2):		

					Lorentz	rota<ons			
					Transla<ons	

					Conformal	boosts	
					Dilata<ons	

•  		Twistor	variables																																			transform	linearly	as:		

																																																where	

(�a, µ̄ȧ, �̄ȧ, µa)
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•  Supersymmetric	theories	contain	both	bosonic	and	fermionic	fields,	
and	it	is	convenient	to	combine	these	fields	into	a	“superfield”.	

•  For	example,	N=4	d=4	super-Yang-Mills																											contains:	
						1	gluon																with	2	physical	polariza<ons		

						4		Majorana	spinors																														with	8	physical	components		
							6		scalar	bosons			

•  These	8+8	bosons	and	fermions	can	be	combined	into	6	superfields	

							where									is	a	fermionic		“superspace”	variable	and											denotes	

							terms	which	contain	higher	powers	of									.	However,	compu<ng	
							sca`ering	amplitudes	using																						is	complicated	because	of			

							its	complicated	dependence	on							.	



•  Using	“supertwistor”	variables,	N=4	d=4	super-Yang-Mills	can	
instead	be	described	by	a	single	superfield										depending	on	the	
4	bosonic	variables																			and	the	4	fermionic	variables										as	

					where										are	the	2	physical	gluon	polariza<ons	and		
					are	the	8	physical	spinor	polariza<ons	which	depend	on																	.			

•  The	supertwistor	variables																									transform	linearly	under	
N=4	d=4	superconformal	transforma<ons	which	include	both	
supersymmetry	and	conformal	transforma<ons																												.	

•  The	n-point	tree-level	“MHV”	sca`ering	amplitude	is	given	by	

							which	reduces	for	5	gluon	sca`ering	with	polariza<ons			

							to	



•  Sca`ering	amplitudes	for	n	gluons	in	QCD	are	func<ons	of	the	
gluon	polariza<ons												and		momenta												for	r=1	to	n.	

•  Using	the	Feynman	diagram	methods	of	quantum	field	theory,	
amplitude	expressions	are	very	complicated	for	4	or	more	
external	gluons.	Makes	it	difficult	to	compare	with	experiments.	

•  Using	twistor	methods,	manifest	d=4	conformal	invariance	
allows	expressions	to	be	simplified	into	a	few	lines,	e.g.	

•  Twistor	expressions		can	then	be	translated	back	into	standard	
expressions	as	a	func<on	of	the	gluon	polariza<on	and	momenta		
where	the	polariza<ons	are	in	Lorentz	gauge,	i.e.																								

																															and																																																					for	some		Pm
r = �m
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Basics	of	Superstring	Theory	
•  String	theory	is	obtained	from	point	par<cle	theory	by	replacing	the	

worldline	trajectory																of	the	point	par<cle	with	the	
worldsheet	trajectory																			of	the	one-dimensional	string.	

•  For	the	superstring,	one	also	has	fermionic	variables	which	are	
described	using	a	space<me	vector																					in	the	original	

					Ramond-Neveu-Schwarz	version	(1971)	but	are	described	by		
						a	space<me	spinor																			in	the	Green-Schwarz	version	(1984).		

•  Space<me	supersymmetry																																																						is	manifest			
						in	the	Green-Schwarz	version,	but	quan<za<on	is	complicated.	



•  Unlike	in	general	rela<vity,	mul<loop	sca`ering	amplitudes	of	
gravitons	in	superstring	theory	are	perturba<vely	finite.	

•  It	is	possible	that	some	compac<fica<on	of	d=10	superstring	theory	
to	four	dimensions	describes	our	universe	where	different	par<cles	
correspond	to	different	vibra<onal	modes	of	the	superstring.	

•  Duality	symmetries	found	in	superstring	theory	have	been	applied	to	
other	areas	of	physics	through	the	AdS-CFT	correspondence	which	
relates	the	superstring	in	certain	gravita<onal	An<-de-Si`ter	
backgrounds	with	strongly	coupled	gauge	theories.	

•  These	An<-de-Si`er	backgrounds	require	Ramond-Ramond	flux	and	
can	only	be	described	using	the	Green-Schwarz	version	of	the	
superstring	which,	because	of	its		quan<za<on	problems,	has	made	it	
difficult	to	prove	the	correspondence.	

