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Overview

¢ Thank you organisers for this opportunity.

 We present the results of study of massive vertex operators in the
pure spinor formulation

: : 1
[. Theta expansion of unintegrated vertex operator at (mass)* = —
@84

5 1

II. Integrated vertex operator at (mass)” = ~

III. Computation of some tree level three point amplitudes using I

e For consistency III must agree with the RNS results. We find
they do. We will work with open strings.



Unintegrated vertex operator at first excited level of open string

* In 10 dimensions, states at first excited level of open string form a
massive A =1 spin 2 supermultiplet comprising

wsa — \Ijsozlé’:() dmn — Gmn’@zo bmnp — anp‘@zO
128 fermionic d.o.f 44 + 84 bosonic d.o.f

e In the unintegrated vertex operator these appear as [Berkovits, Chandia (2002) ]
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Theta expansion of unintegrated vertex operator

Theta expansion 1s performed by making use of [Chakrabarti, SPK,Verma (2017)]
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Integrated Vertex Operator

e For computation of a general amplitude integrated vertex operators is a
must.

e The integrated vertex for first massive open string 1s given by [Chakrabarti,
SPK,Verma (2017) ]

U = :II"I"F,,: + 1I"d.F,”: + 1II"M00°G o+ +  II"NPIE,, .
— :dadﬁKo‘B: + :daZ?@ﬁFO‘B: + d NG+ :@90‘895[{@5:
+ 00N Hppo © + - N""NPIG, 0

Fon = —%Gmn : FY = 25,8(7’“)0‘56’7«\117,15 : Gma = —40%2\1/,”@
Finpg = %Bmpq_ﬁa[pcyq}m ; K = _(al,)2 ’Y%imenp
% = _%(anpq)aﬁamBnpq , G = (inV%q’n]a+lai,2%?aara[m\I’n]a

4 4 12
Gmnpq = —(&/)26[mBn]pq -+ Wﬁ[qu]mn — J(‘)[p(‘)[mGn]q]



Integrated Vertex Operator

e We essentially make use of the relation
QU =0V
and solve for U given V/
e The lessons learned while solving for U and theta expansion can be

generalised to all mass levels for computing both unintegrated and
integrated vertex operators in pure spinor formalism

e For details have a look at poster by Mritunjay Verma -“Integrated
Massive Vertex Operator in Pure Spinor Formalism”



Some Amplitude Computations

e The tree level amplitudes are given by

Ay = <V1V2V3/U4---/UN>

e All the non-zero amplitudes have three \ and five 6 zero modes.

e ()\*0°) are normalized via

(AY™0) (M) (AYP0) (0vmnpt)) = 1

e We compute some amplitudes involving the massive states and find
them to be consistent with RNS results [Chakrabarti, SPK,Verma (To appear)].



Amplitudes - Result

e We find
(aab) = foemnpe(l) (k1)
1 1_mnp_ 2
Oxd) = 55 O™ ) ey
/L. ™m n
xg) = 50X ) emnky
1
(@) = el (CUm) = 20/ (0CYa) (! KRS = o ()RR
1
2|68 (0 n) = 20/ (¢ ) (€ KR = o (¢ Gmnt)e5 R R

(aag) = —% [20/(61 k) (e? g k) 4+ 2d/(e* - kY (et g k%) —2d/(e! - e) (kg k) + (et g e?)






'MOTIVATION |

@® The tree level scattering amplitude for N external states is given by

Ay = (V1V2V3/U4---/UN>

where, V and U are the unintegrated and integrated vertex operators

® The g-loop scattering amplitude for N external states is given by

A= /d39 ? (/ dw;p; (w;)b(w;)) H/dzj (24))




® INTEGRATED VERTEX OPERATOR IS A MUST FOR SUFFICIENTLY HIGHER POINT
TREE LEVEL AND ALL LOOP LEVEL AMPLITUDES

© VERTEX OPERATOR FOR MASSLESS OPEN STRING STATES IN UNINTEGRATED
AND INTEGRATED FORM ARE KNOWN

/ UNINTEGRATED

© THE ONLY KNOWN MASSIVE VERTEX OPERATOR IN PUFl!E SPINOR FORMALISM IS
AT FIRST EXCITED LEVEL OF OPEN STRING (Mass)* = —

C\Z/

©® WE SHALL PRESENT THE INTEGRATED VERTEX FORM OF THE ABOVE VERTEX

© WE SHALL SEE THAT OUR CONSTRUCTION SEEMS TO BE GENERALISABLE
TO HIGHER MASS LEVELS



| NOTATIONS |

O =: B(Il,;,,ds,0"60, J, N \)S(0% X™) :

v \4

(INDICES SUPPRESSED HERE) (INDICES SUPPRESSED HERE)

a, (... SPINOR INDICES

a,b... SPACETIME (VECTOR) INDICES



SO, HOW DO WE SOLVE QU = 0V'?

| SIMPLE EXAMPLE |

¢ CONSIDER

N
ZB@CZ' =0

ALONG WITH

A

Ii(EhEQa”')BN):O ; i:()71727”'7p
N

where, { Bz‘} c V CONSTRAINTS

N
B QUESTION: WHAT VALUES OF {c;} SOLVES) Bici=0 ?

