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Introduction to Hideo Furugori @

)12 QXP‘/ \& lND
Q V(‘t"! )\_}r :

| got Ph.D. last March! @Nagoya Univ hé‘q_u

s.v. Nojiri-san (Shin‘ichi, NOT Mihoko-san)
My home lab : QGlab NOT E lab

2 Classical/Quantum cosmology
2 Black hole physics

? Quantum phenomena in curved spacetime
» GR/Modified Gravity

Quantum AND Gravity or
Quest for Gravity lab ?

Main interest : What is the Spacetime(Universe) ?

| want to investigate the quantum aspects of gravity
Especially, | desire a minimal but concrete progress

- Bottom up approach from Infrared properties
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Conventional Quantum Scattering

Describe the transition: in state |\IJ;>*-} —$ out state \‘PZ>

{a}, {8} : sets of quantities characterizing the process

Assumption: Scat. occurs in a local region
- In/out states asymptote to (free) particle states
lim |W,(1)); = Q4 \\If:> ~ |®.) Particle state

t_>__ - A A fy
Interaction pic. Heisenberg pic.

Prepare Collide Detect

50 o -~ ®— OO
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Scattering Problem with Particle Picture

L — OO

~ <<I>5|7'exp —z’/ dTvI(T) D) =: SD

Dyson S-operator : Sty 1= Q_l_Q-“_
Dyson S-matrix Sga —p | B Transition rate (probability)

Theory : calculate S and predict I' by considering interactions

Experiment : obtain I' by analyzing data of scatterings



Scattering Problem with Particle Picture

dTVI(T) D

IR ler ence'

Theor et te S and predict [ by con3|der|ng I wgglions

% erlment obtain I' by analyzing data of scatterings



IR Divergence Problem in QED

QED : Photons mediate EM forces bet. charged particles

IR div. Low energy photon corrections make S diverge
Soft photon au(kz h) w/ kO \k’\ =W € [)\ A ] h : helicity

IR cutoff softness parameter

A
Spo = A/A)*2e P50V S3A(A) S w/o soft photons
Soft correction CBQ(A) A > ()
Phase: 63, (A) 22 o Limit does not exist

—% S-matrix cannot be defined

By ignhoring the phase, we can derive predictions

‘2 A—0

Rate: Fga X |C§a(A » 0 Nothing occurs in QED !




Conventional prescription for IR div.

We have limitations of detector’s resolution

- \We cannot distinguish a process w/ or w/o soft photons

Inclusive prescription -
out states contain any soft emission processes

PhyS'Cal transition Sum of n > 0 -soft photons emitted amplitudes
amplitude o« — 3

Soft theorem : My 514, = a—f Fﬁ sof’(c f(;)ctor

~— FObS (AD) w/ Ap: detection limit finite rate !




Introduction to IR triangle physics

IR triangle relation : & _Soft thm.

Soft theorem is equivalent to
» Memory effect

? Asymptotic symmetry ory. k sym.
Strominger’14 @8

Triangles have been discovered/supported in various fields
Gauge, Gravity, SUSY, String,* -
Leading, Sub-leading, * * -

Higher dimensions, Asympt.-flat/dS spacetimes, * -

Let’'s see the case of 4dim. asympt.- flat Einstein gravity



IR Triangle - Memory Effect

Gravitational memory effect :

Permanent displacement
remains after passage of GW .

Zel'dovich-Polnarev ‘74

GW detection '

W/ memory | Fig. from

Strominger’s note

\w/0 memory

-,:‘
.
»

geodesics of

3400 3450 3500‘ o ABSSDL o ‘36(1(} deteCtOrS .
M Fig. from Favata 2010 1




IR Triangle - Asymptotic symmetry

BMS asympt. symmetry :
Transformation preserving

2 Gauge conditions

4 FaII off conditions

Bondi-Burg-Metzner 62 , Sachs ’62

)

& Asympt. sym.

retarded Bondi coordinates x* = (u,r, x
U : out-going null, T radius, 3 e S? O:cov.deriv.on S?

gt-r — 00 w/ fixed U angle-dep. translation
£o = a0y — 17 '0%d4 + 040" a0, g+

A_A A

'_11¢TTTT§§’K,\ i

BMS generator w/ @ — Oz(a:’
Infinite d.o.f. on infinity . & T




IR Triangle - Connections to Soft Thm.

