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Motivations

In a nutshell: my research revolves around

Scattering Amplitudes,

and

String Theory,

with a view towards (Flat-Space) Holography.




Scattering Amplitudes and Flat Space Holography

* Celestial Amplitudes: Dual formulation of D=4 amplitudes in 2D CFT.
e Carrollian Amplitudes: Dual formulation of D=4 amplitudes in 3D CFT.
Bottom-up approach: constrain S-matrix in the IR.

— ex: asymptotic symmetries (BMS), soft theorems, memory effects.

[Bondi, van der Burg, Metzner ‘62]
[Strominger “17] [XK 23] [Donnay ‘23] (reviews)

— The Carrollian and
celestial perspectives are
related by integral
transforms.

[Donnay, Fiorucci, Herfray,
Ruzziconi’22 & ‘23]
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Celestial Holography

Mellin transform

oo
Recast S-matrix into boost eigenstates: Pox(Th; 2,2) = f dw o tetiwar—ew
[Pasterski, Shao ‘17] [Pasterski, Shao, Strominger ‘17] 0 (:F')AF(A)
?
Celestial primaries are conformal primaries — [~z - q(2, 2) Fie]A

of 2D CFT with scaling dimension
A =1+ LA, X € IR [deBoer, Solodukhin ‘03]

4 0o
B idn energy is
Acel — | | / dwn W, A integrated out
n=1v0

[Pasterski, Shao, Strominger ‘17]
CCFT is an exotic CFT: amplitudes have distributional support [Schreiber, Volovitch, Zlotnikov “17]

Amplitudes:

Conformal multiplets, celestial OPE

[Strominger “17] [Pasterski ’21] [Raclariu ‘21] (reviews)
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Why String Theory?

Features of amplitudes derived from string theory (ex: double copy, BCJ amplitude relations)
[Kawai, Lewellen, Tye ‘86] [Bern, Carasco, Johansson ‘08] [Stieberger ‘09] [Stieberger ‘24]

UV: soft behaviour of string amplitudes, EFT for higher spin theory
[Gross, Mende ‘88] [Gross, Manes ‘89]

String worldsheetis a 2D CFT: connections to CCFT?
[Stieberger, Taylor ‘18] [Jiang ‘22]

Top-down construction, cf. AAS/CFT

“What is one example of a top-down construction of a 2d
celestial dual for a string compactification to 4d?”

Prof. Andrew Strominger (Harvard), Strings 2024
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Background

We are currently elaborating on a string worldsheet connection to
flat space holography, as first pointed out in

S. Stieberger and T. R. Taylor,

“Strings on Celestial Sphere”
(Nuclear Physics B, 2018)
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Four-Point Tree-Level Amplitudes

a4 N\ partial amplitudes, no
il 3,— canonical trace factor

1, + 3,— 1,+ 3, —
L ﬁé s>0,u<0, sopoles
* Yang-Mills: TP P]‘ due to massive string
excitations appearin

2,4+ 4, — 2,+ 4, —

2,+ 4, the s-channel only

o /

o Type | Supel’String: Astring(]-u 2? 37 4) —

F(l — S)F(l — u) AYM(L 2. 374) [, = \/a
L(1+t) !
Mellin transform Veneziano amplitude >
s =o' (pr+p2)°, t = (p1+p3)®, u= o (p2+ps)°
* Celestial string 4-pt amplitudes:
* UV-softness renders Mellin integrals finite: celestial string amplitudes are well-defined

- Simple overall dependence on a’: (a')? (tree-level) [Pasterski, Shao, Strominger. ’17] i\
* Low-energy and high-energy limits also recovered. [Stieberger, Taylor 18] B — _5

2mod
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Representations of String Amplitudes

&

Celestial Amplitude

Tensionless String (Field Theory) _Zd(CtFTd 4 inherited
high- Trzam N standard, inherite
energy from string theory)

!/ . . .
o — oo | super-Planckian limit A — 00 (Pasterski, Shao, Strominger *17]
Stieb Taylor’18
Type | Superstring ~ Celestial String ED;inzsgeGr’irizifretal] 23]
Amplitude Mellin transform Amplitude [Castiblanco, Giribet, et al. ‘24]
o =0 field theory limit r—0 7r— o0 (four-point,tree)
& v ' A 212434
. Yang-Mills ~ Celestial Amplitude 4 = 93741
ow- : g ,
energy Amplitude Mellin transform (Field Theory) =2d CFT
(non-standard) )
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Representations of String Amplitudes