•  The	simplest	version	of	the	AdS-CFT	correspondence	relates	the	
superstring	in	an																									background	with	N=4	d=4	super-Yang-
Mills.	



•  In	2003,	Wi`en	developed	a	new	d=4	string	theory	
constructed	out	of	supertwistor	variables	and	computed																																										
tree-level	N=4	d=4	super-Yang-Mills	amplitudes	in	twistor	
space.	

•  Since	2003,	hundreds	of	papers	on	twistors	and		d=4	super-
Yang-Mills	amplitudes	have	been	wri`en,	and	the	d=4	tree-
level	results	were	soon	extended	to	mul<loop	“planar”	
amplitudes	which	dominate	the	sca`ering	amplitude	when	
the	dimension	of	the	gauge	group	is	very	large.	

•  However,	to	connect	to	the	original	d=10	superstring,	one	
needs	a	d=10	version	of	twistors	related	to	“pure	spinors”.	

•  This	“pure	spinor”	formalism	for	the	superstring	was	
developed	over	the	last	15	years	and	is	the	only	approach	
currently	available	for		covariantly	quan<zing	the	Green-
Schwarz	superstring		with	manifest	d=10	super-Poincaré	
invariance.		



Pure	Spinor	Formalism	

•  In	any	even	dimension	D,	can	define	a	“pure	spinor”	to	be	

												sa<sfying		constraint	that		

•  		In	d=10,						=1	to	16		and	the	pure	spinor	constraint	implies		
that											contains	11	independent		components	and	sa<sfies		

•  By	combining	the	variables																				of	the	Green-Schwarz	
superstring	with	the	pure	spinor	variable										,	the	Green-
Schwarz	superstring	can	be	covariantly	quan<zed	with	
manifest	d=10	supersymmetry	(NB,	2000).		
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•  In	this	“pure	spinor	formalism”,	the	worldsheet	ac<on	in	a	flat	
d=10	background	is																																																																				

						where																									is	the	complexified	worldsheet	coordinate.	

•  Physical	states	are	annihilated	by	the	BRST	operator		
																											where																																																																									is	the			
					supersymmetric	fermionic	momentum	sa<sfying	the	second-class		
					constraint	

•  The	pure	spinor	constraint																										implies	that		

•  Since	the	ac<on	is	quadra<c,		worldsheet	variables	are	free	fields					
and	quan<za<on	is	straighsorward.		Space<me	supersymmetry	

					under																																																																							is	manifest.	



•  In	“pure	spinor	superspace”,	the	d=10	super-Yang-Mills	
superfield	is		

							where				

							and																and														are	the	onshell		gluon	and	gluino.	

•  	d=10	space<me	supersymmetry	is	manifest	where	the	gluon			
and	gluino	transform	into	each	other	as	

•  		Similarly,	the	d=10	supergravity	superfield	in	pure	spinor	
superspace	is		

						where	

						and																			is	the	onshell	graviton.	



•  n-point	g-loop	superstring	sca`ering	amplitudes	are	computed	as	
the	correla<on	func<on	of	n	vertex	operators	on	a	genus	g	
worldsheet:	

							where																								are	the	3g-3	complex	parameters	needed	to		
							describe	a	genus	g	surface	and																								is	their	associated		

							measure	factor.	
•  Since	the	worldsheet	ac<on	is	quadra<c,	it	is	straighsoward	to	

compute	the	correla<on	func<on	as	a	func<on	of	the	momenta	
and	polariza<ons	of	the	external	states.	

•  Amplitude	expressions	are	much	simpler	than	those	obtained	
using	quantum	field	theory	techniques	since	the	hundreds	of	
Feynman	diagrams	which	appear	in	the	quantum	field	theory	
computa<on	are	replaced	by	a	single	genus	g	worldsheet	in	the	
string	theory	computa<on.	



•  Worldsheet	ac<on	is	manifestly	d=10	super-Poincaré	covariant,	so	
all	cancella<ons	due	to	space<me	supersymmetry	are	manifest.	

•  Perturba<ve	mul<loop	graviton	sca`ering	amplitudes	have	been	
proven	to	be	finite	using	this	approach.	