Il ANSWER: DEPENDS ON NUMBERS OF CONSTRAINTS.



“IF p=0 THEN ¢; =0 V ¢
»IF P 7#* 0 THEN WE HAVE 2+1 OPTIONS FOR SOLVING FOR {c¢; }

4+ OPTION 1: ELIMINATE SOME {Ea} IN FAVOUR OF OTHERS USING

A

Ii(ébBQa”'vBN):O ; i:0,1,2,“°,p

COLLECT ALL THE COEFFICIENTS OF LEFTOVER  {B,|j # a}

AND SET THEIR COEFFICIENTS TO 0 AND SOLVE FOR {CZ}

+OPTION 2: INTRODUCE LAGRANGE MULTIPLIERS {K;|i =1,2,--- .p}

v

N p
ZBiCi + Z[jKj =0
1 7=1

COLLECT COEFFICIENTS OF ALL THE {B;}

AND SET THEIR COEFFICIENTS TO 0 AND SOLVE FOR {Cz}



4+ OPTION 3 USE OPTION 1 AND OPTION 2 IN A MIXED WAY.

| OURCASE |

FEATURES

Il THERE ARE CONSTRAINTS.

Il CONSTRAINTS NOT KNOWN IN LITERATURE * DISCOVER THEM

SUPERFIELDS

VA

Zgici - ZIjKj =0
) ]=

\

PURE SPINOR WORLDSHEET
OPERATORS



SR REVEW

Field Confc_)rmal Spacetime Nature Grassman Ghost
Weiaht | : Nature Number

Vector Even
Left Weyl Spinor ~~ Odd
Right Weyl Spinor Odd

Left Weyl Spinor Even

Right Weyl Spinor Even

Rank 2 Tensor, Scalar Even

Worldsheet and Spacetime nature of all variables

® BRST operator —> Q) = j{dz A (2)do(2) Q2 — 0« )\fym)\ — 0




r

UNINTEGRATED VERTEX

—

© FIRST EXCITED STATE OF OPEN STRING FORMS A SPIN 2 MULTIPLET COMPRISING

wsa — ‘Ifsa\ezo 9mn — Gmn‘@zO bmnp — anpl@zO

N ~_

128 fermionic d.o.f 44 + 84 bosonic d.o.f
¢ IN THE UNINTEGRATED VERTEX THESE APPEAR AS

Bag = (V") Brnp CaB — (’Ymnpq>a[30m’npq Hpo = =72V 04

N\ \ —

V = 5’«95)\0‘3045 o dﬁ)\acﬁa i HmAaHma D Nmn)\aFamn :

3 1
Hsa — _72‘Ijsa — ?(7 )aﬂDﬁans ) C(m'npq — §a[mBnpq] )

1

Famn — é <7a[mHn]a + aq(fyCI[m)aﬁHn]ﬁ)




3 mpq

| RESULT |

"I F o + MG F 0 + (IIM00%G e o + (I NPUE,,, ‘
+ :dadﬁKo‘ﬁ: -+ :daﬁﬁﬂFo‘B: + d NG+ :8(90‘@(95]-]&5:
+ 00N Hppo © +  NT""NPIG g
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L y



ICONSTRUCTIONl QU =0V

WRITE DOWN THE MOST GENERAL OPERATOR CONSTRUCTED OUT OF
BASIS WITH CONFORMAL WEIGHT 2 AND GHOST NUMBER 0.

/

PRODUCTS AND WORLDSHEET DERIVATIVE NO \“
OF CONFORMAL WEIGHT 1 BASIS

(I, d,, 06°, N™ ]}

U = :0°0°C,: + :0lI"™C,,: + :0d,E®: + . (0)C: + :ON™Cy, - :
' M Fyy : 4+ T, F 4 :TINPE, 4 :TI™JF, : + : 700G - |
cdodg K 0 4 D d NG, 0+ i do JEY D 4 0 da 007 F
N NPIG e - + N TP o+ N0 H e -
JJH : +  JO0“H, : + : 00°00° H,p :

P+ o+ o+



i RULE OUT SUPERFIELDS THAT CANNOT HAVE THE PHYSICAL DEGREE OF
-4 FREEDOM BY DOING REST FRAME ANALYSIS

C,=C,=E*=C=C,,,=F,=F*=P,, =H=H, =0

EXAMPLE
Ca Cm Cmn
/\ /\
Clb Cl*z Coi  Cjj
M 0o 1 ool

4+ A SUPERFIELD WITH ONE INDEX VANISHES.

