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Introduction
[

Manifestation of symmetries in physical observables

Two essentially different ways that a symmetry is realized (linear vs nonlinear)

» Manifest:
Ground state invariant.
Consequence:
1) Spectrum degenerate on irred. reps.
2) S-matrix invariant.

» Hidden: (or spontaneously broken [Nambu, Goldstone])
Ground state not invariant. But currents still conserved!
Consequence:
1) Existence of (spin 0) Nambu-Goldstone (NG) bosons.
2) Soft theorems relating S-matrices with and without NG insertions.

Yet another type;

» Gauge symmetry - rather a principle than symmetry:
Necessary to reconcile SR and QM for massless spin 1 and spin 2 bosons.
Consequence:
1) Massless spin 1/spin 2 bosons with only two d.o.f. (ind = 4).
2) Soft theorems relating S-matrices with and without a gauge boson.
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Recent fuzz/developments

» Gauge theory soft theorems from asymptotic symmetries in GR
[13, ‘14, ‘15 Strominger et al.]

» New graviton ssL soft theorem (tree-level) - "14
Spinor-helicity & BCFW: [Cachazo, Strominger]
CHY formalism: [Afkhami-Jeddi], [Schwab, Volovich]
Gauge invariance: [Broedel, De Leeuw, Plefka, Rosso], [Bern, Davies, Di Vecchia, Nohle]

> New (double) soft theorems in gauge, string, supersymmetric and
effective field theories (hidden symmetries?), new collinear results, etc.
* ok %
» New uses of soft theorems:
Effective field theories from soft theorems [Weinberg ‘67]
[Cheung, Kampf, Novotny, Trnka ‘14], [Low ‘14], [Huang, Wen ‘15], [Bianchi, Guerrieri, Huang, Lee, Wen “16]
Soft BCFW construction [Cheung, Kampf, Novotny, Shen, Trnka ‘15], [Luo, Wen “15]
Extended theories from soft limits in CHY [Cachazo, Cha, Mizera ‘16]

A:’heoryl soft limit P A:lhjciryl@theoryz + O(Tp+1), p> 0.
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Introduction
o

Soft Factorization Theorems

Soft emission theorems: universal low-energy properties of amplitudes

Factorization only symmetry-dependent (universal)

S(rq;ki) =77 SL 4+ 7" S+ 7" Se. + -+ + O(77)
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Introduction
o

Soft Factorization Theorems

Soft emission theorems: universal low-energy properties of amplitudes

k;
Factorization only symmetry-dependent (universal)
S(Tq;ki) = 7—71 SL + TO SSL + 7—1 SssL +--+ O(Tp)
Famous Examples:
‘58 Low’s soft photon theorem - gauge invariance Sy, Stree
‘64 Weinberg's soft graviton theorem - gauge invariance S, Stiee, stree
‘65 Adler’s pion zero condition - shift symmetry SLs SeL
‘66 Double-soft pion theorem - coset symmetry St, SeL
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Introduction
o

This Talk: Scattering of soft (massless, closed) strings

» Soft emission of gravitons, dilatons and Kalb-Ramond in string theories

Work with Paolo Di Vecchia and Raffaele Marotta:

1. JHEP 1505 [arXiv:1502.05258]
II. JHEP 1606 [arXiv:1604.03355]
III. JHEP 1612 [arXiv:1610.03481]

String corrections to new graviton soft theorem,

New dilaton soft theorem,

New Kalb-Ramond soft theorem [unpublished]

> Soft emission of a(nother) dilaton in spont. broken conformal theories
Work with Paolo Di Vecchia, Raffaele Marotta and Josh Nohle:
IV. Phys.Rev. D93 [arXiv:1512.03316]

New (exact) theorem in spontaneously broken CFTs
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Soft Theorems and Symmetries

Nambu-Goldstone boson of spontaneously broken conformal symmetry

» CFT with a Lorentz-scalar primary operator £ with
(0l£(0)[0) #0, = (0T};|0) #0
D and K, broken, P, and M,,,, (Poincaré) unbroken
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Soft Theorems and Symmetries