IR triangle : Asympt. sym. dictates IR div. He et.al.’ 14

Jo = on“at + F*o,a lim a(z') = a(z?) # Const.

Noether Current for Iarge gauge sym.

“Large charge” hard/soft part
Q;: — CZZMJ’M Qh [ ] —I—Q :[Oz] See also FH - 2T ’18
ziuzi ° —

m

Assuming Iarge charge conservation in qguantum theory
0 = (out|[Qa, S]lin) = (AQu[a] + AQ.[a])Sisy = 0
AQqy #0 = 5;+ =0 IR div. protects to asympt. sym.

Sisp # 0= AQs[a]Sinf = —AQu[a]Sinf ~ Sis f1r.(a)
Soft theorem implicates memory effect Memory




IR Triangle and BH Information Paradox

Suppose IR triangle in quantum gravity exist
—% Asympt. sym. needs soft gravitons w/ memories
“Soft hair implants” on BH Hawking, Perry, Strominger ’16

" Fall shockwave w/ (¢,m) mode into BH
3. They claimed that information

can be stored on the horizon and infinity
_) via large Charge conservation

4 an_ = gm T Q Soft hair on BH

/—b Soft particles rescue the unltarity problem?
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IR Triangle and BH Information Paradox

Suppose IR triangle in quantum gravity exist

— Asympt. sym. needs soft gravitons w/ memories

“Soft hair implants” on BH Hawking, Perry, Strominger ’'16

\7 ™ Fall shockwave w/ (¢, m) mode into BH
can be stored on the horizon and infinit

\_ They claimed that information
WE£mV e t

— Soft particles rescue the unitarity problem?

Soft thm. cannot save the IR div. In S-matrix




S-matrix is important !

The unitarity of time evolution is
a fundamental principle of quantum theory

S describing the transition process must be unitary

/ 1855055, = 6(a—7) or S'S—1—Ss'

Gives us info. for theories to be discovered

6.9 Restrictions to symmetry Coleman-Mandula 67

Restrictions to interaction Adams et.al. ’06

S-matrix is a clue in exploring the BSM and/or QG !

We need well-defined unitary S-matrix in QFT
Or, we have “info. paradox” even in the flat spacetime
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Conceptual Idea of Dressing

Dyson S-matrix is not defined in QFT due to IR div.
Dressed state formalism(DF) is a good candidate

DF : IR div. is breaking down of the particle picture

—¥ incorporates interaction to the asymptotic states
Asympt. interaction V.,

Dressed stateg, ,\Dressed state

W) ® '_>|\I’5>>

t



Chung Dress -Coherent States

Chung looked for a state s.t.  [((¥5"|Sp|¥a™)| < oo

Chung dress |U5")) = Don |®,) Chung 65

Counter part of displacement op. on phase space in QM.
Disp.op.w/ para.cv € C D, = exp [ozaJr — a*a}

Coherent state |a) = D, |0), a|a) = a/|a) Kiauder 60

" Eigenstate for annihilation op.
Averaged humber <TL> — <Oé‘CLTCL‘C¥> — |C¥‘2 Polarization vector

) E(k, h
Ch _ dSk Ch k)h — o s E—(‘—L—l

— (n) = 00 Infinite # of photon UM ¢ HE

Fock space : space for particle states




Chung’s Limitations and Kibble Dress

e [T5M) = Dyon [Do) = [((T5"Sp|TS™)| IR finite
@ No guiding rule for determining asymptotic states
< No ability to deal with phase divergence