4+ A SUPERFIELD WITH TWO ANTI-SYMMETRIC VECTOR INDICES VANISHES.



COMPUTE QU QU =0V

A FEW TERMS OF THE ABOVE COMPUTATION ARE

L. 11" Fy,

QG I"MIE,,,:) = 5[:11 m""\x*pD_r,.: + :1I (vaﬁ)ﬁeﬁ)\ (an+an>:]

2. II"d,F, *
Q (:ImdsF,P ) = —%[; I"dsA* Do FP + + : dg(y™)00° \F, P :
+ ™ (yap) AaFﬁ-}_l o Qaw i
: fYOzB n m 9 9 Yoot m
N2
+ (@) :Hm(vgﬁ)ﬁ)\o‘@nFmﬁz

2



3. IMNPE,,,.

mpq -

/
Q(: I™NME, ) = %[ ™ NPIX D, Fypy - + :89”Npq(%%))\o‘Fmpq:}

0% . N 1 /o’ \? - .
1 O/ 2 o o (87
- 5 (5) [828 Aﬁfyaa( pq) 5Fmpq + oY 59\53/040( ) 5FWLPCI:|

4. I™O0° G 5

Q) (: Hm@H’BGmB :)

= IO DG+ o DTN G+ S TN G

5. dads K

/ Oé/

Q (: dods K7 :) = %:dadﬁ)\o‘DaK“B:—E:Hmdﬁ(x))\o‘%a[l("ﬁ() K57

0/2 Oé/ 2
+5  dON O [ K77 = K] - (5) 00° ON* Y5yt KP
I\ 2
(@7
+(5) St K

FIVE MORE SUCH TERMS



COMPUTE 9V USING QU =9V

DS(X,0) = 2119,,S(X, 0) + 90D, S(X, 0)

| | |

WORLDSHEET SPACETIME SUPERCOVARIANT
DERIVATIVE DERIVATIVE DERIVATIVE

OV = :00°0X*Bag: + H"ON Hpo : + 1 0°0°N (Bga + a/'7040mC%)
: 00°00°\*DsBog : + : 1IM00°A*(20,,Bop + DgHypa) © + : 0dgA*CP,
L dgONCP 1 4 1 dg00°\*D,CP . 4+ 2IT™dgA“0,C", . + : O™A“H,,, :

21T I A0, H ey : + : ONTANFy, © +  NTTONE s,
00PN N D3 F o =+ : 2IPN™ XY, Foyn




© NOTE THAT OPERATION WITH BRST CHARGE AND WORLDSHEET DERIVATIVE
GIVES RISE TO 26 BASIS ELEMENTS

"IN\ TI™d N, TImO0P XY, I JAY |, TIMN™ A\ | OII™AY | TT™ON®
dodg\? , du00° XY | dy X, du N X* | Ody N | dyON
D0%00° XY . 90%TNP . DON™" XY | 920N’ | 9920\
N™PNPING - N™R TS  GNTRAY - NN

JIXY OJNY, JON™

O* )\

CONFORMAL WEIGHT 2, GHOST NUMBER 1



6
ADD SPECIAL ZEROS OF THE FORM Z ]AKA
A=1

WHERE,
1
(I1)5 = N™JXY: (Ym)ag — 5 JIXNY (V" )ap — & 1 JOX* 155 = 0
1
(I2)g™ = t N™'NPIX: (qp)ap — 5 N™IXY (V) ap — ' NTONY 1 ydy = 0
1
s)og = deN™ X" (Vm)ap — 5 Ao A 0 (V" )ap — @ 1 deOX* 170 = 0
1
(1) = TIPN™ A" (Y)ap — 5 [IPIXNY 0 (7" )ap — o :TIPOXY 1705 = 0
1
(I5)3" = 00O N™" X (Ym)ap — 5 007 JA" : (V" )ap — @ 1 000N 1 y55 = 0
1 1
(Is)g = ON"™ X (Ym)agT : N™OXY 1 (Ym)ap — 5 OJAY + (V") ap — 5 JOX : (V") as