•  This	pure	spinor	approach	is	the	most	powerful	method	for	
compu<ng	mul<loop	superstring	sca`ering	amplitude		(e.g.	3-
loop	4-point	computa<on	by	Mafra	and	Gomez	is	the	only	3-loop	
superstring	computa<on	up	to	now).	

•  An<-de-Si`er	backgrounds	with	Ramond-Ramond	flux	can	be	
studied	using	the	pure	spinor	formalism.	

•  Although	superstring	theory	in	an																							background	is	
more	complicated	than	in	a	flat	background,	the	worldsheet	
ac<on	can	be	simplified	by	introducing	d=10	twistor-like	variables.	



Combining	twistors	and	the	superstring	

•  The	first	step	is	to	define	d=10	twistors	which	replace																					for	
m=0	to	9.		In	any	even	dimension,		Hughston	(1990)	showed	that	
twistors	are	a	pair	of	pure	spinors																				defined	to	sa<sfy		

•  In	d=10,																		contain	16		independent	components	and	
transform	linearly	under	SO(10,2)	conformal	transf´s		(Cherkis	and	
NB,	2004).	

•  One	would	like	to	build	a	superstring	theory	where	the	d=10	
space<me	variables	and	pure	spinor	variables	are	replaced	by	the	
d=10	twistor	variables																		.	



•  In		one	of	his	first	papers	in	1978,	Wi`en	used		d=4	
supertwistors	to	find	classical	solu<ons	of	d=4	Yang-Mills,	and	
in	1988,		he	showed	that	twistor	integrability	along	d=10	light-
like	trajectories		is	related	to	a	local	fermionic	symmetry	of	
the	Green-Schwarz	superpar<cle	and	superstring.	

•  In	1991,	Howe	showed	that	twistor	integrability	along	d=10	
pure	spinor	trajectories	implied		the	equa<ons	of	mo<on	for	
d=10	super-Yang-Mills	and	supergravity	theories.		

•  Between	1989-1995,	several	proposals	for	worldsheet	ac<ons	
were	constructed	using	twistor	variables		which	are	classically	
equivalent	to	the	Green-Schwarz	superstring	(Sorokin,	Tonin,	
NB,	Howe,	…).	

•  However,	all	of	these	classical	twistor-string	ac<ons	contained	
the	same	quan<za<on	problems	as	the	original	Green-
Schwarz	ac<on	caused	by	the	presence	of	second-class	
constraints.	



For	the	superstring	(NB	2016),	the	bosonic	variables	of	the	pure	
spinor	formalism	can	be	combined	into	le]	and	right-moving	d=10	
twistor	variables																						and																						and	their	conjugate	
momenta																							and																					.	

These	bosonic	twistor	variables	combine	with	the	fermionic	variables	
of	the	pure	spinor	formalism	to	form	N=(1,1)	worldsheet	superfields	

where	N=1	worldsheet	susy	is	generated	by																																								.	