Kibble formalism

By analyzing the structure of N-pt Green function Gj
asymp. states |®,) = [U5) = Djxi |[®0)
S-operator Sp — Sk

= (TESki|TED) IR finite

We need Kibble reduction formula

¢ Impractical due to
@ We can not describe @@ — (¢ process

Redefine both



Coulomb Scat in QM : Dollard Formalism

—

Consider Coulomb scattering process P — P’

Long-range interaction V(%) = C|Z| "
|

Sy, = (7192491 |7) has divergent phase !
lim Qf(t) = QL | Qf(t) = eTleHot  q,juh) ~ |0y

{— 100

Maller or op connects full theory and free theory

Q:H HOQ:_ Intertwiner
In a long-range interaction, this limit is nhot exist !

Dollard formalism Dollard ‘64

Relace Hy — Has(t)= Hy + Vas(t)in QT(¢) to define the limit
——=Asympt. interaction

b Dollard op. Qf(t) = e'ffe ()t todoo, f
Maller op can be defined and S-matrix exist !




Kulish-Faddeev(KF) Formalism

Kibble -

states
Analyze N-pt Green function —¥ S-operator — S-matrix
~ full dynamlcs of Charged partlcles tough

® Trans amplitudes are finite including the phase
@ We can not describe @ — (¢ process

Dollard

Derive proper V,s to define Dollard op

Analyze asympt. dynamics —§ S-operator —§ S-matrix

Kulish-Faddeev
2 Incorporates V. into S-op as Dollard

? Choose coherent states for asympt. states as Chung
> Define S-op as a map HF — HF

Gu1d|ng rule for asympt states’? Enables to describe ¢ — «¢ 7?



KF -Asymptotic Interaction

Extract surviving terms from V'(¢) in |t| = o0
Vi) 5 /dgkdBpA( )i ED)t

Assuming that terms with & (E, p) = 0 can survive
VL () = / Prall (x) 74 (x)

Photon with w ~ 0
p : charge density

Current as partlcle ﬂows vt = pt/Ep
_ y _
Sas(t) = Z1(1)SpZ(—t) . Z(t) = T exp| i / dr VL (r)
OKF |
B.C. : any quanta can not depend on lower Iimit of in integral




KF -Asymptotic States

- L
Z(t) =T exp —i/ dr VaIS(T) — eze(t)D
L 0 |

KF

f(t)
KF Dressed state  |V5")) = Djxr [Pa) with function f£°

—pp ST (1) = <(I)@‘DfKFZT( )SDZ(— ) KF‘(I) >
- SR (t)
Impose Skr(t) Sp as operators on Fock space

KF |2
o ‘ < 0

» Convergence condition / d’k ‘foz(t) —
Taking limit ¢ — 0o, f(t) — 0,555, (t) — S
Spa = (@s|Dpgre” M Spe T Do

Dollard-like phase contribution Chung Ilke dressed state



Additional Condition for Asympt. States

KF analysis Is In apparent covariant gauge

» We should deal with

~

h = s : scalar mode,iL = [ : longitudinal mode

Free Gupta-Bleuler(GB) condition k*a,(k, h)|¥) = 0

PXE = S [ EREER) SRR R) = S5 (R (F, B
h=+ ,S, 1 .
on(k, py) - arbitrary
KF“ Z Dn( k , D) en P AT It Conv cond satisty
2773/2\/% Pn - K R b = —1

nEa

FK claimed that [¥5")) = D}« |®a) is equiv to Chung dress
IR finite

However, their discussion has a flaw



Gauge Invariance, Convergence Cond.

In modern view, we should consider BRS invariance
Sym between fields and ghosts

Conventional assumption: asympt. states are free states

~—g BRS condition is equivalent to free GB condition
Is It true with long-range interaction? ¥# -<#£T 19

No : lim |k"a, (K, k) + (t, k)| |93)) = 0

Correction term with charge density

— unphysical modes should dress asympt. states

Convergence condition / Bk fo(t) — FXF|° <
No restriction for IR :ambiguity remains in predictions
Seems it depends on ¢ : Is it OK to take limit naively ?