— Y0P = 0

v

§)
QU =0V +» LK,
a=1




COLLECT ALL THE TERMS WITH SAME BASIS

6}
1. I\ QU =V + Z LK,
o a=1
? [Daan — ’VnozﬁFmﬁ] - 2an[{moz
2. II™96° \»
/
% [’}/35(an —+ an) — DaGmB—’Y(%FCSB] = 28mBa5 —+ DﬁHma
3. d,00°)\°
&, m (e} (67 1 mn\o (e}
? _VUBFm +DUF5_§(7 )gHmnB :DBCU
4. TImdghe
o 6 _ 10 pa\s m (eoB _ joBo 5
S| DBl = S Foupy = iy (K77 = K77 ) | = 20,C",
5. 00°00°\°
o
E [’YgfaGmg] + DgHaﬂl = D[ﬁB|a|oz]
6. OIL,,\“




7. dads\’

/ 1
3 [D oK+ —(vm”)BgG%n] =0

2 2
8. 0%0°P )\
o | o o s
m o m o /. m o
2 [_Z%a(vm) olmpa T 555 mac it ]_ Bag + a550mC%
9. IIMNPI)
o B
5 [DaFmpq - ’YmaﬁGﬁpq] — 2(Kﬂrrﬂ{:j@pq + (7[1))045([{4) |m|q]
10. II™JA\*
1 q B
0= _57 aﬁ(K4) mq
11. ™o\
o | o o
O = TP DaF o+ G+ (10050

12. 90> N™ \P

14 MORE SUCH TERMS



{ WRITE DOWN THE ANSATZ FOR SUPERFIELDS OF INTEGRATED
* VERTEX AND THE LAGRANGE MULTIPLIERS

“* SUPERFIELDS APPEARING IN INTEGRATED VERTEX

Fron = [1Gmn ; Grma = 91Vma

Ko = g8 gmo . Has = Wy By

e = fs(v""P) gk Brpg : E = fok"(7,)* W,

Finpg = f3Gm[ka] Jr«70437%19(1 ; Ggq = 92W590\Ijq]0+93kr”750k[p\11q}0

Hpna = ho k[m\Pn]a -+ h3kq(/7q[m)aaan]a

Gmnpq — 9416 B n|pq T g5k B Jmn T g6k[mGn][pkq] + g7 n[m[qu]n]



“* LAGRANGE MULTIPLIER SUPERFIELDS

(Ki)p = k™ ()" Wi

(K2)png = CQk[m’}/:]ﬁ\Ijqﬁ + cgkqu[of\lfn]g + 0475‘ kim Yoy + csk" 720 W5 + cgk™y 0‘5 \SFE

7’(1

+ ok kY kW s 4 ek Y g Vg
(K)o = coGmn(7")* + c10km Bt (7)™ + c11ks Brum (7"")*” + 12k Buuw (7,,°)
(Ka)pn = 13(%) Wing + c1a(m) g + 15k ki (1) W + 16"k (1) W
(K5)a5m = ci7k qu( pq) _|—CISBmpq( )a5+0193pqr( pqr) + cookmk qus( pqrs)ag

(Ko)2 = etk () Wy

SUBSTITUTE THESE ANSATZ IN THE 26 EQUATIONS



ELIMINATE THE BASES FOR THE CONSTRAINTS FOR WHICH THE
LAGRANGE MULTIPLIERS ARE NOT INTRODUCED.

EXAMPLE

/
* CONSIDER THE CONSTRAINT  : d,dg: + :dgd,: + %ant(%)(w — 0

6. OIL, A\

Pq B __
< THIS RELATES 3 (m7™)saChg = Hma

7. dadg)\

< RE-EXPRESS 6 COMPLETELY IN TERMS OF 7 * ONE EQUATION LESS



SUBSTITUTE THE ANSATZ AND SET COEFFICIENTS OF ALL THE
BASIS TO ZERO.

QU =0V + EO: I, K,
=1

EQUATIONS RELATING

a, {f17f27°°' 7f57}7{917927”' 797}7h17h27h37{617027°” 7621}

SOLVE FOR THE ABOVE EQUATIONS

TO FIND ........






) (1)
IMPLIED TRANSPARENTLY FROM IMPLIED SUBTLY FROM

Ay A) = 0 () myy —
(A7™A) IMPLIED BY OPE (Ay™A) =0

<

ll THERE DOES NOT SEEM TO BE YET OTHER WAYS IN WHICH ANY CONSTRAINT
CAN APPEAR

l THIS CAN BE A REFLECTION GOING FROM MASSLESS STATES TO MASSIVE STATES



LETS RECALL THE ACTION

(AY™A) =0
2 2 1 m 9 aYale! 3\
S = J/d z <§8X 0X,, + pa00% — w0\ )
I, d, We = Wa + A" (YmA)a