Nambu-Goldstone boson of spontaneously broken conformal symmetry

» CFT with a Lorentz-scalar primary operator £ with
(0l£(0)[0) #0, = (0T};|0) #0
D and K, broken, P, and M,,,, (Poincaré) unbroken

» Only one Goldstone mode (dilaton) [Low, Manohar ‘01]
(OIT v 1€59) ~ 4,0 (0[£(0)[0) ,

Oully =Tl =0(=0%¢), Al = 2xp0(—%¢)
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Soft Theorems and Symmetries

Nambu-Goldstone boson of spontaneously broken conformal symmetry

» CFT with a Lorentz-scalar primary operator £ with
(0l£(0)[0) #0, = (0T};|0) #0
D and K, broken, P, and M,,,, (Poincaré) unbroken

» Only one Goldstone mode (dilaton) [Low, Manohar ‘01]
(OIT v 1€59) ~ 4,0 (0[£(0)[0) ,

Oully =Tl =0(=0%¢), Al = 2xp0(—%¢)

» Ward identity (WI): (Concerning (J*o - - - )11 = T*{0]]* (x)p(x1) - - - ¢(xx)[0))

—iqu(f“(q)dg"'%zﬂ — <0;J“</N5"'>n+1 + é (- ..55)(1{[ +q)
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Soft Theorems and Symmetries

Nambu-Goldstone boson of spontaneously broken conformal symmetry

» CFT with a Lorentz-scalar primary operator £ with
(0l£(0)[0) #0, = (0T};|0) #0
D and K, broken, P, and M,,,, (Poincaré) unbroken

» Only one Goldstone mode (dilaton) [Low, Manohar ‘01]
(OIT v 1€59) ~ 4,0 (0[£(0)[0) ,

Oully =Tl =0(=0%¢), Al = 2xp0(—%¢)
» Ward identity (WI): (Concerning (¢ - ),y1 = T* (O] () (x1) - - - 6(x)[0))
i@ Yt = O G Y + 3 (- 600k +4) )
» Soft WI:

F@ P EDD-Yur = = 32 (- 80k +4) -+ O@)

i=1
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Soft Theore: Symmetries

Soft Theorem from Ward Identities

LSZ on WI of broken dilatation current [Callan 70, Boels&Wormsbecher 15], [IV]

o (E(@)dkr) Vg1 =—i D (d—D— (ki +q) ) (ki +9)
i=1

B2 oTri(g k) = [D —nd — ki Oy 3

(1+4q- <’>;,‘)} Ta(ki) + O(q)
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Soft Theorems and Symmetries

Soft Theorem from Ward Identities

LSZ on WI of broken dilatation current [Callan 70, Boels&Wormsbecher 15], [IV]

vf(f(q)@(h)- Vg1 :*ZZ (d—D— (ki+7q) - 8,([) (- plki+q) -

LSZ

1 o7 (g k) = [Dfndfz_kfak,.fz " (14q-0 )}mmw(q)

LSZ on WI of broken /C,, currents [1V]
: <# - og;) <1 +q- 8 + %f){fi){f)] T (ki) + O(q)

= 2008 Ty (g, ki) = z{ _zda-f“

i=1

— Tl Rlow = | L 5 (kp - 20f) -5 1

(%2 0p00) | Tk
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Soft Theorems and Symmetries

Soft Theorem from Ward Identities

LSZ on WI of broken dilatation current [Callan 70, Boels&Wormsbecher 15], [IV]

vf(f(ﬁ)@(kl)' Vnt1 :*ZZ d* (ki +4q) - 819-) <-»-g£(k,+(])<~),,

LSZ

=X oTh(g k) = [Dfndfz_ki.ak;z

(1+q- >]m>+o<q>

LSZ on WI of broken /C,, currents [1V]

n m‘? KH quq .
— 200 Tut1(q: k1) = X2 [ —2da“ <— - ()J{\j) <1 +q- 0 + %0{0‘(0‘)] Ta(ki) + O(q)

i=1
= Tat1(0, k)o@ = [% > (’C,“ - Zdak'j) - ; (%‘)7‘)/))] T (ki)
7 7

Soft behavior completely fixed through ssL order

"D —nd qu " "
vﬂ+1(ﬂ§ki)=2{ —Di + ) </C *2d3>

i=1 n

III‘ L quvlp v ap 2
i (l +qu8f + 2/ U/\»,‘)/f,)] Tu(ki) + O(q7)
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Soft Behavior of Closed Strings