The	N=(1,1)	worldsheet	ac<on	in	a	flat	background	is	

and	the	N=(1,1)	worldsheet	ac<on	in	an																								background	is	

where																					are	linear	combina<ons	of																			.	
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(wR↵, ⌫↵R)
<latexit sha1_base64="OgXJ8K67uaXu1g1xbZTsdvw6vL0=">AAACCHicbVC7TsMwFHXKq5RXgJEBixapSFWVdKFjJRbGUtGH1ITIcZ3WquNEtgOqoo4s/AoLAwix8gls/A1umwFajnSl43Pule89fsyoVJb1beTW1jc2t/LbhZ3dvf0D8/CoI6NEYNLGEYtEz0eSMMpJW1HFSC8WBIU+I11/fDXzu/dESBrxWzWJiRuiIacBxUhpyTNPS+UHL205FQexeISmFejwxGvdLZ4XJc8sWlVrDrhK7IwUQYamZ345gwgnIeEKMyRl37Zi5aZIKIoZmRacRJIY4TEakr6mHIVEuun8kCk818oABpHQxRWcq78nUhRKOQl93RkiNZLL3kz8z+snKqi7KeVxogjHi4+ChEEVwVkqcEAFwYpNNEFYUL0rxCMkEFY6u4IOwV4+eZV0alXbqto3tWKjnsWRByfgDJSBDS5BA1yDJmgDDB7BM3gFb8aT8WK8Gx+L1pyRzRyDPzA+fwC1PJh0</latexit><latexit sha1_base64="OgXJ8K67uaXu1g1xbZTsdvw6vL0=">AAACCHicbVC7TsMwFHXKq5RXgJEBixapSFWVdKFjJRbGUtGH1ITIcZ3WquNEtgOqoo4s/AoLAwix8gls/A1umwFajnSl43Pule89fsyoVJb1beTW1jc2t/LbhZ3dvf0D8/CoI6NEYNLGEYtEz0eSMMpJW1HFSC8WBIU+I11/fDXzu/dESBrxWzWJiRuiIacBxUhpyTNPS+UHL205FQexeISmFejwxGvdLZ4XJc8sWlVrDrhK7IwUQYamZ345gwgnIeEKMyRl37Zi5aZIKIoZmRacRJIY4TEakr6mHIVEuun8kCk818oABpHQxRWcq78nUhRKOQl93RkiNZLL3kz8z+snKqi7KeVxogjHi4+ChEEVwVkqcEAFwYpNNEFYUL0rxCMkEFY6u4IOwV4+eZV0alXbqto3tWKjnsWRByfgDJSBDS5BA1yDJmgDDB7BM3gFb8aT8WK8Gx+L1pyRzRyDPzA+fwC1PJh0</latexit><latexit sha1_base64="OgXJ8K67uaXu1g1xbZTsdvw6vL0=">AAACCHicbVC7TsMwFHXKq5RXgJEBixapSFWVdKFjJRbGUtGH1ITIcZ3WquNEtgOqoo4s/AoLAwix8gls/A1umwFajnSl43Pule89fsyoVJb1beTW1jc2t/LbhZ3dvf0D8/CoI6NEYNLGEYtEz0eSMMpJW1HFSC8WBIU+I11/fDXzu/dESBrxWzWJiRuiIacBxUhpyTNPS+UHL205FQexeISmFejwxGvdLZ4XJc8sWlVrDrhK7IwUQYamZ345gwgnIeEKMyRl37Zi5aZIKIoZmRacRJIY4TEakr6mHIVEuun8kCk818oABpHQxRWcq78nUhRKOQl93RkiNZLL3kz8z+snKqi7KeVxogjHi4+ChEEVwVkqcEAFwYpNNEFYUL0rxCMkEFY6u4IOwV4+eZV0alXbqto3tWKjnsWRByfgDJSBDS5BA1yDJmgDDB7BM3gFb8aT8WK8Gx+L1pyRzRyDPzA+fwC1PJh0</latexit><latexit sha1_base64="OgXJ8K67uaXu1g1xbZTsdvw6vL0=">AAACCHicbVC7TsMwFHXKq5RXgJEBixapSFWVdKFjJRbGUtGH1ITIcZ3WquNEtgOqoo4s/AoLAwix8gls/A1umwFajnSl43Pule89fsyoVJb1beTW1jc2t/LbhZ3dvf0D8/CoI6NEYNLGEYtEz0eSMMpJW1HFSC8WBIU+I11/fDXzu/dESBrxWzWJiRuiIacBxUhpyTNPS+UHL205FQexeISmFejwxGvdLZ4XJc8sWlVrDrhK7IwUQYamZ345gwgnIeEKMyRl37Zi5aZIKIoZmRacRJIY4TEakr6mHIVEuun8kCk818oABpHQxRWcq78nUhRKOQl93RkiNZLL3kz8z+snKqi7KeVxogjHi4+ChEEVwVkqcEAFwYpNNEFYUL0rxCMkEFY6u4IOwV4+eZV0alXbqto3tWKjnsWRByfgDJSBDS5BA1yDJmgDDB7BM3gFb8aT8WK8Gx+L1pyRzRyDPzA+fwC1PJh0</latexit>

�L↵ = µL↵ + wL↵ + L pL↵, �R↵ = µR↵ + wR↵ + R pR↵,
<latexit sha1_base64="FKnrESR78bQbXgT2urpZJK1foX4="></latexit><latexit sha1_base64="FKnrESR78bQbXgT2urpZJK1foX4="></latexit><latexit sha1_base64="FKnrESR78bQbXgT2urpZJK1foX4="></latexit><latexit sha1_base64="FKnrESR78bQbXgT2urpZJK1foX4="></latexit>

