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Introduction to Hideo Furugori

Name: Hideo Furugori

秀 雄 古 郡
Excellent Hero Ancient County

Home town：Tokyo (Monzennakacho)
門前仲町

Famous in Splash festival (水掛祭)
One of the 3-biggest festival in Tokyo

Fukagawa-meshi (深川飯)
is a speciality of our town 

https://www.mitsui-mall.com/article/1826.html
https://www.afpbb.com/articles/-/2894743Figs from

https://f-kurashi.tokyo/fukagawameshi/



Introduction to Hideo Furugori

Main interest： What is the Spacetime(Universe) ?

I got Ph.D. last March! @Nagoya Univ

QG lab NOT E lab

Quantum AND Gravity or 
Quest for Gravity lab ?

s.v. Nojiri-san (Shin’ichi, NOT Mihoko-san)

Classical/Quantum cosmology 
Black hole physics  
Quantum phenomena in curved spacetime 
GR/Modified Gravity

My home lab：

I want to investigate the quantum aspects of gravity
minimal but concrete progressEspecially, I desire a

Bottom up approach from Infrared properties
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Conventional Quantum Scattering 

in state
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Interaction pic.
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Particle state
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 in/out states asymptote to (free) particle states

Prepare DetectCollide

Scat. occurs in a local region  

Heisenberg pic.



Scattering Problem with Particle Picture

Theory：calculate S and predict Γ by considering interactions
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Experiment：obtain Γ by analyzing data of scatterings
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Theory：calculate S and predict Γ by considering interactions
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Transition rate

Experiment：obtain Γ by analyzing data of scatterings

　 IR divergence!   

Scattering Problem with Particle Picture



IR Divergence Problem in QED

Phase: Limit does not exist

IR div. Low energy photon corrections make S diverge 
Soft photon
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QED：Photons mediate EM forces bet. charged particles  
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Conventional prescription for IR div.

Physical transition 
amplitude

Soft theorem：

finite rate !
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Inclusive prescription：

We have limitations of detector’s resolution
We cannot distinguish a process w/ or w/o soft photons

out states contain any soft emission processes
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Introduction to IR triangle physics
IR triangle relation：

Memory.

Soft thm.
Soft theorem is equivalent to   

Memory effect 
Asymptotic symmetry

Triangles have been discovered/supported in various fields
Strominger ’14

Asympt. sym.

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：
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Fig. from 
 Strominger’s note

w/ memory
w/o memory

geodesics of  
detectors

GW detectionStrain

Zel’dovich-Polnarev ’74

Memory.
Permanent displacement  
remains after passage of GW



IR Triangle - Asymptotic symmetry
Asympt. sym.

Bondi ’60
Bondi-Burg-Metzner ’62 , Sachs ’62

BMS asympt. symmetry：
Transformation preserving

Gauge conditions 
Fall-off conditions
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IR Triangle - Connections to Soft Thm.

Asympt. sym. dictates IR div. IR triangle：

“Large charge”

Assuming large charge conservation in quantum theory
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Asympt. sym. needs soft gravitons w/ memories
Suppose IR triangle in quantum gravity exist

Hawking, Perry, Strominger ’16

Fall shockwave w/ 
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IR Triangle and BH Information Paradox
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They claimed that information 
can be stored on the horizon and infinity 
via large charge conservation
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mode into BH

Soft particles rescue the unitarity problem?

See also “soft hair as a soft wig” ’17
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Asympt. sym. needs soft gravitons w/ memories
Suppose IR triangle in quantum gravity exist

Fall shockwave w/ 
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Hawking, Perry, Strominger ’16
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S-matrix is important !

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

Restrictions to symmetry Coleman-Mandula ’67

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

S describing the transition process must be unitary
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or

e.g. 
Restrictions to interaction 

S-matrix is a clue in exploring the BSM and/or QG !
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DF：IR div. is breaking down of the particle picture

Asympt. interaction
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Charged particles are dressed by soft photons
Vas
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Dyson S-matrix is not defined in QFT due to IR div.
Dressed state formalism(DF) is a good candidate 

Conceptual Idea of Dressing

incorporates interaction to the asymptotic states

Dressed state



Chung Dress -Coherent States

Chung looked for a state s.t. 
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Fock space：space for particle states 

Polarization vector
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Chung’s Limitations and Kibble Dress

Kibble ’68
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|�↵i

No guiding rule for determining asymptotic states 
IR finite

��hh Ch
� |SD| Ch

↵ ii
��

Kibble formalism

<latexit sha1_base64="GzBbq127PYr/Sx+CokaumfkyYAg="></latexit>

| Ki
↵ ii = DfKi

↵
|�↵i

<latexit sha1_base64="KeV7pT2mCmkT2efZX2GXvSNTEK8="></latexit>

SD ! SKi

Impractical due to complexity of 
We can not describe  

<latexit sha1_base64="XocVXnQ4prQlD3np+FBU3K4m91g="></latexit>

↵ ! ↵ process

Redefine both

<latexit sha1_base64="qStft4fP8zj0qCn8KxRBoJa4nec="></latexit>)😄

😩

😩 No ability to deal with phase divergence

asymp. states
S-operator

By analyzing the structure of N-pt Green function
<latexit sha1_base64="PbrNq/LruqtghMVJifpsg8d6v8c="></latexit>

|�↵i !