String Amplitudes and their soft limits

Tree-level string amplitude
Mk, k)~ RV (24K - Vi Gz, o) (@60 Jtosed
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Soft Behavior of Closed Strings

String Amplitudes and their soft limits

Tree-level string amplitude
Mk, k)~ RV (24K - Vi Gz, o) (@60 Jtosed

Suitable for studying soft limits (of bosonic sector) [I]

n o dz i
M@K, o) ~/%(vm,kl)-‘~vn(zn,k,,)>/dzH<vq(z,q)v,(zj,k,)>
j=1

Mk, k;
k) 59 Thizi )

Follows, since V; can be exponentiated (bosonic sector).
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Soft Behavior of Closed Strings

String Amplitudes and their soft limits

Tree-level string amplitude
Mk, k)~ RV (24K - Vi Gz, o) (@60 Jtosed

Suitable for studying soft limits (of bosonic sector) [I]

! dz -
Mok ~ [ 2B k) V) [ 8 [TV Vi)
j=1

Mk, k;
k) 59 Thizi )

Follows, since V; can be exponentiated (bosonic sector).

Existence of a soft theorem for g < k; implies

M S4(g, {ki, z1}) = S(q, k) Mo + O(q)

Extendable to multi-soft expansions
For double-soft gluons and scalars, see [1507.00938, P. Di Vecchia, R. Marotta, M.M.]
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Soft Behavior of Closed Strings

Polarization stripped amplitude of a soft massless NS-NS closed state

» Amplitude linear in polarization vectors:

M1(g, ki) = €q,u€q,v Mf:il(qa ki)

» Physical polarizations (KLT: open xopen = closed)

de = (e e a) + (e @) + ()
N——_———

———
v ety v
g ¢ B

with

v _ 1" =0T g . ]

s = b5 » qG=1, §=7=0, ¢ &=vD-2

» Gauge invariance implies

My (g, ki) = MY (9, ki) =0
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Soft Behavior of Closed Strings

( 1o}

Soft Massless Closed Bosonic StI‘iI’lg graviton, dilaton, Kalb-Ramond

Simplest case: Bosonic string scattering on n closed tachyons
ki kY

y 1A%z akk/z Tak o i K
n k) ~ i ; d o’k
Miga (0, k) / 10y H Iz =3 ZH LD G-2)z-7)

ij=1

R CENES SR

10/17



Soft Behavior of Closed Strings

[ o]
Soft Massless Closed Bosonic StI‘iI’lg graviton, dilaton, Kalb-Ramond

Simplest case: Bosonic string scattering on 7 closed tachyons

v SV I "ki-kj "0k o k'K
Mig k) ~ [ e ] H\z, Z° /dzzH|z S )

= E-2)GE-7)

S @ i s D= kR T

Soft—expansion of I{ (master—integral) Leading term independent of z; - Weinberg Soft Theorem

j#i jFi ket

+ o' 3 (k) log? |z — 7| + log A* + O(4%)
j#i

j o “7 ki ( i <2i — Zm ) . (Zi — Zm > Zm — % lzi — Zj‘
~ Z ip | —— ) —Lip | —— | —2log ——— log ————
el Z — % zi — zj Zi — % |zi — zm|

—log |z — z; | + logA2 + O(q )

IfNQq P <1+0< PC fl)IOgIZ,—ZH-iZZ( Li)(kkfl)h)g\zz—ZHOgIZ‘—ZH>
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Soft Behavior of Closed Strings

