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The infrared triangle (A)

- What are the key ingredients?
Memory effects

- To what theories is this scheme
applicable?

Soft theorems

, _ See e.g. A. Strominger, Lectures in the Infrared
Asymptotic symmetries Structure of Gravity and Gauge Theory (2017)

- Massless particles must be involved

- Two parameters in the “universal” gauge sector:
the spacetime dimension D and the spin s

Andrea Campoleoni - UMONS



The infrared triangle (A)

- What are the key ingredients?
Memory effects

- To what theories is this scheme
applicable?

Soft theorems

, _ See e.g. A. Strominger, Lectures in the Infrared
Asymptotic symmetries Structure of Gravity and Gauge Theory (2017)

- First infrared triangle: D=4 and s=2 (2014)
. Extensions to D=4 and s=0 (2017), s=1/2, 1, 3/2 (2014)

- What about higher D and higher s?
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A: the symmetry — soft theorem edge

Soft theorems

Asymptotic symmetries

- Observation: Weinberg’s (leading) soft factorisation theorems
apply toany D and any s Weinberg (1964)

- Originally related to the Ward identities of the infinite-dimensional
asymptotic symmetries of four-dimensional gravity (BMS symmetry)

. Problem 1: when D >4 one can impose boundary conditions that
Kill supertranslations while still allowing for radiation

(« " Hollands, Ishibashi (2005); Tanabe, Kinoshita,
* No "need fOI’ BMS Symmetry fOI’ D>4 Shiromizu (2011); Hollands, Ishibashi, Wald (2017)

- Problem 2: Weinberg’s theorem = trivial S-matrix for s>2  weinberg (1964)
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A: the symmetry — soft theorem edge

Still. .. see also Aggarwal’s talk

New boundary conditions (for s=1, 2) = supertranslations in D> 4

e same falloffsasin D=4 Kapec, Lysov, (Pasterski), Strominger (2014-2015)

. “Lorenz” gauge iﬂ D >4 Patle, Raclariu, Strominger (2017), AC, Francia,
Heissenberg (2019)

- Generalisation of Bondi gauge to s>2 = HS supertranslations in D=4

e HS supertranslation Ward identities = Weinberg’s soft theorem
AC, Francia, Heissenberg (2017)

- Combining the previous observations = HS supertranslations in D> 4

e ...and HS Superrotations N D> 4 AC, Francia, Heissenberg (2020)
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The “free" infrared triangle

Linear or ordinary memory effects

Leading soft theorems

Asymptotic symmetries \ Valid in any (even) D and for any s!

of the free theory (also requires mild assumptions

on matter coupling)

/ .
Suppose instead that the sigma particle is a spin J field oy, ,,. ,,. For
such a field, the cubic coupling in fig. 1.1 must then be something like

0* 0y Opy oo Opyd - ot#2#7 In fig. 1.1 there are now 2J factors of

N 7

Credits: Green, Schwarz, Witten (1987)
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The “free" infrared triangle

Linear or ordinary memory effects

Leading soft theorems

Asymptotic symmetries \ Valid in any (even) D and for any s!
of the free theory

Why do you care about any s7

e Universality of the infrared triangle see also the near-horizon analysis of
Grumiller, Perez, Sheikh-dabbari,
« High-energy limit of string theory Troncoso, zwikel (2019)
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Higher-spin asymptotic symmetries: the setup

. 1
- Action: S = /dDCIZ‘ gO’ulm’us (./_"M...MS — 5 U(M1M2FM3'°‘M5)A)\) Fronsdal (1978)

.7:”1..,“8 = U ops — a(ma *Ppgeepg) T 8(M1(9H290;L3...M8_2))\>\

- Gauge symmetry: 0@, ..us = O €une-pns)  (With traceless €)
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Higher-spin asymptotic symmetries: the setup

1
- Action: S = /deE QOMS (fus — 5 nuuflli32> Fronsdal (1978)