<latexit sha1_base64="qStft4fP8zj0qCn8KxRBoJa4nec="></latexit>)
<latexit sha1_base64="ofLjp7pZJ5hj2ovaD2kjDmlqxOA="></latexit>

hh Ki
� |SKi| Ki

↵ ii IR finite 😆

<latexit sha1_base64="OGLmM2IqgqltN7VNkhHRy/uQrW4="></latexit>

GN

<latexit sha1_base64="OGLmM2IqgqltN7VNkhHRy/uQrW4="></latexit>

GN

We need Kibble reduction formula
😅

😩



Coulomb Scat in QM：Dollard Formalism

Consider Coulomb scattering process

Relace 

has divergent phase !

Dollard formalism

<latexit sha1_base64="VZl93G1KXC8ce5ZuUFaGadFtpAo="></latexit>

V (~x) = C|~x|�1Long-range interaction

<latexit sha1_base64="iQt/eNPpB/g7PRJ1L7dZibPUSow="></latexit>

~p ! ~p0

<latexit sha1_base64="8Oi3gdLShHk6erLGwx8CrtnRfzs="></latexit>

⌦†(t) = eiHte�iH0t

Dollard ’64

<latexit sha1_base64="Hrll91Mmp8MUYi/DPh9B9N3zEko="></latexit>

⌦+ | +
� i ' |��i

<latexit sha1_base64="U6EPMQDaUT7UyJHW6q1HcnLCY84="></latexit>

⌦†
D(t) = eiHte�iHas(t)t

Møller op can be defined and S-matrix exist !

Asympt. interaction

!
<latexit sha1_base64="WttRZFs8OQfDaNq88Mbz3AxAG84="></latexit>

Sp0p = h~p 0|⌦+⌦
†
�|~p i

Møller op connects full theory and free theory

<latexit sha1_base64="h1s41TenFpwxhN0YIA6Hkhq5Tm0="></latexit>

lim
t!±1

⌦†(t)
<latexit sha1_base64="Trnu2c7UAbHVHyZc9uJjvHqCGEk="></latexit>

⌘ ⌦†
± <latexit sha1_base64="fZsZl5PsGGfs45ePv4vR1nml+r4="></latexit>,

<latexit sha1_base64="I/MNXzR7zV1xqgdVifrfwA97T3U="></latexit>

⌦±H = H0⌦±：Intertwiner
In a long-range interaction, this limit is not exist !

in 
<latexit sha1_base64="+rcw+bw2ty/Ic9TNKcPc/aBp3dw="></latexit>

⌦†(t) to define the limit

Dollard op.

<latexit sha1_base64="+MAQOfby7TpYlJ9TCSSpRzsGh0Y="></latexit>

H0 ! Has(t)
<latexit sha1_base64="27UUcxldtpj3HhwP8MgIfUBJNrQ="></latexit>

= H0 + Vas(t)
<latexit sha1_base64="pAo0LjZX32pDc+JC+JveClR1EXk="></latexit>

t!±1����! ⌦†
±



Dollard

Kulish-Faddeev(KF) Formalism

Kibble
Analyze N-pt Green function

Trans amplitudes are finite including the phase 
We can not describe                process

<latexit sha1_base64="XocVXnQ4prQlD3np+FBU3K4m91g="></latexit>

↵ ! ↵

Analyze asympt. dynamics 
Derive proper 

Incorporates       into S-op as Dollard 
Choose coherent states for asympt. states as Chung  
Define S-op as a map 

<latexit sha1_base64="50o8CRaGtcyh8XV5ySOEK2Q1S2Q="></latexit>

HF ! HF
Guiding rule for asympt. states? Enables to describe                ?

<latexit sha1_base64="5s5zK10nmexGFS95v94O4zHgbfE="></latexit>

↵ ! ↵

states
S-operator S-matrix

～ full dynamics of charged particles : tough
😆

😩

S-operator S-matrix

<latexit sha1_base64="By3Rq14Z737QAPNGPMk1wKVTLSA="></latexit>

Vas to define Dollard op

Kulish-Faddeev
<latexit sha1_base64="PpmSSd7huett10vDLoH0sZR8euo="></latexit>

Vas



KF -Asymptotic Interaction

Extract surviving terms from 
<latexit sha1_base64="LhmuZybBJgq3rY+MSVfECQ/MJbo="></latexit>

|t| ! 1
<latexit sha1_base64="krzVJ7D2VzS77qslHKOE1Tk3eSM="></latexit>

V I(t) in
<latexit sha1_base64="GAFzNDfTdoUyDb0n+Xddfxwo+2M="></latexit>

V I(t) 3
Z

d3kd3pÂ(~k, ~p)eiE(~k,~p)t
<latexit sha1_base64="VmYg3DKew8igGZ2rKK3e89tz14M="></latexit>

E(~k, ~p) = 0Assuming that 

jµcl(x) =

Z
d3pe⇢̂(~p)vµ�3(~x� ~vt)

Current as particle flows

Photon with 

<latexit sha1_base64="+fw4p9qqb4X2NINkkkPrn0Pml70="></latexit>

V I
as(t) =

Z
d3xaIR

µ (x)jµcl(x)

：charge density

<latexit sha1_base64="djZZuyvRYmVDQ9rIsTyMHi/J+X8="></latexit>

! ⇠ 0
<latexit sha1_base64="PwGoLJHtsfSnkPgncTSpe1ERe1c="></latexit>

⇢̂
<latexit sha1_base64="ozWcKjDkZed79EqlVj3aRNQWyDs="></latexit>

vµ = pµ/Ep
<latexit sha1_base64="t9qXwjjUhrT/e/KupCLVpyWP66M="></latexit>

Z(t) = T exp

�i

Z t

@KF

d⌧ V I
as(⌧)

�
<latexit sha1_base64="Z3tShGRxu807mUuyMekSv6q7zFc="></latexit>

Sas(t) = Z†(t)SDZ(�t)

B.C. ：any quanta can not depend on lower limit of integral

<latexit sha1_base64="4DOoPOBeS8gRE3sv62WTrTYd680="></latexit>,

terms with can survive 
<latexit sha1_base64="Tr8FszbHnkSBMGvhK/z9bH4Z5Lc="></latexit>

eiE(~k,~p)t ⇠ �(!)