(QL + bL, QR + bR)
<latexit sha1_base64="W24kpUyAGgUjhCI7EVH6uHffzo4=">AAACAnicbZDNTsJAFIWn+If4V3Vl3EwEE4yGtGxkSeLGBQsgAibQNNNhChOm02ZmakIa4sZXceNCY9z6FO58G4fShYInmeTLuffmzj1exKhUlvVt5NbWNza38tuFnd29/QPz8Kgrw1hg0sEhC8W9hyRhlJOOooqR+0gQFHiM9LzJzbzeeyBC0pDfqWlEnACNOPUpRkpbrnlSKsOW24CX0HMbVxrbKbYvSq5ZtCpWKrgKdgZFkKnpml+DYYjjgHCFGZKyb1uRchIkFMWMzAqDWJII4Qkakb5GjgIinSQ9YQbPtTOEfij04wqm7u+JBAVSTgNPdwZIjeVybW7+V+vHyq85CeVRrAjHi0V+zKAK4TwPOKSCYMWmGhAWVP8V4jESCCudWkGHYC+fvArdasW2KnarWqzXsjjy4BScgTKwwTWog1vQBB2AwSN4Bq/gzXgyXox342PRmjOymWPwR8bnD3Eak5I=</latexit><latexit sha1_base64="W24kpUyAGgUjhCI7EVH6uHffzo4=">AAACAnicbZDNTsJAFIWn+If4V3Vl3EwEE4yGtGxkSeLGBQsgAibQNNNhChOm02ZmakIa4sZXceNCY9z6FO58G4fShYInmeTLuffmzj1exKhUlvVt5NbWNza38tuFnd29/QPz8Kgrw1hg0sEhC8W9hyRhlJOOooqR+0gQFHiM9LzJzbzeeyBC0pDfqWlEnACNOPUpRkpbrnlSKsOW24CX0HMbVxrbKbYvSq5ZtCpWKrgKdgZFkKnpml+DYYjjgHCFGZKyb1uRchIkFMWMzAqDWJII4Qkakb5GjgIinSQ9YQbPtTOEfij04wqm7u+JBAVSTgNPdwZIjeVybW7+V+vHyq85CeVRrAjHi0V+zKAK4TwPOKSCYMWmGhAWVP8V4jESCCudWkGHYC+fvArdasW2KnarWqzXsjjy4BScgTKwwTWog1vQBB2AwSN4Bq/gzXgyXox342PRmjOymWPwR8bnD3Eak5I=</latexit><latexit sha1_base64="W24kpUyAGgUjhCI7EVH6uHffzo4=">AAACAnicbZDNTsJAFIWn+If4V3Vl3EwEE4yGtGxkSeLGBQsgAibQNNNhChOm02ZmakIa4sZXceNCY9z6FO58G4fShYInmeTLuffmzj1exKhUlvVt5NbWNza38tuFnd29/QPz8Kgrw1hg0sEhC8W9hyRhlJOOooqR+0gQFHiM9LzJzbzeeyBC0pDfqWlEnACNOPUpRkpbrnlSKsOW24CX0HMbVxrbKbYvSq5ZtCpWKrgKdgZFkKnpml+DYYjjgHCFGZKyb1uRchIkFMWMzAqDWJII4Qkakb5GjgIinSQ9YQbPtTOEfij04wqm7u+JBAVSTgNPdwZIjeVybW7+V+vHyq85CeVRrAjHi0V+zKAK4TwPOKSCYMWmGhAWVP8V4jESCCudWkGHYC+fvArdasW2KnarWqzXsjjy4BScgTKwwTWog1vQBB2AwSN4Bq/gzXgyXox342PRmjOymWPwR8bnD3Eak5I=</latexit><latexit sha1_base64="W24kpUyAGgUjhCI7EVH6uHffzo4=">AAACAnicbZDNTsJAFIWn+If4V3Vl3EwEE4yGtGxkSeLGBQsgAibQNNNhChOm02ZmakIa4sZXceNCY9z6FO58G4fShYInmeTLuffmzj1exKhUlvVt5NbWNza38tuFnd29/QPz8Kgrw1hg0sEhC8W9hyRhlJOOooqR+0gQFHiM9LzJzbzeeyBC0pDfqWlEnACNOPUpRkpbrnlSKsOW24CX0HMbVxrbKbYvSq5ZtCpWKrgKdgZFkKnpml+DYYjjgHCFGZKyb1uRchIkFMWMzAqDWJII4Qkakb5GjgIinSQ9YQbPtTOEfij04wqm7u+JBAVSTgNPdwZIjeVybW7+V+vHyq85CeVRrAjHi0V+zKAK4TwPOKSCYMWmGhAWVP8V4jESCCudWkGHYC+fvArdasW2KnarWqzXsjjy4BScgTKwwTWog1vQBB2AwSN4Bq/gzXgyXox342PRmjOymWPwR8bnD3Eak5I=</latexit>