‘F,Us — DSDHS o all8 ) gpllws—l _|_ a,ua,uasp/is—Q

- Gauge symmetry: 0y, = 0,€,. (with traceless €)
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Higher-spin asymptotic symmetries: the setup

1
- Action: S = /dD:B pH <fus 5 Uuu]:/isg> Fronsdal (1978)

‘F,Us — Dgp,us o 8,11a ) gpﬂs—l _l_ aﬂaﬂgplis—Q

- Gauge symmetry: 0y, = d.€,, , (with traceless €)

- Retarded Bondi coordinates:

ds® = —du® — 2dudr + 7“2%-]- dz'dx’

- Bondi-like “gauge” (or part 1 of the boundary conditions)

0 — ~Y .. o Lo
90""/13—1 p— O — 'y SOZJ,UJS—Q AC, Francia, Heissenberg (2017 and 2020)
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Boundary conds |: HS supertranslations

- Bondi-like gauge AC, Francia, Heissenberg (2017 and 2020)
iy
Pris—1 = 0 =7 iju,_,

- Remaining field components? (part 2 of the boundary conditions)

Falloffs Asymptotic ?YTT?FF??? ___________
D=4 Puy_pip = O(r" 1) infinite dimensional
o8 only global Killing
Any D Prioi (r ) f symmetries
Any D Pue_ iy = O(r" 1) infinite dimensional
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Boundary conds |: HS supertranslations

> Bondi—er gauge AC, Francia, Heissenberg (2017 and 2020)
Iy
Pris—1 =0 =7 Piju,

- Remaining field components? (part 2 of the boundary conditions)

Falloffs Asymptotic symmg_t_r_i_g_s_. ___________
D=4 Ou. i = O(r* ) infinite dimensional
ol — O ~ only global Killing
Any D Pits i (r ) symmetries
Any D Pue_pip = O(r" 1) infinite dimensional
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u-independent asymptotic symmetries

. u-independent residual symmetries of the Bondi-like gauge:

skl o p TR DL D'T(R) 4+ -+ (depend on an arbitrary function
on the celestial sphere)

. Spin-3 example:

| 1 . y 1 1
Euu = T(}A() , Guz = —; 87’T(§() , 62‘7 = 2—702 DZD] — 5 ’}/2‘7 (A — 2) T(}A()

. Compatible with ¢u. i, = O(r*1) but not radiation falloffs!

- OK, you got infinite-dimensional symmetries... but what is the
interpretation of the terms “above radiation™?
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u-independent asymptotic symmetries

- Obs 1: on shell the overleading terms must be pure gauge

s(D+s—5)!

Pug_gix — T

(D) G, 1) (%) + O(rF 173 )
(so they are perfectly fine at least for s=1)

- Obs 2: they do not contribute to surface charges

(—=1)* Qr(u)

T—00

s—1 _
. . T
k=0

s—1

— rlggo rD—4 <Z Oék) %dQD—Z T (D')SO(I_S) + O(T%) ;

k=1
—
0
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u-independent asymptotic symmetries

- QObs 1: on shell the overleading terms must be pure gauge

s(D+s—5)!

Pug_gix — T

(D) G, 1) (%) + O(rF 173 )
(so they are perfectly fine at least for s=1)

- Obs 2: they do not contribute to surface charges

(—=1)* Qr(u)

= lim TD_?’]{
r—00
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Comments on surface charges

- The overleading terms do not contribute, but a divergent
contribution from radiation is still present!