KF -Asymptotic States
<latexit sha1_base64="t9qXwjjUhrT/e/KupCLVpyWP66M="></latexit>

Z(t) = T exp

�i

Z t

@KF

d⌧ V I
as(⌧)

�

<latexit sha1_base64="4DOoPOBeS8gRE3sv62WTrTYd680="></latexit>,

<latexit sha1_base64="SSNw52UdEqzaLANg9o8T5oM31FI="></latexit>

| KF
↵ ii = D†

fKF
↵

|�↵iKF Dressed state
<latexit sha1_base64="fPzTXfzEM+289iroZ/LKw9waLGc="></latexit>

Sas
�↵(t) = h�� |DfKF

�
Z†(t)SDZ(�t)D†

fKF
↵

|�↵i
<latexit sha1_base64="82iibJFr5DUQjhSVaoVZTEsraCM="></latexit>

Sas
KF(t)

<latexit sha1_base64="CxE2kXYPTmJhmgZAdBZ2rm2BMz8="> SXMy6kw5xMww3eeqriiYnYk8jrlQHHz3qIb/zRRvE53Ud461WnfimYetRObp1WF7r3E771doncVa/B5mX1Hr4Sbo93fTC7hTMRdOEoojk/OhP+PQrRxdnZ65rnpQ6cPTh45Jv//wi72JHua7ccZP8+OsJNsia2g9C32KfuC3Zo4NJGf0CYqYujOHZLncRb4mzD/BSWhmqQ=</latexit>

Sas
KF(t)

<latexit sha1_base64="s+p4uT7su1Qm+3sIsRc4pT1xhrw="></latexit>

SD

<latexit sha1_base64="O9WmRzExOvAFP6E73WVfru0rrkw="></latexit>

= ei✓̂(t)Df̂(t)

Impose 

Convergence condition
<latexit sha1_base64="mUF/NXwpOaCMW4ZF16kJo67VOsE="></latexit>Z

d3k
��f↵(t)� fKF

↵

��2 < 1

<latexit sha1_base64="WmxFz0maN/2a+Ls+DdixGDEFgM8="></latexit>

SKF
�↵ = h�� |DfKF

�
e�i✓�(1)SDei✓↵(�1)D†

fKF
↵

|�↵i

Taking limit
<latexit sha1_base64="QMXDfapxJ+lbc7mX1plgf1WzH0w="></latexit>

t ! 1
<latexit sha1_base64="KI2sNpCa7blVKakQ+L3hTwFKxNM="></latexit>

, f̂(t) ! 0
<latexit sha1_base64="p1hb1KE2TKo42B4UcdiHeDXzVrI="></latexit>

, Sas
�↵(t) ! SKF

�↵

Chung-like dressed stateDollard-like phase contribution 

as operators on Fock space

with function 
<latexit sha1_base64="W8G6tMHZiIJ3dZILbJon79BJWsc="></latexit>

fKF
↵



KF analysis is in apparent covariant gauge
We should deal with unphysical states

Free Gupta-Bleuler(GB) condition
：scalar mode

<latexit sha1_base64="4ZshGjWEHBk3x6OMN0kcDK+JzWE="></latexit>

h̃ = s
<latexit sha1_base64="l9Lhok1qHdclcSeKsUNpWGrb2KA="></latexit>

, h̃ = l：longitudinal mode

<latexit sha1_base64="9r3yUohfR59xpNZzUEonnEBNelg="></latexit>

fKF
↵ =

X

h̃=±,s,l

Z
d3kfKF

↵ (~k, h̃)
<latexit sha1_base64="5vhIOBlaglB6X8wYwz46HZ253Zw="></latexit>

, fKF
↵ (~k, h̃) = fKFµ

↵ (~k)✏⇤µ(~k, h̃)
<latexit sha1_base64="WRS4Fa0uH6nzc/l6LH9vyoyt4Bk="></latexit>

�n(~k, ~pn)<latexit sha1_base64="ZStSlaNUbPvAt94FghgGVNbUoXE="></latexit>

fKFµ

↵ (~k) =
X

n2↵

�n(~k, ~pn)en
(2⇡)3/2

p
2!

� pµn
pn · k + k̄µ

� ：arbitrary 
<latexit sha1_base64="NNJXaEasWMC4tU4X8jOUzdRepWQ="></latexit>

k̄ · k = �1
<latexit sha1_base64="hGWNwgXILwbiEDFrUrdcKU4qojA="></latexit>

k̄µ :
<latexit sha1_base64="SSNw52UdEqzaLANg9o8T5oM31FI="></latexit>

| KF
↵ ii = D†

fKF
↵

|�↵iFK claimed that 
IR finite

However, their discussion has a flaw

Additional Condition for Asympt. States

if Conv cond satisfy

is equiv to Chung dress 

<latexit sha1_base64="WlRjsab9uojne1XPXc854gvsSTc="></latexit>

kµaµ(~k, h̃) | i = 0



Gauge Invariance, Convergence Cond.

In modern view, we should consider BRS invariance

平井・杉下 ’19

No：

Sym between fields and ghosts
Conventional assumption: asympt. states are free states 

BRS condition is equivalent to free GB condition
Is it true with long-range interaction?