K Celestial Amplitude \

Tensionless String (Field Theory) =2d CFT
high- Theory 4
energy
! o . .
o — oo | super-Planckian limit A — 00 (Pasterski, Shao, Strominger *17]
. . . [Stieberger, Taylor ’18]
Type | Superstrmg : CelesthlStrlng [Donnay, Giibet, et alil
K Amplitude Mellin transform Amplitude [Castiblyu Giribet, et al. ‘24]
o =0 field theory limit r—0 r — oo (four-point,tree)
4 v — : A 2127234
l Yang-Mills ~ Celestial Amplitude A 4 = 93241
ow- . b : -
Amplitude : Field Theor
energy P Mellin transform ( y)

& J
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Representations of String Amplitudes

K ~ Celestial Amplitude \

Tensionless String ? (Field Theory) =2d CFT
high- Theory ) 4
energy
! o . .
o — oo | super-Planckian limit A — 00 (Pasterski, Shao, Strominger *17]
. . . [Stieberger, Taylor ’18]
Type | Superstrmg : CelesthlStrlng [Donnay, Giibet, et alil
K Amplitude Mellin transform Amplitude [Castiblyu Giribet, et al. ‘24]
o =0 field theory limit r—0 7r— o0 (four-point,tree)
4 v — : A 2127234
l Yang-Mills ~ Celestial Amplitude A 4 = 93241
ow- . > : _
energy Amplitude Mellin transform (Field Theory)
\_ J
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Results

We find:

* An exact matching of the 1/a’ and 1/
expansions,

* at all subleading orders in the quantum

fluctuations around the classical solution.
* The string worldsheet becomes celestial.

12
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High-Energy String Theory and the Celestial Sphere

[XK, Stieberger, to appear]

— ]' mn
Astring = Z —,nAgtr)ing(’r') A matching order by order
n=>0 (Qf ) H/ dwj J stlmg,(r Z
. Tensionless String ! Celestial Amplitude Acelr = < B “‘”
Pl B Theory Mellin transform (Field Theory) ..
// \\\
! 1 |
high-energy X saddle-point
representation expansion
‘\\ o' — 0o | super-Planckian limit A — o0 y
“~<__ | TypelSuperstring _ Celestial String -~
Amplitude Mellin transform Amplitude
Astring — F[(CE/, 7/‘)14\{'1\/[(7’.) Acel,l X (()g’)ﬁf(’r" /6)
)
f=—=
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This is highly non-trivial as the Mellin transform mixes IR
and UV physics.

It hints a dual description of high-energy string theory as
the large (conformal) energy expansion on the celestial
sphere:

* soft modes = higher-spin states
* celestial sphere = string worldsheet

Allows for the interpretation of the CCFT as a 2d free
worldsheet CFT.

14






Prospects for Future Research

— Generalizations: higher-point, beyond tree-level [Castiblanco, Giribet, Marin, Rojas 24]
[Donnay, Giribet, Gonzalez, Puhm, Rojas ’23]

— New per tive to understand tensionl trin
ewperspectiveto derstand tensionless s gS [Schlotterer, Stieberger ‘13]

Relation to field theory (higher-spin) & double copy? [Stieberger 24]

Tensionless strings exhibit BMS symmetry.

cf. ambitwistor construction. [Bagchi“13][Bagchi, Chakraborty, et al. "24]
[Casali, Tourkine ‘16] [Casali, Herfray, Tourkine ‘17]

— Implications for the study of amplitudes in AdS
[Alday, Chester, Hansen, Zhong ‘24] [Alday, Hansen, Nocchi ‘24]

— What about Carrollian strings? Flat-space limit of AdS/CFT? [Stieberger, Taylor, Zhu ‘24]

— Low-energy vs. high-energy representations: [Mizera“18][Mazloumi, Stieberger 23]
twisted intersection theory mixes o’ <> 1/a/

17/03/2025
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Yang-Mills and Color-Ordering

[Elvang, Huang ‘14][Dixon ‘13]

Gervais-Neveu gauge

A A CAACAAL

f = T(TT'TY) — TRe(TTT)

1 2 .
L="Tr (—QQLAV@MAV _ z'\/iga“A”AyAu + gZAMAUAUAIu> YM Lagranglan

}m( - . j%f D C: = +  permutations
(Ta)f,f_] (Ta)fj_z — a‘lfz (5;.)'1 l a_)'] ()_fz
1 2 1 N. Af;ﬂl,tree _ gn—2 Z A 2 TL ]TI,(Ta1TJ(a2 Tan))
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4pt Gluon Yang-Mills Amplitudes

212234
-AYM(_J —, T, +) — T 54(W1Q1 T Waa — W3(q3 — w4q4)
12434
Acel YM — 87’(’5 7” — ?” (Z A ) (H __h hjz,f;hihj) ’rg(?“ — 1)%
1<
1A 1 \9 1 A3 1\ N
== == — 14+ =2 — 1. 4
hi 9 ho 9 h3 T 9 hy 9 ']Z — hz — @'z
7)\1 — Z)\Q — ’L)\g - Z)\4 A’L —— hz —+ h/z
— e — 14 = _ 7 _ 4
hl 1+ 9 ) h2 - 2 h3 9 ) h4 9
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The Infrared Triangle of Gravity

Bondi gauge

grr = gra =0 and J,.det (gA;B) = 0.