. A “prescription” curing this problem (and giving the “correct”
Ward identities): AC, Francia, Heissenberg (2017 and 2020)

e Assume that for u < up the fields are stationary
e Compute the (finite!) charge for u < uo

« Define Qr(u) as the evolution under the eom of Qr(—)

- Final result:
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Recovering Weinberg’s theorem

“Standard” techniques to recover Weinberg’'s theorem apply

+00 dQT (u)
du

* rewriting of the charge: Qr| ,+ = Qr| ,+ —/ du
— +

— 00

+00
. QT’fj = (=1)°(D+s— 4)/ du]{dQD—Q T(%) 8, U (u, %) |

D—s @(D-)%(%)
~ (D—1)(D—-2)(D-3)

. The charge is rewritten in terms of radiation data!
. Obs 3: Weinberg’s theorem follows by substitution in the Ward identity

(out (QWS — SQJJ) in) = Zg T (%¢){out|S|in)  Awery, Schwab (2015)
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Higher-spin superrotations

- Back to the residual symmetries of the Bondi-like gauge (spin 3)

err:fa
Erizrzvﬁ—ga&f’
A 5 2 = 1
€ij =T Kij—|—’l“ D@vj)—m%ﬂ)-v —I_E 'DZ"D]'—E’}/?;J'(A—Q) f
with
K’LJ:K’ij(}A{)?
(%) — =D K;(%)
V; = Py E— AN ;
pilX) — 5 X
F=T® -2 Do)+~ DD K®)
D1 " D(D — 1)
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Higher-spin superrotations

- Back to the residual symmetries of the Bondi-like gauge (spin 3)

KZJ:Kij()A()a
- u ~
Uz:PZ(X)_BD'KZ(X)a
FoTR) - -2 DR+ DD K®)
=T(X) — - p(X -D-K(X).
D17 " T D)

- Induced variations of non-vanishing field components

2
0Pijk = r {D(ink) ) Vi D - Kk)}

2
+ 7“3 {D(ﬂ)jpk) — 5 ’V(ij [(A -+ D — 3) pk) -+ QDk)D . p}}
702
2

2
+ {D(mjpk)T — = 5Dy (3A +2(D — 3) T}
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Higher-spin superrotations

- Back to the residual symmetries of the Bondi-like gauge (spin 3)

KZJ:Kij(f()a
- u ~
Uz:PZ(X)_ED'KZ(X)a
FoTR) - -2 DR+ DD K®)
= T(X) — - p(X -D-K(X).
D17 " T D)

- Induced variations of non-vanishing field components

2
Opijr = 1" {D@'Ky‘k) G Kk)} =0

2

2
+ 77 {Du@jpk) LRLG (A+D—3)py+2DyD- PH =0 w

2
4 {D(mjpk)T — = 5Dy (3A +2(D — 3) T} — 0 y

-
2
only global Killing

symmetries
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Higher-spin superrotations

- Back to the residual symmetries of the Bondi-like gauge (spin 3)

KZJ:Kij(f()a
- u ~
Uz:PZ(X)_ED'KZ(X)a
FoTR) - 2D p®)+ DD K®)
= T(X) — X -D-K(X).
D17 " T D)

- Induced variations of non-vanishing field components

/ \.
2 zk:O TZ
0Pijk = rt {D(ink) — EW(ijD ' Kk)} =0 N\ i ( )/

2

2
+ 77 {Du@jpk) LRLG (A+D—3)py+2DyD- PH =0 w

2
4 {D(mjpk)T — = 5Dy (3A +2(D — 3) T} .

.
2
supertranslations

+ Lorentz (if D>4)
Andrea Campoleoni - UMONS



Higher-spin superrotations

- Back to the residual symmetries of the Bondi-like gauge (spin 3)

KZJ:Kij(f()a
- u ~
Uz:PZ(X)_ED'KZ(X)a
FoTR) - -2 DR+ DD K®)
D17 " T D)

- Induced variations of non-vanishing field components
2 ( \

itk — O T4
0Pijk = rt {D(ink) — EW(ijD ' Kk)} N\ gk ( )/

2
+ 77 {Du@jpk) LRLG [(A+D—3) Pk) +29k>D-ﬂH w

r? 2
+ {D(mjpk)T — = 5Dy (3A +2(D — 3) T} .

supertranslations

+ superrotations
Andrea Campoleoni - UMONS



Boundary conds Il: higher-spin superrotations

o Summary: @u._, = O(r¥T7?) = HS superrotations

- Interpretation?