<latexit sha1_base64="eY2i7gZImuzN9dGvJu38NMdv6Gc="></latexit>

lim
t!1

h
kµaµ(~k, h̃) + %̂(t,~k)

i
| as

↵ ii = 0

unphysical modes should dress asympt. states 
Correction term with charge density

Convergence condition
<latexit sha1_base64="mUF/NXwpOaCMW4ZF16kJo67VOsE="></latexit>Z

d3k
��f↵(t)� fKF

↵

��2 < 1

No restriction for IR 
Seems it depends on    

:ambiguity remains in predictions
<latexit sha1_base64="2M8XwcJ7f/QC87iQHnVpkj0J88E="></latexit>

t : Is it OK to take limit naively ? 



Other Dressed Staes Formalisms

平井・杉下 ’21：

Most DF mainly based on KF as is

These DF can not resolve issues in DF of KF

Correct DF of KF in Gauge sym & IR finiteness 
Functional dof remains in observables 
Nature of large charges remain unclear

Hannesdottir-Schwartz ’20：
<latexit sha1_base64="5VjVqXjq8PsM39aJ8p5sTsmWVbY="></latexit>

H0 ! Has
<latexit sha1_base64="+Gx/0oILnmIIob2P7H1R2a979a0="></latexit>

H ! Has
Divide to hard/soft regions

DF with predictability based on Dollard formalism 

Intricate calculation due to numerous Feynman diagrams 
No implications to IR triangle relations

BRS & large charge

<latexit sha1_base64="NZS2lnyNE3CA3oSN+QJIlu+CoyY="></latexit>

/
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散乱問題の定式化のアイディア

明白な共変ゲージの理論：平井・杉下のドレス状態
非物理的自由度は何らかの役割を持つ

<latexit sha1_base64="eY2i7gZImuzN9dGvJu38NMdv6Gc="></latexit>

lim
t!1

h
kµaµ(~k, h̃) + %̂(t,~k)

i
| as

↵ ii = 0

ゴーストを初めから導入しない理論ではどうなる？
Coulombゲージの正準形式でも議論してみる

関数自由度が予言能力を損ねる
時空と相互作用のみで時間発展の議論は閉じないか？

赤外三角関係を満足には反映しない
大電荷(漸近対称性)の意味を明らかにする定式化はあるか？
メモリー効果の検証可能な定量的予言は得られるか？

時空に超曲面を導入して漸近相互作用を議論する



散乱問題の設定

検出機の静止系を用意し十分大きな時間スケール

時刻

<latexit sha1_base64="gxPd7iIreowcB85V6UUmK6Zj8hY="></latexit>

T を導入
系の適当なエネルギースケール e.g. 質量

<latexit sha1_base64="MaAVFLuXUSdTdKFzUxzwbpV5FQM="></latexit>

t = ±T の時間一定超曲面
<latexit sha1_base64="ldVX4KNYfEaEVtwDf5VSSn5HyCY="></latexit>

⌃±を定める

<latexit sha1_base64="BivT5mmcG1mbkryox6J22m/+qLE="></latexit>

t
<latexit sha1_base64="55jxfouN4DxD8BScG393P3NxQl8="></latexit>

T
<latexit sha1_base64="Xc37b0hd0HIv1JE4TkC+cAGN1g8="></latexit>

�T
<latexit sha1_base64="8b054D/CCKee891uWLXsIRHfNSw="></latexit>

0

<latexit sha1_base64="qOCTRzp/I6QuaPX3VKCX8ZxXhPQ="></latexit>

⌃�
<latexit sha1_base64="oR20ceD60I7oZJgvWAsV5inQmOM="></latexit>

⌃+
<latexit sha1_base64="/ZtI9TrRmqk5AahdtlRUHK5j9P4="></latexit>

i�
<latexit sha1_base64="lo9Q+oLC1dNp1bDI98NvCjhA9C8="></latexit>

i+
<latexit sha1_base64="F7oVgLeaaoacSQ6OmvJZLbt/ksU="></latexit>�1 <latexit sha1_base64="F0OSPE+O8YfejZe8gJ3qKAclctk="></latexit>1

<latexit sha1_base64="xU94oIjpFI3vy7h9lwKp5ckgb6o="></latexit>

⌃�入射状態
<latexit sha1_base64="Aoz/99ogepqf2l7+ohz4Z+H12Dg="></latexit>

⌃+放射状態遷移：

の理論と
の仮想的粒子状態から を通して漸近状態を構成

<latexit sha1_base64="ohVM+OIDe9p8530zyPnSi2TyAYk="></latexit>

Vas(t)
<latexit sha1_base64="ohVM+OIDe9p8530zyPnSi2TyAYk="></latexit>

Vas(t)
<latexit sha1_base64="jZ1zPGu9OmcQDs/eQ9tVYZqbk08="></latexit>

V (t)

<latexit sha1_base64="ilrtgPDHOqlMH36xgjrjCgCmc54="> </latexit>

lim
|t|!1

V I(t) = 0 は一般に成り立つ

<latexit sha1_base64="6gXyBGyFi3fc5GrzTsZBDgBZIVI="></latexit>

1/T ⌘ �T ⌧ Esys

<latexit sha1_base64="b6T19VbQD7+ASQO/KtHCWR1KfE4="></latexit>

| �
↵ ion

<latexit sha1_base64="qxKxB4Y06kTdnedPOSwpnnr2DAw="></latexit>

| +
� ion

<latexit sha1_base64="k9Ztl+bpEEO9LhnXn4LsTlXivH8="></latexit>

H の理論を繋ぐ Cf. Møller op
<latexit sha1_base64="I/MNXzR7zV1xqgdVifrfwA97T3U="></latexit>

