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Why disk amplitudes?

® First quantum correction to sphere level

® Higher derivative corrections to DBI action?

_(I)€10€10R4 leads to correction

to 4D EH-term

Eg. ~e

[Antoniadis, Ferrara,
Minasian, Narain (1997)]

® Heterotic / Type | duality seems to predict such a term
[Green, Rudra (2016)]



e Type ll:

lIB (inhereted by |)
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leads to correction to 4D leads to correction
kinetic terms of scalars to 4D EH-term [Antoniadis, Ferrara,

Minasian, Narain (1997)]

® Heterotic:

(C(3)e™2® + T)tgts R* — ((3)e *Peqge10 R



® How is this compatible with heterotic / type | duality?

g/SIV) — e_q)het (het) q)

g,uy : I — _(I)het

e Possible answer: S("¢t) in 10D contains
[Green, Rudra (2016)]

\/g(het)e—q’het/Q JOES/Q(e_(I)th) _ \/g(het) 77_212

Disk level!

/
g(l)e—q’I/QJOES/Q(e—CI’I) 4 /g(I) %222

) J() — t8t8R4 — %610610R4

[de Roo, Suelmann,Wiedemann (1993)]

* Ip = —1eppe10R* +

* L35 = ((3)e T3/2%ner 4 T_oPret/2 4 o — pert.
S-duality invariant



Origin: Disk and/or projective plane
Direct check requires 5-point graviton amplitude!

Alternatively: Check for EH-term correction from
disk / projective plane in type | on Calabi-Yau Y3

~ e_q)XYSR

How can disk / projective plane amplitude of gravitons
depend on Euler number Xy, of Calabi-Yau Y73 ?



Pure spinor formalism

[Berkovits (2000)]

® Manifestly super-Poincare covariant

® Loop amplitudes calculable via non-minimal formulation

® Equivalence to RNS formalism shown in many
examples (mainly amplitudes of massless states;

for examples with massive states cf.
[Chakrabarti, Kashyap,Verma (2018)] )



® Can lead to simplified calculations of amplitudes

* Complete quartic effective action of type |l
at tree level [Policastro, Tsimpis (2006)]

* Closed string 4-point 3-loop amplitude in type |

at low energy [Gomez, Mafra (2013)]

* Arbitrary n-point amplitude of massless open
Stl’ings on the disk [Mafra, Schlotterer, Stieberger (201 1)]



CFT

® Type lIB-action for 10D flat space-time:

1 _ _ Y Y
§=o /d2z (30X™ X, + padO” + D, 00" + wadA* + WA
70

/

(AY™A) =0

i.e. A pure spinor

® \" w, commuting

o h(0%) = h(\*) =0, h(pa) = h(w,) = 1



® Supersymmetric fields (relevant for vertex operators):

1™ =90X™ + 2(64™09) ,
do = Po — 3 (OX™ + 2(07™00)) (YmB)a
(antiholomorphic analogs)

® OPEs (needed to perform contractions):

X"(2,2) X" (w,w) = —n™"In |z — wl|?

B B
pa(z)eﬁ(w):jfw o wa(2)N (w) = jﬁw




® Nilpotent BRST operator:
Q= 3\

(AY™A) =0 — Q° =0

/ [ (w)

4o (2)ds(w) = — 22

< — W

® Cohomology of () coincides with superstring
SPeCtrum [Berkovits (2000)]



Massless vertex operators

® Open string

* Unintegrated

VO(z) = N4 (X, 0)] ()

1 mn
5 (Wy™"A)
* |ntegrated 2/

VI (2) = [00 Aa(X,0) + 11" A (X, 0) + da W (X, 0) + 3N Frun (X, 0)] (2)

* OVO 0o . Qv — oy © (cf. RNS)



* E.g.: Gauge field with polarisation &, :

Aa(X,0) = e+ {5—m<vme> :

9 o 1_6(7p‘9)a(‘9/ymnp9)2k[m€n] T 0(95)}

sz{ ——zk eympq9)§q+0(94)}
sz{ % m&n(7770)" +0(93)}

Fon (X, 0) = e S 24k m&n] — —zk[pfq]zk (Q’yn]pqﬁ) - (9(@4)}



® Closed string (G,,,,,, Byur, ®,i.e. NS-NS-fields)

mmn»

* Emn — fm & gn
x V@G =vW)eV®z), abe{0,1}

#* V(@ contains factor

ik X (2) ik X (2) _ ik [X(2)4X(2)] _ ik X (2,2)



Tree level correlators

® After fixing conformal Killing group:

n—2
AZEed(1,2,.. n) = <v1<0’“><z1,z1> 11 / d%iv;“’”(zi,zz->v7§9’?><zn1,zn1>v?§0’0><zn,zn>>
1=2

n—2 21
AR1,2,. o n) = (VP (z) T / dz VI () V' (20 )V (2) .
i—2 Jzio1 \take this

as example

® Integrate out non-zero modes via Wick's theorem, using
(X" (2) X (w)) = =" In(z — w)

B B
a(2)0P (W) = 22— (wa ()M (w)) = — 2

< — W < — W




® Tree level:only h = ( fields X™ 0% \® have zero
modes

— All h =1 fields 060“, 11", d,, N™" have to be
integrated out via Wick's theorem

—> After Wick contractions and integrating out X
zero modes, one ends up with:

n—2
<v1<0><zl> I1 vi<1><zi>v7§°>1<zn1>Véo><zn)> = (X7 ki) (A“NONY fapy (05 20)),

=2 Vs Vs
zero mode zero mode

Integration Integration
of X™ of 0%, \“



® Zero mode prescription:

(AMYO)(AY"0)(APO) (0Vmnpt))o = 1
%—/

unique element of ()-cohomology
with 3 factors of A

® Projects out coefficients of \*§° -terms of

N NN fopn (6; 2)

® Need to integrateoverz; , 1 =2,...,n — 2



Closed string disk amplitudes

[Bischof, M.H.]