2
e g=7 5hij = 7“2 (D(ivj) — m %-j]) y v) + O(T) Campiglia, Laddha (2014)

3 Fradkin, Vasiliev (1986);
e 35=3 Kz’j ~ % Pi ™~ B] 1"~ I:D Eastwood (2002)

- Do they make sense”

 Qverleading terms are still pure gauge

« Bonus: partially massless fields on the celestial sphere

cf., however,

« Charges” More problematic... Compere, Fiorucci, Ruzziconi (2018):
Colferal, Lionetti (2020)

| see also Florueel's talk
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Superrotations & partially masslessness

The overleading terms are pure gauge (on shell)

o Consider Qu, i (ru, %) =Y r " U™ (u, %)

n

 Above radiation order, everything « to ¢;,: U®" o (D.)s"kC =5tk

e Condition imposed by the eom

(D—2n-2s—2)8,0" =[A—(n—1)(D—n—2s—2)—s(D—s—2)]c b

D+2(3_3) n—1
(n+2s—2)(D—n—3) (DD.C( -

D.D.Cc"1
D+2(s—3) ¢ )

 Peculiar behaviourfor3 —2s<n<2-s:consider n -2 —s—t

MED = A~ (D+s—4)+tD+t—5)]CcU=s7Y

D +2(s—3) e
_ DD . C(1—5-t) _
(s—t)(D—|—s—|—t—5)( b-C

D.D.C1=s5-1)
D+2(s—3) " ¢ )
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Superrotations & partially masslessness

- The overleading terms are pure gauge (on shell)

o Consider Qu, i (ru, %) =Y r " U™ (u, %)

n

 Above radiation order, everything « to ¢;,: U®" o (D.)s"kC =5tk

e Peculiar behaviourfor3 —2s<n<2-s:consider n -2 —s—t

MED =A—(D+s—4)+HD+t—5)]cU==79

D +2(s — 3) s
_ DD . 1—s-1) _
(s—t)(D+s+t—5)( ¢

2
D+ 2(s — 3)

~D-D- C(l—s—t)>

* This "kinetic operator” admit a gauge symmetry:  Drew, Gegenberg (1980)
Skvortsov, Vasiliev (2007);

50(1—3—75) _ Ds—t)\(t) with D - )\(t) _ )\(t)/ —0 AC, Francia (2012)
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Superrotations & partially masslessness

- The overleading terms are pure gauge (on shell)

o Consider Qu, i (ru, %) =Y r " U™ (u, %)

n

* Peculiar behaviour for 3 —2s <n <2 —s: Wz— —
S Pt

M) _Q—(D +s—4)+tD +®‘H>

D—I—Q(S—S) ’1__
_ DD . 0(1—5-t) _
(s—t)(D+s+t—5)(

2
D+ 2(s — 3)

~D-D- C(l—s—t)>

* This “kinetic operator” admit a gauge symmetry:  Drew, Gegenberg (1980),/
Skvortsov, Vasiliev .&/

sC1=5=t) — ps—t\()  with -\ = B/ _ AC, Francia (2012),/

/

mass shell of a partially massless field
Andrea Campoleoni - UMONS of spin s and depth t



Summary & overview

- Boundary conditions allowing angle dependent asymptotic
symmetries can be defined for any D and any s

- All contributions above radiation are (large) pure-gauge terms

- u-independent symmetries = (any-s) supertranslations
- Supertranslation Ward identities = Weinberg'’s soft theorems

Even weaker falloffs = (any-s) superrotations

« Renormalise superrotation charges
what's next? « Non-abelian HS algebras

_* Remnants of these symmetries in string scattering?

7

Andrea Campoleoni - UMONS