[ o]
Soft Massless Closed Bosonic StI‘iI’lg graviton, dilaton, Kalb-Ramond

Simplest case: Bosonic string scattering on 7 closed tachyons

1w "I I "kik; Taky o kt'ky
MU (g k) ~ d‘QMIH\zl T /dzzH|z Al S

by (z—z)(z—-7%)

SEY (g kD=0 KR )

Soft—expansion of I{ (master—integral) Leading term independent of z; - Weinberg Soft Theorem

j#i jFi ket

+a’ S (kg) log? |z — zj| + log A* + O(4%)
j#i

j o “7 ki ( i <§i — Zm ) . (Zi — Zm > Zm — % lzi — Zj‘
~ Z ip | —— ) —Lip | —— | —2log ——— log ————
el Z — % zi — zj Zi — % |zi — zm|

—log |z — z; | + logA2 + O(q )

IfNQq P <1+0< PC q)IOgIZ,—ZI%—iZZ( Li)(kkfl)h)g\zz—ZHOgIZ‘—ZH)

Decomposed soft function

I (g, (ki zi}) = Zkf“kj“)zll + Zk}“k/ﬂz{

i i

log A2-terms vanish due to momentum conservation.

Dilogs become the Bloch-Wigner Dilog appearing only in the antisymmetric part (here vanishes).
Matin Mojaza Strings




Soft Behavior of Closed Strings

oe

Soft graviton or dilaton emission from n-tachyon interaction

v " 7 c(pr
M = My xS (g, (ki zi}) = 59 (g, k) M + O()
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Soft Behavior of Closed Strings

oe

Soft graviton or dilaton emission from n-tachyon interaction

" v 7 o(pv
M = My xS (g, (ki zi}) = 59 (g, k) M + O()

? =Yes: [[,IV]

R " TkFkY klg,L?  1q,L'Pq0LYe v
S(MW Jki) = |: i T P e ot +r H :|
=3[ - el
A pv 1 n#”qpqg_ — n”q#qp — ngquo-> ( 19) o 0 _ o )
. == 7 k? £ 0
[nL 2 ( q- ki ! 8kia * i 861'0‘ N K 6Eio
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Soft Behavior of Closed Strings

oe

Soft graviton or dilaton emission from n-tachyon interaction

v v 7 Sy
M = My xS (g, (ki zi}) = 59 (g, k) M + O()

? =Yes: [[,IV]

50 (g, k) =3

" {k{‘k}’ _ Ml 1gftelte HV}
1

-1 []kl L]k, 2 L]k,
e 1 (" G0q0 — 59" qp fn‘p‘q”qo> ( o  ,0 0 )
=5 K ; ’
[nL 2 ( q 'ki ! 8kia * i 861'0‘ N K 6Eio

No soft a’-operator!
In the field theory limit o’ — 0, M,, becomes the amplitude of n massive ¢3 scalars [Scherk ‘71].
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Soft Behavior of Closed Strings

oe

Soft graviton or dilaton emission from n-tachyon interaction

v v 7 Sy
M = My xS (g, (ki zi}) = 59 (g, k) M + O()

? =Yes: [[,IV]

R " TkPkY ktg,LYP LHPg LYo I
S(llr'/)(,%k’.) :Z |: i ]é g qﬂkz _ %qp i qk i [ ]f" :|
“lok 4k q-ki

~ur 1 ynz 0_7V/J. 7MVO_ I~
“7,<’7 Tpo — N5q"qp npw><k 9 ..

i =3 q-k ki

+ 0
& O€io
No soft a’-operator!
In the field theory limit o’ — 0, M,, becomes the amplitude of n massive ¢3 scalars [Scherk ‘71].

The graviton case
] iz

E‘fw[n =0.
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Soft Behavior of Closed Strings

oe

Soft graviton or dilaton emission from n-tachyon interaction

v v 7 Sy
M = My xS (g, (ki zi}) = 59 (g, k) M + O()

? =Yes: [[,IV]

n K1y H vp Hnp vo
S g ) = 3 S B DAl BT ]

-1 []kl L]k, 2 L]k,
e 1 (" G0q0 — 59" qp fn‘p‘q”qo> ( o  ,0 0 )
=5 K ; ’
[nL 2 ( q 'ki ! 8kia * i 861'0‘ N K 6Eio

No soft a’-operator!
In the field theory limit o’ — 0, M,, becomes the amplitude of n massive ¢3 scalars [Scherk ‘71].