S =
R
d2zd2[��LDR⇥L + �RDL⇥R + (⇥L�mDL⇥L)(⇥R�mDR⇥R)]

<latexit sha1_base64="dITEenY+tQ7lutoQCb6fiRpqxZQ="></latexit><latexit sha1_base64="dITEenY+tQ7lutoQCb6fiRpqxZQ="></latexit><latexit sha1_base64="dITEenY+tQ7lutoQCb6fiRpqxZQ="></latexit><latexit sha1_base64="dITEenY+tQ7lutoQCb6fiRpqxZQ="></latexit>

S = r2
R
d2zd2[DL⇥J

SDR⇥S
J +DL⇥J

S⇥
S
KDR⇥K

T ⇥T
J ]

<latexit sha1_base64="cU9agNz9ZvGH1PAlczQzXqaH6fU="></latexit><latexit sha1_base64="cU9agNz9ZvGH1PAlczQzXqaH6fU="></latexit><latexit sha1_base64="cU9agNz9ZvGH1PAlczQzXqaH6fU="></latexit><latexit sha1_base64="cU9agNz9ZvGH1PAlczQzXqaH6fU="></latexit>

(⇥J
S ,⇥

S
J )

<latexit sha1_base64="EYTplt4FFnOt5BM7PGT5TixpXr0=">AAACBXicbZDLSsNAFIYn9VbrLepSF4OtUEFK0oW6LLiRriq9QhvDZDpph04mYWYilNCNG1/FjQtF3PoO7nwbJ20WWv1h4OM/53Dm/F7EqFSW9WXkVlbX1jfym4Wt7Z3dPXP/oCPDWGDSxiELRc9DkjDKSVtRxUgvEgQFHiNdb3Kd1rv3REga8paaRsQJ0IhTn2KktOWaxyVYHrTGRKG7uts8hxk33fpZqeCaRatizQX/gp1BEWRquObnYBjiOCBcYYak7NtWpJwECUUxI7PCIJYkQniCRqSvkaOASCeZXzGDp9oZQj8U+nEF5+7PiQQFUk4DT3cGSI3lci01/6v1Y+VfOQnlUawIx4tFfsygCmEaCRxSQbBiUw0IC6r/CvEYCYSVDi4NwV4++S90qhXbqti31WLtIosjD47ACSgDG1yCGrgBDdAGGDyAJ/ACXo1H49l4M94XrTkjmzkEv2R8fAO8tJYc</latexit><latexit sha1_base64="EYTplt4FFnOt5BM7PGT5TixpXr0=">AAACBXicbZDLSsNAFIYn9VbrLepSF4OtUEFK0oW6LLiRriq9QhvDZDpph04mYWYilNCNG1/FjQtF3PoO7nwbJ20WWv1h4OM/53Dm/F7EqFSW9WXkVlbX1jfym4Wt7Z3dPXP/oCPDWGDSxiELRc9DkjDKSVtRxUgvEgQFHiNdb3Kd1rv3REga