% IN ORDER TO WORK IN GAUGE INVARIANT FASHION

(Wey A7) el (], N \P) + CONSTRAINTS
/ \1A

(wa)\oz) §<wa,ymn)\oz>



@® The OPE among the various fields are given by

o) = —5 ) 4 () = 500 )
(VW) = 3= DV () + o IV () =~V (w) £
1) = 5 e N = G W)+
N () NP (1) — — 2(?;<f'z)2nm[qnp]n ' f'w) (e i — i)
) =~ ) = ) o
where, ;
v o Da = 5z + (7")asb O

| | 1

non-singular terms any Superfield  spacetime derivative ~ Super-Covariant Derivative



(1)

CONSTRAINTS IMPLIED TRANSPARENTLY FROM (AY™)) = 0

/

1
Nmn)\a(’)/m)aﬁ — §J)\a(’yn)a5 =0 CLASSICAL

1

NTEXT 2 (2)(Ymag — 5 8 JAT (2) (V" )ag — a'ap0A%(2) = 0 QUANTUM

CONFORMAL WEIGHT 1, GHOST NUMBER 1

GO TO HIGHER CONFORMAL AND GHOST NUMBER BY TAKING OPE



1

()5 = NN (das — 5 JIN 2 (7)o — 0 £ JOX 15l = O
(L™ = NTNPX: (3)as — 5 2 NN (3%)05 — o s N0 2y = 0

()3 = doN™ X (s — 5 Ao TN (1)ap — @ gD 2y = 0

(L) = (TN (y)as — 5 TEI 2 (1) — o  TPON -9y = O

(I5)3" = 00N A" (Ym)ap — % 007 JNY 1 (V" )ag — & 1 0070NY iy = 0

()5 = ONT™X: (st s NN () = 5 £ 0N 2 (1" = 5 JON £ (17)ag

— /Y0P = 0



(1)

IMPLIED BY OPE

/
cdads : + tdgdy s + %aHt(%)aﬂ — 0

OZ/

NTNTL - NPINT = [n“paqu _ GNP _ PN | pmag NP

(1)

CONSTRAINTS IMPLIED SUBTLY FROM (Ay™)) = 0
Ex. N"P"NP'"G,,, =0

WHEN PRESENT THEY LEAD TO SOME COEFFICIENTS UNDETERMINED






K" G =0 & "G = 0




Outline

® Review
® Unintegrated Vertex
® ¢ expansion

® Result

® Sample Computation
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Reviewj

® The world-sheet pure spinor superstring action is given by [N. Berkovits]

s=2 [ Gaxmaxm + b — waﬁ)\o‘)
87

where, (X™,0%) forms a 10 dim. superspace m =0,1,---,9 and a=1,2,---,16

® )\ is a bosonic spacetime spinor (has 11 ind. component) as it satisfies

AMTA=0 V m This is pure spinor constraint

(v™)ap are the components of the 16 x 16 Gamma matrices

® Do and Wq are the conjugate momentum fields of ¢ and )\ respectively

42



@ Pure spinor constraint imparts the following gauge transformation property

Wo — Wao + A (7" A)a 11 independent Wy
: : : : : 1
® To work with gauge invariant objects we introduce N = iwa(ymn)o‘ﬁﬁ , J = we\*
: . 1
along with the constraint D 5 XY Dyl = o/ v0 300 (2)

| 1
_ m B m B no Q0o
@ To keep SUSY manifest we work with

1
m m m paqnpB
™ = OX™ + S50 00

@® Given this we never have to invoke w, , p, and 0X™

43




Field Conformal g, cetime Nature ~ Grassman
Weiaht —__Nature

Vector Even
Left Weyl Spinor ~~ Odd
Right Weyl Spinor Odd

Left Weyl Spinor Even

Right Weyl Spinor Even

Rank 2 Tensor, Scalar Even

Worldsheet and Spacetime nature of all variables

SPECTRUM

® BRST operator —> {(Q) = j{dz A (2)da(2) Q2 — 0 )\fym)\ — ()

® Physical states in spectrum V' — QV =0]and | V(2) = V(2) + QQ(2)

44



@® The OPE among the various fields are given by

o) = —5 ) 4 () = 500 )
(VW) = 3= DV () + o IV () =~V (w) £
1) = 5 e N = G W)+
N () NP (1) — — 2(?;<f'z)2nm[qnp]n ' f'w) (e i — i)
) =~ ) = ) o
where, ;
v o Da = 5z + (7")asb O

| | 1

non-singular terms any Superfield  spacetime derivative ~ Super-Covariant Derivative



AMPLITUDE PRESCRIPTION

e R e e e S

@® The tree level scattering amplitude for N external states is given by

Ay = <V1V2V3/U4---/UN>

where, V and U are the unintegrated and integrated vertex operators

@® The above correlation function 1s normalised as

(AY™0) (A" 0) (AVPO) (0vmnpl)) = 1

Schematically

<)‘3‘95> ~ 1 (Keep this form in mind)