The graviton case
ALY
&l =0.

An antisymmetric state with # hard tachyons

(] _
M =0.
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Soft Behavior of Cl
o

Soft factorization of n + 1-point amplitude of closed bosonic strings

Same procedure and problem:

?
MUY = My xS

@) (g, k) M + O(7)

4 (g, {ki, zi}) 7/612 _ (<~—v,>2 +\/7k“ ) 3 (<h—:,>2 + f;;)
Xexp{ sz ]exp[ z\ﬁ E]H|z

Expansion in q: All integrals involved related to I{ by IBP and PF identities
Warning: Through O(q) appear 24 new types of kinematic structures

Z a qk
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Soft Behavior of Cl

Soft factorization of n + 1-point amplitude of closed bosonic strings

? .
Same procedure and problem: M}/, = M, x S#* = S (g, k) My + O(?)

s tzn = [ 5 (25 + /¥ L) ) s (2 )

<~—:,>2 ~*ii
Xexp{ Z\/i i% }exp[ Zf E]1_[|z za”k

Expansion in q: All integrals involved related to I{ by IBP and PF identities
Warning: Through O(q) appear 24 new types of kinematic structures

..Once the dust has settled, the symmetric case yields [II]:

iy n kMK k}L ].1//7 1 ]gL/? d]iua . .
Sk =3 [qllé o l:,pk’- B 5% Iq -qk ) ]
i=1 1 1 1

@ -

o kiki N [, @ ., @
= (‘70‘ o + Qokintiow = Npunow (i - 7) = 4p0s 7 _’q > (f‘ +e >

E
' O€io ' O
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Soft Behavior of Closed Strings

Soft factorization of n + 1-point amplitude of closed bosonic strings

? .
Same procedure and problem: M}/, = M, x S#* = S (g, k) My + O(?)

s tzn = [ 5 (25 + /¥ L) ) s (2 )

<~—:,>2 ~*ii
Xexp{ Z\/i '}exp[ Zf E]1_[|z za”k

Expansion in q: All integrals involved related to I{ by IBP and PF identities
Warning: Through O(q) appear 24 new types of kinematic structures

..Once the dust has settled, the symmetric case yields [II]:

o n k* kY k.“q e 1q ]?qud]f’a ~ v ~
) (o :Z[z i kel 149, i P T }
. k) = q-ki ! q-ki 2 q -k +[n]l +[a][

po o kipukin, o 0
[a'li == (Goknon +dokinniow = nppnow ki -q) = q4odo = ef — +& —
T2 i q O€io O€io
. . g pv  __ agraviton g Vi laid
Soft graviton: €uv Sbos Steld theory T €hi (/]
['64 Weinberg], ['68 Gross, Jackiw], ['14 Cachazo, Strominger]; ['14 Brodel, De Leeuw, Plefka, Rosso], [‘14 Bern, Davies, Di Vecchia, Nohle]
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Soft Behavior of Closed Strings

The Superstring Story and the Question of Universality

» Observations [III]
a) Muqp1 = Mnu*S = Muy * (Spos. + Ssusy) ,
b) My = M M,

No new integrals appear in Ssusy through O(4?)!
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The Superstring Story and the Question of Universality

» Observations [III]
a) Muqp1 = Mnu*S = Muy * (Spos. + Ssusy) ,
b) My = M M,

No new integrals appear in Ssusy through O(4?)!