Other Dressed Staes Formalisms

Most DF mainly based on KF as is

—3 These DF can not resolve issues in DF of KF

M¥H - 2T 21 : BRS & large charge
-+ Correct DF of KF in Gauge sym & IR finiteness
-unctional dof remains in observables

Nature of large charges remain unclear
HO%HaS/H%HaS

M Hannesdottir-Schwartz '20 : Divide to hard/soft regions

—» DF with predictability based on Dollard formalism

ntricate calculation due to numerous Feynman diagrams
No implications to IR triangle relations
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EEDS

2 AR [V, )on ), —b KEHARE

wiyon >,

Vas (1) 3 [ DS
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[t| — o0

H DEiHeE Has DR ZETES Cf. Maller op 21 H = Hplly
i DR FRAEN S Vas £ THREREE AL




AMAHBE{ERBRDESRE

BHEM YA 27 X 1 Ar DEBR
¥ A7 /Esys DREEED S s: S Vas(t) |
Z ZTIFLOE THID AN, 0 T t

Vi) > / Prd*pA(K, p)e’s FPt
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8
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ANLIARE & B ST

U = Q1)) [V |§(T)>S
~ QN(T)Z(T) | @)

Z(T) ="T exp z/ dTVaIS(T)
_ JT |

WE) ~ OF(T)|@(T))) BEARERRE

= ((@5(T)|Sas (T)|®a(=T))) |
T T OBBEEE QT)QN(-T) = Tew|~i [ arvics

S5a(T) = Spa = (VE|W) Ap/Eys — 0

)
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QED -#natHE{EHR

Coulomb%'— DIEER e’ (k,h) =0
T—2 F 2 EDIEYIBI B BT < BEEET A L. ek, h) =0

\;

LB |au(F.h)an (B, 1)] = |m — Qu(B) | duw8*(F — )
/\g 3'5/\2 Q,Lbl/ky o k

QEDIREAFR V' (1) = e [ d*xa,(0)0(@)7"b(x) V()
( ) JEHRTIEZFT 559 Coulombla Cf. Heisenbergf#{®& T

HEBZT20I9T7 D5
i IGIRBEEIEHET EE ZTLL D& SBEERRICBNS
See Weinberg text

WEIENR V(1) = [ oo (@)jl(x) Curent s

a particle flow

G0 w S 1T OHF . CELKF: w0

BAT



QED-&maS175

Sa(T) = (f8(T)|fa(=T)XPs|S(T, =T)[Pq)

$A7‘c?0)_ E—L> NAREDNTE
En Pn - 6*(k7 h) —ik-v,t

o k,h;t =
folf D % @m) 22w kopn
= S5, (Ar) #5MIET A\ ODyson S1751 R L

FockZ[E Hr : MEFREFENLBVWEDEULTHESR
FrameBICHFHS%2BE

/ A4S (T)S%,(T) L / 4852, (Ar) S5, (Ar)

:/h ddﬁ <(I)i1/ard|82f)‘q)gard> <(I)gard‘SD|(I)gard> _ 5(0& _ ,-Y)
Unitarity




QED-ZZHESR

REBORE 25213
w < Ap DIRIF—EHEDORFIFRETEARL

1 TR RS
Y wn < Ap DIRILF—ZEORFROBHIETAF AL
R BAFHRETERWES Ap > 1/T
— o — f CRBTERVBEERTERET 3 -
L5 (Ap, Ap) = F(Ap/Ag, Aga)(ApT)*# T2, (1/T) = T (Ap)