B — e —



Technical Details

@® The normal ordering is a nested contour integral

:A1A2“‘An . (Z)

® Anti-Symmetrization  7lm-mal =

® Symmetrization T(mi-mn) —

® Gamma p-form 02— Ty

@® Super-covariant Derivative property {Do,Dg} =2(V™")agOn = (Y )** Do Dg = %687”




® Gamma Matrix Convention {I'"™,T"} = 2™ 3232 where I'™ = ( ) 0 (Vm)aﬁ>

® Gamma Matrix Symmetry property

_ la2k] k
Py = e = ()
ai...azk+41 L k_a1...02Kk+1 . k
Yos _ (_) o ’ 7a1 ask+1 af _ (_) ,yal a2k+1 B
@ Bipinor Decomposition
1
Aozﬁ = Aa735+Aa1a2a3’7gzlﬁa2a3 +Aa1-~a5/ycc)bzlﬁma5’ Aal"'ap - Fp'vgg”al p
1
Baﬁ — B[O](Sg + Ba1a27a1a2 aﬁ s Ba1a2a3a4,ya1a2a3a4 aﬂa Bal...ap — Fp'ryapmalﬁaBaIB

@® Useful tensor contracted Gamma Identities

(V™) %5 (mn )" s = 4(Y™) g (ym) ™ — 20505 — 80305

(Y™™)% (Ymnp)?* = 2(7™)* (9pm) g + 6(7) 05 — (p > A) (Vi) 2 (Y™) = 12 () M (7™ = () ¥ (7™




Pure Spinor Superspace Identities

l mn
(A" 0)(A"0)(MP0) (075u0)) = 15505t (C.1)
1 "
(P 0) (M) (A1) (0721a8)) = = 810151, (C2)
1 mnpqr 1 mnpqr
<()\fymnpqr(9)()\789)()\7t0) (efyuvwe» — _Eéstugg) o Me e stuvw <C3>
1 —
<()\’Yq(9)()\’)/mnp9>(A’YTSte)(e’Yuvwe» _ ~ 550 _nq[UHZ[réint][még]cgg] _ nq[unz[mégnp][?“(gfu]cgiq
1_mn r ¢s st r¢s , t][m sn Sp
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1 mnprstuvw
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1 vim sn r 2 m en r| v
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Unintegrated Vertex

® We shall be considering the open strings states at (mass)* = o;  [Berkovits, Chandia]

@® For the purpose of this talk, basis is any operator constructed out of the set

I, da, 90% , N T, A%

® All composite operators must follow the above order.

@® The general form of the unintegrated vertex operator 1s

Vo= B g,

@® An unintegrated vertex at mass®> = — is constructed out of linear combination of basis with

/

conformal weight n and ghost number 1.
® For example at massless leveln =0 V = A"A4,

® Here A, = An(X,0) is a spinorial superfield that contains all the degrees of SYM



@ At first massive level the open string states form a massive spin-2 multiplet comprising of
128 bosonic and 128 fermionic degrees of freedom.

@® The bosonic degrees of freedom are contained in a symmetric traceless field 9mn (44)
and three form field Omnp (84)

@ The fermionic degrees of freedom are contained in a tensor-spinor field Vsa (128)

@® These satisfy the equations

Umngmn =0 : amgm’n =0 ; ambmnp =0 ; amwmoz =0 : 7ma5¢mﬂ =0

2

@ The pure spinor superstring at mass® = contains precisely this spin-2 supermultiplet

Oé/

® We briefly summarise the construction of this vertex.



Step 1 Construct the most general scalar out basis of conformal weight 1 and ghost # 1

V o= OXN*AL(X,0)+: 00°X\*Bog(X,0) : + : dzA\*CP (X, 0) : + : TN\ H,,o (X, 0) :
+  JAYEL(X,0) 4+ N A F (X, 0)

. . 1
Step 2 Solve QV = 0 respecting the constraint : N™"\* : 4,45 — 5 INY 1yl = a'y5 300 (2)

(’anpqr)aﬁ [DaBpy — ’7371{35] =0,
(anpqr)aﬁ[DaHsﬁ — 730476@6] — U,
o 1 s
(/anpqr) ﬁ[DaCVﬁ =+ 634EB + 5(7 t)fyozFﬁst] — Oa

« S o o S
(anpqr) 5[DaAB =+ Baﬁ -+ O/’Yﬂfyascvoz - _DﬁEa + _(7 tD)ﬁFOéSt]

VWIYS

t
— 2Q,7%€qurfyaﬁ nStKvwa:y?