. kP kY
Sbos. = €10, Tt O(¢"), Sasy =0+ 0((")
i=1 "
ktq s kl'q ;
. S b .
Sbos. |O(q0) ~ —iey, z ﬁf{uﬂ/\’l" ) SSusy‘o(qO) ~ —1€,bw Z ﬁ]inMrbl

Seos. o ~ BV HADM L Susylo gy ~ SV M+ SIMD UM —[a]M,
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The Superstring Story and the Question of Universality

» Observations [III]
a) Muqp1 = Mnu*S = Muy * (Spos. + Ssusy) ,
b) My = M M,

No new integrals appear in Ssusy through O(4?)!

. kM kv
Sbos. = €10, Tt O(¢"), Sasy =0+ 0((")
i=1 "
Kiq kg .
. S b .
Sbos. |O(q0) ~ i€y, > ﬁf{uﬂ/\’l" ) Ssus),"o(qO) ~ i€y, > 7[; - k’:],‘l’pMi

Seos. [0 gy ~ SV HDMy s Sasy[ gy ~ ST M+ UMM~ [0l M,

> Soft theorem for a symmetric state in superstrings

MU = (3], ) M+ OP)

Equivalent to field theory! But # Bosonic (and Heterotic) string.
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Soft Behavior of Closed Strings

Three-point Amplitudes and Low-Energy Actions

Bosonic, Heterotic and Type II Superstring low-energy actions (Ao = %, é, 0)
[Zwiebach, PLB156, ‘85], [Metsaev, Tseytlin, NPB293, ‘87]
1 1 -4
S=— [dxv=C {R — M 0,00, ¢ — —e VD3% H,, JHIVP
2r% 12
——2=6¢ 12 2 2 )
ta'\ge VD3 [RWW —4R%, + R 4 ] 1 O(a )}

Amplitude of three massless closed bosonic or super strings (Ao = 1, 0)
MYV () ey k) =26kp (017262 4+ (0 1,2,3) + 20/ Xkl 3Kk ) X (pi ¢ v1)

For the heterotic case take (bosonic) X (supersymmetric).

On-shell gauge invariance fixes soft theorems of the graviton and dilaton!
[Bern, Davies, Di Vecchia, Nohle “14], [Di Vecchia, Marotta, Nohle, M. “15], [Di Vecchia, Marotta, M. “16]
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Soft Behavior of Closed Strings

The Dilaton Soft Theorem - Tree-level Universality!

> 1975: Renormalization of dual resonance models
[Shapiro], [Ademollo, D’Adda, D’Auria, Gliozzi, Napolitano, Sciuto, Di Vecchia]

> New dilaton soft theorem through ssLO:

- !
e o], =0
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Soft Behavior of Closed Strings

The Dilaton Soft Theorem - Tree-level Universality!

> 1975: Renormalization of dual resonance models
[Shapiro], [Ademollo, D’Adda, D’Auria, Gliozzi, Napolitano, Sciuto, Di Vecchia]

> New dilaton soft theorem through ssLO:

v !
ey '], =0
Universally and for k.2 = —mlz, we observe [II]
9p N1
e s,waz_zp+2 zlch’ > 320 81,5, +d (a5 +Gpp )|
i= i=1

_yom PO 4 Lppgo 08
i; o |19 5 T 2979 s

Local operators are purely conformal transformations: Scalar pole-terms are
P mass-couplings:

D =k'—, &

ok i
& & d ki+q
KP =k° — 2kH SsHe
F =R ook, 2 ook, T B
..empirical observation! Hidden symmetry? q°

n

. — D—nd __ L wo_ N
Sncatmon = 32 [ 252 = Dy Y (K1 — 240 )] 20 G Mk + )
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Soft Behavior of Cl

New soft theorem for the antisymmetric case (B,,,) (unpublished)

v

Ktk
> Recall that leading term -~ 'li is manifestly symmetric.

i
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Soft Behavior of Closed Strings

New soft theorem for the antisymmetric case (B,,,) (unpublished)

My v
> Recall that leading term k}{k‘; is manifestly symmetric.
1
» Subleading terms: 3 in general a holomorphic soft theorem: [I]

kv np KHTve _
- Z Qp ] qp—l] My (ki e ki, &)
o ki-q k=k

iz
n+1
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Soft Behavior of Closed Strings

New soft theorem for the antisymmetric case (B,,,) (unpublished)