⌦±H = H0⌦±
<latexit sha1_base64="sWvy5XD/hbxe/F1tPVaRUY9VK7A="></latexit>

Has
<latexit sha1_base64="UFK8QGxspZ2TM/BoIgifsoRATUc="></latexit>

i±
<latexit sha1_base64="27NUyoMxYshPjcJccg3tvX4ejN4="></latexit>

Vas



漸近相互作用の定義

：

主要項まで等しいという記号

となる部分のうち

<latexit sha1_base64="GAFzNDfTdoUyDb0n+Xddfxwo+2M="></latexit>

V I(t) 3
Z

d3kd3pÂ(~k, ~p)eiE(~k,~p)t

<latexit sha1_base64="BivT5mmcG1mbkryox6J22m/+qLE="></latexit>

t
<latexit sha1_base64="TbM0Y360sGINl5ejCunO56IPBCk="></latexit>

0

<latexit sha1_base64="oR20ceD60I7oZJgvWAsV5inQmOM="></latexit>

⌃+

<latexit sha1_base64="lo9Q+oLC1dNp1bDI98NvCjhA9C8="></latexit>

i+
<latexit sha1_base64="55jxfouN4DxD8BScG393P3NxQl8="></latexit>

T
<latexit sha1_base64="F0OSPE+O8YfejZe8gJ3qKAclctk="></latexit>1

<latexit sha1_base64="hyvhpsvB8f23cpPYgoqN+nTAYUU="></latexit>

E(~k, ~p)  �T

<latexit sha1_base64="Uqxh3mzVhRWnaZuaveAqqwc8z+c="></latexit>

�T /Esys

漸近的ダイナミクス：

ここではLOまで取り入れる。

<latexit sha1_base64="Uqxh3mzVhRWnaZuaveAqqwc8z+c="></latexit>

�T /Esys の主要項
<latexit sha1_base64="//iZDVJEK9PDijFDusTGqibN9BA="></latexit>

V I
as(t)

<latexit sha1_base64="VV8D+AZwqaitis0kYv+bCd1PWRo="></latexit>

V I
as(t)

L
= V I(t)

<latexit sha1_base64="MEKidJjf8BVIJkDhA/BYG0T5hQs="></latexit>

, |t| � T

<latexit sha1_base64="w2vzAQqhCSPGlBjZ2fBA7Qz1KJk="></latexit>

V I
as(t)

の準主要項以降は無視する
<latexit sha1_base64="Uqxh3mzVhRWnaZuaveAqqwc8z+c="></latexit>

�T /Esys

時間スケールの摂動の次数を合わせる

<latexit sha1_base64="UvXcEG6A0G2nv87U+YHBIGbrhnk="></latexit>

�T の摂動論で扱う
の次数を定める



漸近状態と漸近S行列

<latexit sha1_base64="BivT5mmcG1mbkryox6J22m/+qLE="></latexit>

t
<latexit sha1_base64="TbM0Y360sGINl5ejCunO56IPBCk="></latexit>

0

<latexit sha1_base64="oR20ceD60I7oZJgvWAsV5inQmOM="></latexit>

⌃+

<latexit sha1_base64="lo9Q+oLC1dNp1bDI98NvCjhA9C8="></latexit>

i+
<latexit sha1_base64="55jxfouN4DxD8BScG393P3NxQl8="></latexit>

T
<latexit sha1_base64="F0OSPE+O8YfejZe8gJ3qKAclctk="></latexit>1

<latexit sha1_base64="w2vzAQqhCSPGlBjZ2fBA7Qz1KJk="></latexit>

V I
as(t)

<latexit sha1_base64="PrKMHOFjZvy3CeDghFmeHPFycYc="></latexit>

| +
� i ⌘ ⌦

†(T )⌦(T )⌦†
+⌦+ | +

� i
<latexit sha1_base64="TNMQXJQUOkb8+CHJCjl6M8nV3t0="></latexit>

' ⌦†(T )Z(T ) |��i
<latexit sha1_base64="W1mmYX95tcjRQVT1BMX3X6ql31w="></latexit>

Z(T ) = T exp

i

Z 1

T
d⌧V I

as(⌧)

�
<latexit sha1_base64="FOzyYm7NR2BsX02b2RnnO3/x0kY="></latexit>

|��i
<latexit sha1_base64="8kWS+iUhU9NCWa7pDheIsdnjfxE="></latexit>

Z(T )
<latexit sha1_base64="JyC8qCaNec+DM+b6VABH8//9XYs="></latexit>

|��(T )ii

<latexit sha1_base64="9a45A407xU/wiwfCzoxKx894RzQ=">AAAh2XicrVpLjBtFEO2EX/hmgSNCmmWxlAUTanf5CYlvFoiUhWzYfOXZGI89Hk/sGTue2c1ajgkJHEIgl+SG </latexit>

| +
� i ' ⌦

†(T )|��(T )ii放射漸近状態

漸近S行列
<latexit sha1_base64="kEY+9uftRVeACpvrTdZ5+m/GHhY="></latexit>

Sas
�↵(T ) = hh��(T )|Sas(T )|�↵(�T )ii

<latexit sha1_base64="IWLi6xmhv8IBvpQIC7EBCxuDbv4="></latexit>

⌦(T )⌦†(�T ) =

<latexit sha1_base64="F1A2YczcyB3lR6XQvAz8Us6/FCA="></latexit>

T exp
"
�i

Z T

�T
d⌧V I(⌧)

#

<latexit sha1_base64="ZpRneWl0eOeJKJ5/d/VPeNQxKPA="></latexit>

�T /Esys ! 0

<latexit sha1_base64="OXkAl6IKcMYtpip4STUByEVWU5Q="></latexit>

U(T )