(Ymnp)*[DaAg + Bag + 0/75,05C7a = - DgFo + (77 D) g Fasi]
= 160" 750 Vo5 Kays:
VrimparDaBs = Titnpgr (7" )ap K puay
Vompar DaF 5" = = 1npgr (V7Y ) ap K hyay:



Step 3 Take care of redundancy arising because of nilpotency of BRST operator vV ~V + Q0

gauge fix

Ca/@ — (’ymnpq)aﬁomnpq and "}/ma’BFﬁmn = (i

Result

@® One finds the following result [Berkovits, Chandia]

3 1

HZ = 2(mnD)aB™, - Cinnpg = 15 0mBupq)y Fa =0, Aa =0
7 1
Fomn = 1_66[mHn]a - TGaq(Vq[m)ﬁaHn]ﬁa
s 1 af su 1 af s U
Kmnpq — 1920 (,ymnpquDOéFB R ﬁ%u[mnp%] DO&FB )

@® Substitution of these in fifth equation of Step 2 result gives

1
(Om 0™ — _/)Bnpq =0 — (mass)2 é

8

—————

| ——




® B,unp describes massive supermultiplet. ™

possible since
@ What about the degrees of freedom? ,

® Berkovits-Chandia’s rest frame analysis » aspin 2 supermultiplet

@® Our covariant description of this statement follows from the constraints we found
[Mritunjay, Subhroneel , S K ]

® The lowest component of the upper superfields satisfy the constraints given earlier.

@® We next proceed to theta expansion.



Theta Expansion

@® In order to determine the theta expansion we require [Mritunjay, Subhroneel, S K ]

DaGsm — 16ikp(’7p(s\lfm))a

Do B = 12(Vimn V) )a + 240"k K (V)e1n Ul

1 m 2 mn 2 m DN
Doz\Ist — 1_6G3m/ya5 + ﬂk‘mBnps(/y p)ozﬁ — mk b pq(/)/smnpq)ozﬁ

along with

K G =0 & "G = 0 |




® A superfield S has the superfield expansion (we denote its components by small letters)

S =54+ 5,0%+ 54, 4,070
1 2

® We denote superfield components by small letters

® The lowest component of By, , Gun and U,,,,  are given by Omnp 5 Gmn and ¥,
® Recall D, = 0y + (Y"™)apt”Om

@ The action of super-Covariant derivative is given by

DoSlgt ¢ (V™) apOmSaran-—anr 1070 -+ 0171 + (1 4+ 1) Sy, , 072 - - - 01+

..al—i—l

® In particular Dy Slo=0 =S

@® Repeating this process we see that we can determine complete theta expansion.



@® The theta expansion for fermionic superfield is

(9) kt buvw

nps

(’Ys mnpqe)ﬁ km ((gfytuvwnpq(g) kt b

(Ysmnpqg®) sk™ (077700, Pk

—%kp(’yw)ﬁ(w(m%)p@) - ikm(vmnw)ﬁ(w[s%ﬂ@) - i(%m"pq@)ﬁkm(%%p@)
—éo/kmkrks(Wmnpe)ﬁ(%%ne) + %&O/(’Ymnpe)ﬁkmk%s(Q’anr@) Ipa
_%éz(ymnpe) sk (677 0) 041 — %@(vsmnpqﬁ)ﬁkm(ﬁ%pt@) g*
—g%kp(W)ﬁ(e%q@@) Gm)g — %(Vmw@)ﬁkmwww
)07 )by —
507 Ok —
961&, (V"0) (07" (;0)bimyrg + 9—16(vmﬁ)ﬁ(Hv”q"“H)knk<sbm>qr



@® The theta expansion for bosonic superfields are

3 3@

Bog = ’Ygznﬁnp bimnp + 12(VpYmnt) + 240/ K" b (Vpyrn8) + _(Q'Ymnqe) 9pq — _(H’Ytu 0)kibuny
3 /1 UVW
+Z& k km((g%n qe) gpq 24 (efytuvwmnpe)ktb T _Zk (wvfytu ) (978tuvmnp9)

_4zak8ktkm ((9’}/75“”9) (wp%u ) + Zk (H/thn ) (¢p78t6) —|_ Zk (Q/thne) (¢t/)/sp6)

+2iks (075tmb) (Ynyepl) — ks (07stm) (Veynpt) + O(6") (4.14)

Gom — 16zkp(¢(m%)p )+ kp(ﬁmmv 9) Gsyn + §kp(97p<mvtqr9)k|tbqr|s>

1 niqr 3 T n
ok o O knbrgr + S0 Kk k(0" 10) ()

18
] 4

_gktkp(e%(m’y 0)(Yns))id) — §ktkp(e’7p(m’7mq9) (¥15)Ynq)9)
2 nr

_§ktkp<‘9”7p(m”7 t q‘9><¢q7m“ ) + 0(94)




Sample Computation

® We illustrate the steg)s in computation by computing (partially) three point amplitude for
a three form field 9mnp and 2 gluons.