8paaRsQJ0IhTn2KktOWaxyVYHrTGRKG7uts8hxk33fpZqeCaRatizQX/gp1BEWRquObnYBjiOCBcYYak7NtWpJwECUUxI7PCIJYkQniCRqSvkaOASCeZXzGDp9oZQj8U+nEF5+7PiQQFUk4DT3cGSI3lci01/6v1Y+VfOQnlUawIx4tFfsygCmEaCRxSQbBiUw0IC6r/CvEYCYSVDi4NwV4++S90qhXbqti31WLtIosjD47ACSgDG1yCGrgBDdAGGDyAJ/ACXo1H49l4M94XrTkjmzkEv2R8fAO8tJYc</latexit><latexit sha1_base64="EYTplt4FFnOt5BM7PGT5TixpXr0=">AAACBXicbZDLSsNAFIYn9VbrLepSF4OtUEFK0oW6LLiRriq9QhvDZDpph04mYWYilNCNG1/FjQtF3PoO7nwbJ20WWv1h4OM/53Dm/F7EqFSW9WXkVlbX1jfym4Wt7Z3dPXP/oCPDWGDSxiELRc9DkjDKSVtRxUgvEgQFHiNdb3Kd1rv3REga8paaRsQJ0IhTn2KktOWaxyVYHrTGRKG7uts8hxk33fpZqeCaRatizQX/gp1BEWRquObnYBjiOCBcYYak7NtWpJwECUUxI7PCIJYkQniCRqSvkaOASCeZXzGDp9oZQj8U+nEF5+7PiQQFUk4DT3cGSI3lci01/6v1Y+VfOQnlUawIx4tFfsygCmEaCRxSQbBiUw0IC6r/CvEYCYSVDi4NwV4++S90qhXbqti31WLtIosjD47ACSgDG1yCGrgBDdAGGDyAJ/ACXo1H49l4M94XrTkjmzkEv2R8fAO8tJYc</latexit><latexit sha1_base64="EYTplt4FFnOt5BM7PGT5TixpXr0=">AAACBXicbZDLSsNAFIYn9VbrLepSF4OtUEFK0oW6LLiRriq9QhvDZDpph04mYWYilNCNG1/FjQtF3PoO7nwbJ20WWv1h4OM/53Dm/F7EqFSW9WXkVlbX1jfym4Wt7Z3dPXP/oCPDWGDSxiELRc9DkjDKSVtRxUgvEgQFHiNdb3Kd1rv3REga8paaRsQJ0IhTn2KktOWaxyVYHrTGRKG7uts8hxk33fpZqeCaRatizQX/gp1BEWRquObnYBjiOCBcYYak7NtWpJwECUUxI7PCIJYkQniCRqSvkaOASCeZXzGDp9oZQj8U+nEF5+7PiQQFUk4DT3cGSI3lci01/6v1Y+VfOQnlUawIx4tFfsygCmEaCRxSQbBiUw0IC6r/CvEYCYSVDi4NwV4++S90qhXbqti31WLtIosjD47ACSgDG1yCGrgBDdAGGDyAJ/ACXo1H49l4M94XrTkjmzkEv2R8fAO8tJYc</latexit>

(⇥↵
L,⇥

↵
R)