<latexit sha1_base64="f1tSa+ABr6vlb30R287n46Vvx/s="></latexit>

| +
� (T )i

<latexit sha1_base64="p585WMP0ptl5qar89lg6ElW8i+I="></latexit>

Sas
�↵(T ) ! S�↵ = h +

� | 
�
↵ i <latexit sha1_base64="4DOoPOBeS8gRE3sv62WTrTYd680="></latexit>,

<latexit sha1_base64="CZjYmZCU1UXtsjEntTsy6Bc17Lo=">AAAhoXicrVpLjBtFEO2EXxJCPnBESLMslrKSs9TuZrMJUlA+SwjKQjbZ3Xxkb4w/Y3tiz4zjmf1YziYQcgifXDY3FDhxgBORQOLIgRMXxDUXDkggAQckwgkJierqHs/HY08PYGs9M9Vdr6qrq6qre7bUahqOC/Bgy9ZHHn3s8Se2bd/x5M6ndu3es/fp84690i7rS2W7abcvloqO3jQsfck13KZ+sdXWi2apqV8oNU7w9guretsxbGvR7bT0ZbNYs4yqUS66SLq0f1HT8q6tLRb2jML44UMHD0zOaDAOhw7D9CS </latexit>

�T ! T の遷移を記述

<latexit sha1_base64="sfVPWW1bKrjj6fRTwKWxYSqe4/M="></latexit>

S
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✏0(k, h) = 0

~k · ~✏(k, h) = 0ゴーストなどの非物理的自由度なく構築可能
Coulombゲージの正準形式

V I(t) = ie

Z
d3xaµ(x) ̄(x)�

µ (x)QED相互作用

<latexit sha1_base64="Ju0Ku6/gg304zsURpE3XINcLYGw="></latexit>

asoftµ (x)
<latexit sha1_base64="MQT71nsDIzoDcS1rZRQ0ihp+u3g="></latexit>

!  1/T

QED -漸近相互作用

<latexit sha1_base64="vpiFrIsGsNOG+MJhFgH1UlupUvI="></latexit>

+V I
C(t)

<latexit sha1_base64="71BMth1De7FQZnkV1TTPItxVMiE="></latexit>h
aµ(~k, h), a⌫(~k0, h

0)
i
=

h
⌘µ⌫ �Qµ⌫(~k)

i
�hh0�3(~k � ~k0)

共変 非共変

<latexit sha1_base64="wAbrPpGnLCX2kqp9TFA3wyLsAgQ="></latexit>

V I
C(t) 非共変項を打ち消すCoulomb項

伝搬関数は共変と考えてよい

漸近相互作用
<latexit sha1_base64="FTkL40yVokeBV6pikhKtPN8b6A4="></latexit>

V I
as(t) =

Z
d3xasoft

µ (x)jµcl(x)

: の光子

Current as 

Cf. KF：
<latexit sha1_base64="n3R4vSsjxa9fXS6xD+XFtXcBCfA="></latexit>

! ⇠ 0

しわ寄せ
<latexit sha1_base64="UtoWFjVGOfxWYR6cGRDBIpmCDM0="></latexit>

Qµ⌫k
⌫ = kµ

Cf. Heisenberg描像で 
共変なラグランジアンから 
このような正準形式に移れる

See Weinberg text

a particle flow

軟光子



QED-漸近S行列
<latexit sha1_base64="KqQC+L1jWNIHvpDDMouHwvcm9Tc=">AAAFIHichVPNaxNBFH9bV43xo0m9CF6CoRLBhon4hSAURfDgIW2attCty+xmNhm6u1l2N4E42X/Af8CDJwsexD9DkN7Eg4d69CYeK3jx4JvZNU1Smsyy+75+77fvvZmxApdHMSGH2sIZ/ey587kL+YuXLl9ZLBSXNqNuL7RZ0+663XDbohFzuc+aMY9dth2EjHqWy7asvacyvtVnYcS7/kY8CNiuR9s+d7hNY3SZhWHDFIbFYm </latexit>

Sas
�↵(T ) = hf�(T )|f↵(�T )ih�� |S(T,�T )|�↵i

発散なし

軟光子のコヒーレント状態の内積
<latexit sha1_base64="J1NQbfHJa/f3SUgOALgnXeIY+AA="></latexit>

f↵(~k, h; t) :=
X

n2↵

en
(2⇡)3/2

p
2!

pn · ✏⇤(k, h)
k · pn

e�ik·vnt

<latexit sha1_base64="vIfK0lx61pt3SBrwiB6EyGEc0HQ="></latexit>

L
= SD

�↵(�T ) 赤外切断
<latexit sha1_base64="81P7bIIUE5OBD8vGyWMuoejiYLY="> </latexit>

�T のDyson S行列

<latexit sha1_base64="DxDIqQtwweiX5c6Fu9ivp6AY8lM="></latexit>

HFFock空間 ：軟光子は含まれないものとして再定義
<latexit sha1_base64="hrV2fjG4/wNCNLS3BqiLhkpvaWA="></latexit>Z

d�Sas⇤
�� (T )Sas

�↵(T )
<latexit sha1_base64="lmfYLL0ERjmoRdeZVnBIIyLtV8U="></latexit>

L
=

Z
d�SD⇤

�� (�T )S
D
�↵(�T )

<latexit sha1_base64="TV/GCnOC8y2SlUvVjSGA+R528Sc="></latexit>

=

Z

hard
d� h�hard

� |S†
D|�hard

� i h�hard
� |SD|�hard

↵ i
<latexit sha1_base64="MkHW6QbQSXL2qV8ZtN2imiXSqrE="></latexit>

= �(↵� �)