@® Rccall that the amplitude will not involve any integrated vertex

Ay = (VIV2VH)

® The SYM vertex is given by /1,2 — )\ A(lx,2

L (70)a(67™0) (0,67,0)

gluon [Harnard, Schinder ; Ooguri, Rahmfeld, Robins, Tannenhauser |

® We take the third vertex to be the massive



® Recall that (A\°0°) # 0

@® Since 3 )\ are present we need to find the sources of §

Va(l) VAL V;
.................... 113
____________________ 131
3 _________________________________________ 1 _________________________________________ 1 ____________________

Distribution of # for non vanishing amplitude

@® Taking the plane polarized gluons and 3 form field

Clgrlb) (X) — 67(71L>6’ip1-X , agr%) (X) — 67(7%)62'192-)( ’ bmnp _ emnpeik.x
e Pl =0 ey =0 : emnpk”" = 0] Transversality condition



@ After using the OPE and using normalisation stated earlier and adding all the contributions

(

_ mnp (1) ,(2)
AS * 81926 ep €n (p2)m

® We had done theta expansion by hand upto cubic order in theta.

@® The above amplitude however also receives contribution from quartic order.

® We developed a Mathematica code that reproduces our result and can compute to all order.

® This however is part of a future publication.



/

NGO

» Use of integrated form of the vertex 1s required for computing loop amplitudes and a lot
of tree amplitude for the massive states. We are currently working on finding this vertex
and are very close to completion.

 After finding the integrated vertex we plan to compute various kinds of tree and one loop
amplitudes.

 Final goal is to compute two loop renormalisation in heterotic strings which was the
motivation for starting this project.



COMMENTS

® There are huge number of terms and gamma matrix algebra involved in these computations.
These however are no hurdle for computers. The amplitude computation 1s highly
algorithmic and can be coded in very user friendly CAS like CADABRA and Mathematica.

@® Pure spinor superstring was formulated in year 2000 and the indispensable use of computers
and 1ts adaptability to computers make Pure spinor truly a 21st century formulation.

® We thank Kasper Peters for developing CADABRA and U. Gran for
developing GAMMA
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Advertise

ment

& Pure spinor does not make easy computation easier, but, makes difficult computations
possible in practise.

~ The only 3 loop string amplitude 1s computed in pure spinors [Mafra, H. Gomez]

p-loop 4 graviton amplitude vanishes above one loop. [N. Berkovits]

Image copied from
Joost Hoogeveen
Thesis (2010)

35] (non-minimal) two more conjectures based on string dualities pre-
§sented and subsequently proved. The first theorem states that when 0 < n < ‘
12, O"R* terms do not receive perturbative corrections above n/2 loops. The ‘.i‘
Second theorem states that when n < 8, perturbative corrections to 9" R* §




(p,theta) is bc cft with lambda=1 so that for each pair c=1.
(w,Jlambda) is beta-gamma system each pair gives c=1.

Multiloop Amplitude prescription

A:/d39_37<N(y) H( dwz’,ui(wj)b(wj))n dz;U(z5))

Why lambda”3 theta”5?

e BRST closedness follows from the pure spinor constraint (Ay™\) = 0 and its particular

form (AY™)a(Aym)s = 0.

e Expressions of the form \* #° cannot be BRST exact ~ Q(\? 6°) because one cannot build
a Lorentz scalar from two A® and six §°: The bispinor \®\° = £_40()\7mnpqr)\)7%%pqr only
has a five-form component and it can be checked using the LiE program [309] that its
tensor product with an antisymmetric six-spinor 81 ... %! does not contain any Lorentz

scalar?.

e Uniqueness follows from the fact that the tensor product of three A* and five 6° contains

one scalar.

2Tt is essential that the five form is the only SO(1,9) irreducible in a pure bispinor: The vector (Ay™\)v%? is

p mnp

absent due to the pure spinor constraint, and the three form vanishes because of the antisymmetry vzﬁn = Vag]



The decv(;;nposition of a Weyl spinor under the SU(5) subgroup, 16 — 1 & 10 & 5,

1 1
Supercharge o = ]{ dz(pa + 573%95 O + ﬂv%(vm)w@ﬁ 070°).
m 1 m « «
5,X" = S mym0) . 60T =
SUSY trans 1 . 1 .
57]poz - 5 aXm (777 )a + é (777771 ‘9) (8‘97 )Oé