<latexit sha1_base64="gmbfVAcqbplelNMLrt23bGrHB6E=">AAACD3icbZDLSsNAFIYn9VbrLerSzWCrVJCSdKEuC25cuKjSGzQxnEwnzdDJhZmJUErfwI2v4saFIm7duvNtTNostPrDwM93zuHM+d2YM6kM40srLC2vrK4V10sbm1vbO/ruXkdGiSC0TSIeiZ4LknIW0rZiitNeLCgELqddd3SZ1bv3VEgWhS01jqkdwDBkHiOgUuToxxVctVo+VeBc31nAYx9OcQ5uc3BSKTl62agZM+G/xsxNGeVqOvqnNYhIEtBQEQ5S9k0jVvYEhGKE02nJSiSNgYxgSPupDSGg0p7M7pnio5QMsBeJ9IUKz+jPiQkEUo4DN+0MQPlysZbB/2r9RHkX9oSFcaJoSOaLvIRjFeEsHDxgghLFx6kBIlj6V0x8EEBUGmEWgrl48l/TqddMo2be1MuNszyOIjpAh6iKTHSOGugKNVEbEfSAntALetUetWftTXuftxa0fGYf/ZL28Q3zc5qo</latexit><latexit sha1_base64="gmbfVAcqbplelNMLrt23bGrHB6E=">AAACD3icbZDLSsNAFIYn9VbrLerSzWCrVJCSdKEuC25cuKjSGzQxnEwnzdDJhZmJUErfwI2v4saFIm7duvNtTNostPrDwM93zuHM+d2YM6kM40srLC2vrK4V10sbm1vbO/ruXkdGiSC0TSIeiZ4LknIW0rZiitNeLCgELqddd3SZ1bv3VEgWhS01jqkdwDBkHiOgUuToxxVctVo+VeBc31nAYx9OcQ5uc3BSKTl62agZM+G/xsxNGeVqOvqnNYhIEtBQEQ5S9k0jVvYEhGKE02nJSiSNgYxgSPupDSGg0p7M7pnio5QMsBeJ9IUKz+jPiQkEUo4DN+0MQPlysZbB/2r9RHkX9oSFcaJoSOaLvIRjFeEsHDxgghLFx6kBIlj6V0x8EEBUGmEWgrl48l/TqddMo2be1MuNszyOIjpAh6iKTHSOGugKNVEbEfSAntALetUetWftTXuftxa0fGYf/ZL28Q3zc5qo</latexit><latexit sha1_base64="gmbfVAcqbplelNMLrt23bGrHB6E=">AAACD3icbZDLSsNAFIYn9VbrLerSzWCrVJCSdKEuC25cuKjSGzQxnEwnzdDJhZmJUErfwI2v4saFIm7duvNtTNostPrDwM93zuHM+d2YM6kM40srLC2vrK4V10sbm1vbO/ruXkdGiSC0TSIeiZ4LknIW0rZiitNeLCgELqddd3SZ1bv3VEgWhS01jqkdwDBkHiOgUuToxxVctVo+VeBc31nAYx9OcQ5uc3BSKTl62agZM+G/xsxNGeVqOvqnNYhIEtBQEQ5S9k0jVvYEhGKE02nJSiSNgYxgSPupDSGg0p7M7pnio5QMsBeJ9IUKz+jPiQkEUo4DN+0MQPlysZbB/2r9RHkX9oSFcaJoSOaLvIRjFeEsHDxgghLFx6kBIlj6V0x8EEBUGmEWgrl48l/TqddMo2be1MuNszyOIjpAh6iKTHSOGugKNVEbEfSAntALetUetWftTXuftxa0fGYf/ZL28Q3zc5qo</latexit><latexit sha1_base64="gmbfVAcqbplelNMLrt23bGrHB6E=">AAACD3icbZDLSsNAFIYn9VbrLerSzWCrVJCSdKEuC25cuKjSGzQxnEwnzdDJhZmJUErfwI2v4saFIm7duvNtTNostPrDwM93zuHM+d2YM6kM40srLC2vrK4V10sbm1vbO/ruXkdGiSC0TSIeiZ4LknIW0rZiitNeLCgELqddd3SZ1bv3VEgWhS01jqkdwDBkHiOgUuToxxVctVo+VeBc31nAYx9OcQ5uc3BSKTl62agZM+G/xsxNGeVqOvqnNYhIEtBQEQ5S9k0jVvYEhGKE02nJSiSNgYxgSPupDSGg0p7M7pnio5QMsBeJ9IUKz+jPiQkEUo4DN+0MQPlysZbB/2r9RHkX9oSFcaJoSOaLvIRjFeEsHDxgghLFx6kBIlj6V0x8EEBUGmEWgrl48l/TqddMo2be1MuNszyOIjpAh6iKTHSOGugKNVEbEfSAntALetUetWftTXuftxa0fGYf/ZL28Q3zc5qo</latexit>

AdS5 ⇥ S5
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Some	Open	ques<ons	

•  This		worldsheet	ac<on	in	an																								background	can	be	
covariantly	quan<zed	and	used	to	construct	vertex	operators	for	
the	massless	states	of	the	superstring	

•  Can	one	compute	sca`ering	amplitudes	in																								for	these	
massless	states	and	show	they	agree	with	the	expected	sca`ering	
amplitudes	in	N=4	d=4	super-Yang-Mills	theory?	

•  How	are	the	d=10	twistors	related	to	the	d=4	twistors	of	N=4	d=4	
super-Yang-Mills?	

•  Will	this	twistor	descrip<on	of	the	superstring	be	useful	for	proving	
the	AdS-CFT	correspondence	by	showing	equivalence	of	the	
sca`ering	amplitudes	when	the	AdS	radius	is	small	and	the	N=4	
d=4	super-Yang-Mills	is	weakly	coupled?	