Unitarity

Frame毎に粒子概念を再定義



<latexit sha1_base64="CeAg4f0pYCSOZp65+gInUM7Cgyk="></latexit>

! < ⇤D

<latexit sha1_base64="TEhqZ7umXZW11pz0kgvT/EdPagE="></latexit>X

n

!n < ⇤E

<latexit sha1_base64="TiIKwbcLQFuADlLN/jCjicHpeGI="></latexit>

�as
�↵(⇤D,⇤E) = F(⇤D/⇤E , A�↵)(⇤DT )A�↵�D

�↵(1/T )

<latexit sha1_base64="BoPjwjSdW8+zsBK03Me3puDtOdY="></latexit>

�as
�↵(T ) = (1/⇤DT )A�↵ �D

�↵(⇤D)

状況1: 軟光子が検出できない場合 
<latexit sha1_base64="WWRs42Fh05IIsvEETJEubPFzhuU="></latexit>

⇤D � 1/T

<latexit sha1_base64="qgdpvfyPGfOrP1XFCy/N53WMfec="></latexit>

⇤D < 1/T

検出器の設定 を与える

のエネルギーを持つ光子は検出できない

のエネルギーを持つ光子群の放出は気付けない

状況2 : 軟光子が検出できる場合 

QED-遷移確率

1光子検出限界

エネルギー分解能

<latexit sha1_base64="50vEufz095wZ2zU6qfRL1k6oe9E="></latexit>

↵ ! � と区別できない過程を全て考慮する
<latexit sha1_base64="swo+ROcOprJICJk2SxIQDdJJKbA="></latexit>

= �obs
�↵ (⇤D)

従来の結果(inclusive)を再現

<latexit sha1_base64="50vEufz095wZ2zU6qfRL1k6oe9E="></latexit>

↵ ! � と確定

非依存
<latexit sha1_base64="m+T1gqDmAg6e4yPJ+NXJeI5UB5Y="></latexit>

T

非依存
<latexit sha1_base64="8su61v3gGNbdTVAxWvChyAn0evg="></latexit>

⇤D



QED-ゲージ対称性と漸近対称性

漸近状態のゲージ変換
✏µ(k, h) ! ✏µ(k, h) + "a(k, h)kµ

漸近ゲージ変換
<latexit sha1_base64="Hez6867JFGQpZAr4p+YV75VrB4E="></latexit>

✏µ(k, h) ! ✏µ(k, h) + !�1⇠(~̂k, h)kµ

漸近対称性

<latexit sha1_base64="KqQC+L1jWNIHvpDDMouHwvcm9Tc="></latexit>

Sas
�↵(T ) = hf�(T )|f↵(�T )ih�� |S(T,�T )|�↵i

放射/入射
<latexit sha1_base64="x13jiAC3tjF+6rKBbC+Q3TL8BZY="></latexit>

a = +/�

<latexit sha1_base64="QmeqUjv74vFt6P9HZYwR3LmiGGw="> </latexit>

Sas
�↵(T ) ! �("+, "�)Sas

�↵(T )

<latexit sha1_base64="6wfd+lHlhVDG0qjQ1QEfyPtrmQw="></latexit>

L
=

(
Sas
�↵(T ), "+(k, h)

L
= "�(k, h)

0, Otherwise

<latexit sha1_base64="hCwm4OuihXjqahZdwo3DC35W0IE="></latexit>

| ⇠
↵(±T )ii ⌘ |�↵i ⌦ |f⇠

↵(±T )i
<latexit sha1_base64="vA2Q6Vt6SUMk5qMOvBrMVdfm19Y="></latexit>

| ↵(±T )ii !
<latexit sha1_base64="cT6WLBM4kMeHC3ESTpKlKEz1rok="></latexit>

2 H
±
as,⇠

<latexit sha1_base64="/BX6N/4wl4ztIAiruaoKayUpIT4="></latexit>

H
�
as,⇠ ! H

+
as,⌘ の遷移を禁止

<latexit sha1_base64="wExP5x81kaV+Yj2ZV/0RNTwbY1U="></latexit>

, ⇠ 6= ⌘

理論のゲージ対称性：硬い部分は通常のWT identity

漸近S行列

軟部分
ゲージ不変条件

超選択則
<latexit sha1_base64="PoEGY8XIVRnqEy9x0q8oilJfbhc="></latexit>

H
± = �⇠H

±
as,⇠

厳密には直交性の計算から
<latexit sha1_base64="bGrVhrXJw3tyBeBLtq4/3NQeGVU="></latexit>

↵ ! ↵ も議論可能



3軸へLorentz boost
<latexit sha1_base64="eDNTg5ugT0cZRieJxjqozWdW89I="></latexit>

xµ ! ⇤µ
⌫ x

⌫ (回転対称性は明らか)
<latexit sha1_base64="DwPtsK1cKNBYo+eTTqh1v4W8Bao="></latexit>

asµ(x) ! ⇤ ⌫
µ as⇤⌫ (⇤x) + @µ�

⇠⇤(x)
<latexit sha1_base64="sLTA2AdekE1ybxk/syBq5cHchnU="></latexit>

�⇠⇤
(x) :=

Z
d3k

(2⇡)3/2
p
2!

X

h

"
i
⇠⇤(~k⇤, h)

!
e
ik·xa(~k⇤, h) + (H.c.)