Lo s s

TEXDFER (inclusive) zHB IR
RiR2 : MAEFHRBTESIHES Ap < 1/T

—> o f e T (1) = (1/ApT)" TG, (Ap)
AN p FE&EE




QED-7"— X3 HRE & B XS fviE

BHESTTH S5a(T) = (fa(T)fa(=T)XPs|S(T, —T)|P0u)
B — IR - BOEDEEE OWT identity

B LR 4 eu(k h) — eu(k h) + g“ (k )k“ a=+/— Kat/ A5
%ﬁh @7 /xﬁ T — I RNEF

S8 (T) = A(et,e7)S% (T) L

0, Otherwise

|'|'

WES - (k) — e (b, h) +w (R, Bk,
W (£T))) = |V5(£T))) = [D,) @ |fL(ET)) € Hos.e
AERHE H,, o — Has, 71 OBBERI

+ - EECEERMOHENS
BERA M =OcHose 00 Cmmae




QED-#nHa i & LorentzAZE i /T4

TEDMEDEA I

B orentzX#rik

ZHERE D

3#hA\Lorentz boost =" — A"  x” |

L

@, () = AV ash (Ax) + 9, ()

/ 2 S/Z\ﬁ

[/

O

ERXS VA (S BH 5 D)

Mka, h) = A% (k. h)

-SA(E/M h) zk %5

W

" SR TS B R

a(ka, h) + (H.c.)

2 Lorentzxd it D4 EHE XS FREIC K > TIARRBTIX[EIE I %
2 EhEXiRElEframeDiEilzE 2R < EHEFD
Cf. H™ =@¢H,, , &frameDHilbertZMZRRTW3




QED-XE'—3R

XAEU—HR  BEORMMEFRODT —I5ORLLE LTES
(0a(r)) = (fs(T)|a(@, T)|fp(T)) = {fol=T)|a(@, =T)|fa(=T))

—1 forn € «

=/ ennnG(Un) R -
96(0)) = = Z Rr2T " in = {1 for n €

n

ChBRERBEDHFS TARGSEMHRTERL
T = +xo TOMEEDAEY—? & G(v)
p Wi E ST ICRALOEENESNE? |

BIS - WS (OE(D), (0B(F)) =
Cf.

HHEMKickETIL & FBE - MEHRKRD &
e.g. Hamada, Sugishita ’'18
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Summary-1
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Summary-2

MREEEROEEEZR L HAEREREL.
BRI/ X—5 T Z8A
—b ZERAMOEBHE ). 1 I & > CHRELRIEERE

IBEDEEERAZ I ZAWTEHENICETL Vi Z2EE

Too Z(-T) ~T 0 T Z(T) oo ¢
H 0Ehe H,s OBERER<EEFOBREZBRIET

W) > |D(XT))) = Z2(£T) | D) HHREEET/ AFHIKEE

WESHI S5.(T) = ((25(T)[Sus(D)] @0 (1)) L 54,




Summary-3

AL Z Coulomb 7 — Y MQEDIC A U Tc
VaIs( ) / d3 7 asoft( ) ]cl( ) 'f"f:‘#'.‘ thm.

at(z): w < 1T oRF
> VBB HERREREN Merfory. IRt sym.
PREM RS AN
PREDERESLEBHERDO FSHTH

2 EREXI AN IC & > TLorentzxd #hiE (& o118

PRI MULIRT V2 v IVDHFHER{LH EHE FIEE
ANA=ABFERZRRUICF LARERINTH S |




Prospects

— Soft dofH 5 DIFRDFTHH U
[ —r, =M =

RLZADERTHEIRE SEFMEAIES Cf. dress code 22

QED NLomwsm NLO K L 2 0757 & % DI
BE RIS D R4 Dispersion’z EANDIRDEH &
ox BE N TFOREITEE
Massless AEX2  smewL~Lcresn
£5H REBIEREZE RN =A T EER
-dS, ERTTHKRE
B 22 & BF IR ¥R R L ZREE SR 2

Soft Collinear Effective Theory ItiEFHRBDORKL A ?
ZDfth Scalar QED EBFEEHDE Y N ?
RERE « - -