® Earlier results on 3-pt fct of | closed and 2 open states
N type | [Alencar (2009); Alencar, Tahim, Landim, Costa Filho (201 1)]

e Type IIB with Dp-brane along X! ..

L XP

o V(z,2)=vVW( V" (z) , »eH,

® Employ doubling trick: X' (z) = D™ X"(Z)

/

Dmn:<

0 otherwise



[Garousi, Myers; Hashimoto, Klebanov;

® Doubling tl’iCk fOI" SpinOI"S Gubser, Hashimoto, Klebanov, Maldacena

(1996)]
T (2) = M%UP(2) , Ta(3) = N, Uu(3)

® Relations between D, M, N (eg N = (m")~") allow rewriting:

V) = (N AE M) () = (N 4D E DH(X.0) (2

V(2) = (80" Au[D-E, D|(X, 0) + TI™ A, [DE, D-K)(X, 0)

L, WOIDE D-E|(X.0) + %Nm”]:mn DE D-H(X,0)) (3

—> (Can use same contractions as above, but
allow both z and 2



® Conformal Killing group PSL(2,R) only allows to
fix one and a half closed string vertex operators

Aclosed( - n) _ following [Hoogeveen, Skenderis (2007)]

— Qig?Tp/ dy <V( ) (2y)V _(1) —1y) H/ d2zj vt 1) Z],Ej)VTSO)(i)VéO)(—i)>
/ 0
D-brane T

tension
cf. also [Grassi, Tamassia (2004); Alencar, Tahim, Landim, Costa Filho (201 1)]



2-pt fct

1
lose . =D, () P
Aclosed (1 9) — 927 / dy <v1<‘” (i) V" (—iy) VO ()T ><—z>>
0

1
= Qigng/O dy <()\A1[§1, k1])(iy) (590941@[17'51, D-ky] + ™ Ay, [D-& 1, D kA

+do W [D-&y, D-ky] + %Nmnflmn[D'glv Dkl]) (—iy) (AAz[€a, ka]) (i) (ANA2[D-E,, D'kz])(—i)>

kinematic factors

SN

[ dy \"PP -2\ (D dy | dy
~ gch dy 9 2 I I
0 (1+y) (1+y) 2y 14y 11—y
D
Koba-Nielsen factor




® Eg
dv = (i(AA1[&1, k1)) k1-A1[D-&, D-k1)(AA2 (&2, k2] ) (AA2[D-&y, D-ks))
+ A1 1, k| (MY Wi [D-€y, D-ki])(AA2 (€2, k2] ) (AA2[D-&,, D-k2]) )

we applied zero mode prescription using Cadabra [Peeters]

1k1-D-ky —2k; - ko
L,

closed ( t/z) ( ) ’
O A (1, 2) gcTPF(l _ t/2 + 2q ) <2q G §a2>

= Tr(e1-D)k1-€2-ky — k1-€2-Dey-ko — ky-€x-€] -D-k; Same as
—k1°€g'€1°D'k1 — k1'€2°€{'k2 -+ q2TI‘(€1°€g) + {1 < 2} RNS
[Hashimoto, Klebanoy;
— Tr(E]_'D)(kQ'D'€2'D'k2 —+ kl'GQ'D'kQ -+ kQ'D'EQ’kl) Garousi, Myers “996)]
—|—]€1°D°€1°D°€2°D°]€2 — kg’D‘EQ‘E{‘DJCl —+ q2Tr(€1°D°€2°D)

~¢*Tr(er-e]) — (¢ = 1) Tr(er-D) Tr(ea-D) + {1 > 2}



1-pt fct

[Douglas, Grinstein (1987);

e Earlier work in bosonic theory and RNS Liu, Polchinski (1988);
Ohta (1987)]

® Pure spinor:At most 2 factors of A (in V(O’O)) 12

® Alternative zero mode prescription (equivalent for
higher-point tree amplitudes): [Berkovits (2016)]

(1o =1

corresponds to only alternative
scalar element of () -cohomology



2
® Aclosed( ):gch/ d”z <V(1)(Z’§)>

H VCKG ——

/ v e

infinite

— Fix position of V! to z = i and divide by volume of
K C PSL(2,R) leaving z = 7 invariant

K—{( co§€ sin 6 >| 06[0,277]} | cosf 1+ sin 6 _;

—sin @ cos 6 —sinf 1+ cosd

L volume: 27

ACIOsed( ) ~ gchTr(e - D) For.gravi.ton. this corresponds
to linearisation of Tp/dpa:\/j

e Alternative approach  [Kashyap (2020)]



Outlook

RR-fields & fermions
Projective plane cf. [Garousi (2006)] for RNS
Higher n-points

Higher derivative corrections to DBI



Thank you!