Retarded Bondi-Sachs metric

ds® = —Udu?® — 2e*’ dudr + JAB (dacA

memory effects
displacement memory

Fourkr transform

vacuum tyansition

Ward identity

asymptotic symmetry soft theorem
BMS supertranslation ~ Weinberg's leading soft graviton theorem
17/03/2025

[Strominger ‘17] [XK 23]

T2

1 1
+ §UAdu) (de + §UBdu) .

memory effects
spin memory

— Construction of an
operator whose insertion in the
4d tree-level quantum
gravity S-matrix obeys
Virasoro-Ward identities of 2d
CFT stress tensor

Fourlgr transform

superrotatign charge

Ward identity

asymptotic symmetry soft theorem
BMS superrotation Weinberg's subleading soft graviton theor

[Kapec, Mitra et al. ‘17]
21



dual field theory
assumed to live on AFS
3D null boundary (=
Carrollian manifold)

[Lévy-Leblond ‘65]

CCarr = BMS

[Duval, Gibbons,
Horvathy ‘14]

Cn ({Ul, 21, 21}?1 g

17/03/2025

Carrollian Holography

[Donnay, Fiorucci, Herfray, Ruzziconi ‘22]

Flat Spacetime

4d Gravity in Asymptotically

Complementary
poinls of view

Carrollian
holography

&

Carrollian fields

3d CCarr FT n vs -
Conformal fields
‘I'{k_.k] (x)

. {un,zn,zn}f};)

- oo dwz 1E; Wi U = 1€1
:H — € Aﬂ({wlﬂzljzl}Jlﬂ"’
i1 0 2

— . Scatlering data on & |
i

fiydoaliojoy
10438313

2d Celestial CFT

Oa j(z?)

Awn, 20y Z0}T) -

Galilean vs.

[Herfray ‘22] Carrollian limit

Carrollian Limit

c— 0

(M, ) K\/)

Galilean Limit

C— OO

Absolute
time T’

A\

<

7r “Absolute space Y

(M —T, h**,¥,) (M — %, hyy,nt)
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4pt Gluon Type | Celestial String Amplitude

4 h_p 3. h_ 7. 7. 5 2_
Acel,l — 4(0/)ﬁ6(74 R 77) (H ij A 2’1?7 ; hj) TTB(T o ]')TB[(Tv 6)
1<J
1 -1
I(r,8) = 5/ dww " Fi(rw, —w)
analytic continuation < ’

1

a <0 [(7", ﬁ) _ F(12_ 6) (_a)—B/ d:):f(:zi)eﬁg(x)
0

e—9(@) 1

glz)=In[—Inz+aln(l —x)]. f(z)= . o=
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Double Copy in String Theory

Tree-level four open superstring amplitude (canonical color ordering):

I'1—s)I'(1 —u)

Aym(1,2,3,4)

Tree-level four closed superstring amplitude:

M

17/03/2025

=T

sul'(—s)['(—u)I'(—1) -

t ['(s)I'(w)(2) Aym(1,2,3,4)Aynm(1,2,3,4)
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Small a’ Representation

Tree-level four open string amplitude (canonical color ordering):
[Schlotterer, Stieberger 13]

Ao(1,2,3,4) = exp 4 Z C((;:)) (SQn o2 — tzn)}

C2k+1) / oprr | oke1 | ,ok41
><eXp<Z 2k 1) (s + u + 77 2 Ava(1,2,3,4)

Tree-level four closed superstring amplitude:

(2k + 1) .
My = 7r— exp { Z C% ey R S TR AR } Aym(1,2,3,4)Ayn(1, 2,3, 4).

Double copy: MO =TS SV.A()(I, 2, 374) X AYM(L 2,4, 3),
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Classical Solution at High Energies %ﬁ% &
//\\ ~—
1

4

Integrated over the
2a’ Djp
A~ i (zpz) / pxndzzn@ e

boundary of the disk

]<l 21 :0
1 2o = Z
/ / I'(1— I'(1 —
~ gf dz|z‘2ap1'p2|1 _ Z‘Qa p2:pP3 q ( Q S) (, au) + other 25 =
0 F(l + at) channels 2z — o0

1/2
Stirling: A ~ (27_{_&!)1/2 (%) / e—a’sln(a’s)—oz’uln(a’u)—oz’tln(a’t) (_1)éa’sa’u
(s channel)

Dominates path
From the POV of spacetime:  X¥(() = —i Zpg In (1 —

integral at high

¢ ) (classical solution)
pi =0 energies

Zk
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