My v
> Recall that leading term k}{k‘; is manifestly symmetric.
1
» Subleading terms: 3 in general a holomorphic soft theorem: [I]

kv np KHTve _
- Z Qp ] qp—l] My (ki e ki, &)
o ki-q k=k

iz
n+1

> pv antisymmetric:
gk (L —Lywe 1
P ! ! — *(L%/M _ LVU«)
k,‘ -q 20 !
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Soft Behavior of Closed Strings

New soft theorem for the antisymmetric case (B,,,) (unpublished)

My v
> Recall that leading term k}{k‘; is manifestly symmetric.
1
» Subleading terms: 3 in general a holomorphic soft theorem: [I]

kv np KHTve _
- Z Qp ] qp—l] My (ki e ki, &)
o ki-q k=k

iz
n+1

> pv antisymmetric:
q k.[U(L- — E)H]P 1
Pl i i = Z(L'* — L")
k,‘ -q 20 !
Gauge invariance, ESW — ng + 4uXv — quXp , implies

n

n
Z(Li — L)Y My (ki €3 ki, a)‘k:}? = Z(gi — SO My (ki e ki &),

i=1 i=1 k=k
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Soft Behavior of Closed Strings

New soft theorem for the antisymmetric case (B,,,) (unpublished)

Hpv
> Recall that leading term k;{k:i is manifestly symmetric.
1
» Subleading terms: 3 in general a holomorphic soft theorem: [I]

np KHTve _
- z ’ + T s e)|
o = ki-q k=k

iz
n+1

> pv antisymmetric:
et ) L NP
k,‘ -q 20 !
Gauge invariance, ESW — EEW + 4uXv — quXp , implies

n

n
Z(Li — L)Y My (ki €3 ki, a)‘k:}? = Z(gi — SO My (ki e ki &),

: : k=k
i=1 i=1
Leading to a physical sL soft theorem:

V , 1 o _
n!j—l] = IZ [ — SyHle — 5(5:‘ =S ] My (ki, €, &) + O(q)
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Soft Behavior of Closed Strings

New soft theorem for the antisymmetric case (B,,,) (unpublished)

Hpv
> Recall that leading term k;{k:i is manifestly symmetric.
1
» Subleading terms: 3 in general a holomorphic soft theorem: [I]

np KHTve _
- z ’ + T s e)|
o = ki-q k=k

iz
n+1

> pv antisymmetric:
et ) L NP
k,‘ -q 20 !
Gauge invariance, ESW — ng + 4uXv — quXp , implies

n

n
Z(Li — L)Y My (ki €3 ki, a)‘k:}? = Z(gi — SO My (ki e ki &),

k=k
i=1 i=1
Leading to a physical sL soft theorem:
5 - 1 S\ _
ﬂil] = _IZ [ — SyHle — 5(5:‘ =S ] My (ki, €, &) + O(q)

> At ssLO: obstruction by the Bloch-Wigner-Dilog, but the soft theorem leads to a
universal decomposition (to appear).

Matin Mojaza



Conclu

Summary and Conclusions

>

>

Studied soft behavior of M 511 in different string theories through O(g).

Found generic ssL soft theorem for Mfli"l)

MB) —

n kv KH vp 1 np S I -
e Z [¥ _ b 9p); - 7%], 9ol + [77],# +a ,]; Mn<k”5h€i)+o<qz)

q-ki q- ki 2 q-ki
Higher-order effective operators modify graviton soft theorem at ssL
graviton soft theorem is different in bosonic/heterotic/superstring!
The dilaton soft theorem remains the same in all string theories!

Surprising observation: Contains the space-time generators of conformal
transformations!? (resembling the NG dilaton)

Found a sL soft theorem for ML +l] ; true (gauge) obstruction at O(q).

Ml 712 K'a, q” (S — Syle — 7(5 Z5)M | Mk, e, &) + O(q)

Last tree-level step: The RR sector of Type II superstrings? (in progress)

Loops? Low-energy action of superstrings?

Matin Mojaza
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