#

<latexit sha1_base64="Nr90DoMhjTXcq+UO61J+kW8S86A="></latexit>s

QED-漸近対称性とLorentz不変性/共変性

<latexit sha1_base64="8T9zv1QgmZsMi0mwVKW6UgmvohM="></latexit>

⇠⇤(~k⇤, h) = ⇤ 0
µ ✏µ(~k⇤, h)

ブーストに付随する漸近対称性変換
Lorentz対称性の破れは漸近対称性によって状態では回復する

時間の箱の導入は一見Lorentz対称性を損ねそう

漸近対称性はframeの情報を少なくとも持つ
<latexit sha1_base64="G2cvRDiETJ6fDp0WOg0kMmB5Iw8="></latexit>

H
± = �⇠H

±
as,⇠Cf. 各frameのHilbert空間を束ねている



QED-メモリー効果

メモリー効果 ：運動の痕跡が境界のゲージ場の変化として残る
<latexit sha1_base64="H+7mPopZ6SUgyexdau91Tpryfy4="></latexit>

h�~a(~x)i := hf�(T )|~a(~x, T )|f�(T )i � hf↵(�T )|~a(~x,�T )|f↵(�T )i
<latexit sha1_base64="Ddo5ignqYEil9WUZZR5iowHeRio="></latexit>

h�~a(~0)i = �
X

n

en⌘nG(vn)

8⇡2T
~̂vn

<latexit sha1_base64="4oYxd2rz21jiCHrFDQ7sYfDYAWE="></latexit>

⌘n =

(
�1 for n 2 ↵

1 for n 2 �

0.0 0.2 0.4 0.6 0.8 1.0
v0

2

4

6

8

10
G(v)

G(v)

<latexit sha1_base64="XxT+UqjwlOcRwwLHJKbhWTlFiGI="></latexit>

G(v)

<latexit sha1_base64="UDF4n9ZukiXSAR63xQ6SpnFwUoo="></latexit>

G(v) ! � log(1� v), v ! 1

<latexit sha1_base64="ZWt9u8qXCxRuvOUPHJKqqYBIAlk="></latexit>

~x = ±~x0 での位相差のメモリー ?

散乱を見ずに散乱の情報が得られる？
<latexit sha1_base64="/NgyiOXByfcWM23/aZqgU53jUPU="></latexit>

h� ~E(~x)i
<latexit sha1_base64="VktzOqOwVnUjkS+9c/DBVUf7NLc="></latexit>

, h� ~B(~x)i = 0

古典的Kickモデルとは設定・想定が異なる
e.g. Hamada, Sugishita ’18

これは主要項の寄与 T有限なら無視できない

電場・磁場
Cf.
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Summary-1

散乱行列は
現象論
形式論

しかし慣習的なDyson S行列は赤外発散により存在しない！

の両側面に重要な役割を担う

赤外発散は 漸近対称性
メモリー効果

と赤外三角関係で関連する

ドレス状態形式が必要である
漸近状態は自由粒子状態ではなくドレス状態

軟粒子定理はドレス状態の1次近似といえる
赤外三角関係は情報損失問題に迫る糸口としても注目される
ドレス状態形式なしでは平坦時空でもユニタリ性は非自明

ドレス状態形式が必要である！



Summary-2

空間的超曲面

漸近相互作用の存在を考慮した散乱理論を提案した

<latexit sha1_base64="ldVX4KNYfEaEVtwDf5VSSn5HyCY="></latexit>

⌃± によって散乱問題を規定

<latexit sha1_base64="gxPd7iIreowcB85V6UUmK6Zj8hY="></latexit>

T時間パラメータ を導入

理論の相互作用を
<latexit sha1_base64="gxPd7iIreowcB85V6UUmK6Zj8hY="></latexit>

T を用いて摂動的に解析し      を定義
<latexit sha1_base64="PpmSSd7huett10vDLoH0sZR8euo="></latexit>

Vas

<latexit sha1_base64="BivT5mmcG1mbkryox6J22m/+qLE="></latexit>

t
<latexit sha1_base64="55jxfouN4DxD8BScG393P3NxQl8="></latexit>

T
<latexit sha1_base64="Xc37b0hd0HIv1JE4TkC+cAGN1g8="></latexit>

�T
<latexit sha1_base64="8b054D/CCKee891uWLXsIRHfNSw="></latexit>

0

<latexit sha1_base64="qOCTRzp/I6QuaPX3VKCX8ZxXhPQ="></latexit>

⌃�
<latexit sha1_base64="oR20ceD60I7oZJgvWAsV5inQmOM="></latexit>

⌃+
<latexit sha1_base64="/ZtI9TrRmqk5AahdtlRUHK5j9P4="></latexit>

i�
<latexit sha1_base64="lo9Q+oLC1dNp1bDI98NvCjhA9C8="></latexit>

i+
<latexit sha1_base64="F7oVgLeaaoacSQ6OmvJZLbt/ksU="></latexit>�1 <latexit sha1_base64="F0OSPE+O8YfejZe8gJ3qKAclctk="></latexit>1

<latexit sha1_base64="ohVM+OIDe9p8530zyPnSi2TyAYk="></latexit>

Vas(t)
<latexit sha1_base64="ohVM+OIDe9p8530zyPnSi2TyAYk="></latexit>

Vas(t)
<latexit sha1_base64="jZ1zPGu9OmcQDs/eQ9tVYZqbk08="></latexit>

V (t)

<latexit sha1_base64="k9Ztl+bpEEO9LhnXn4LsTlXivH8="></latexit>

H
<latexit sha1_base64="sWvy5XD/hbxe/F1tPVaRUY9VK7A="></latexit>

Hasの理論と の理論を繋ぐ演算子の構成を目指す
<latexit sha1_base64="kg+Fzezc9RlgTxw12rpuIdH3400="></latexit>

| ±
↵ i '

<latexit sha1_base64="//zLY5GY8KqjKbbzUvo5n+MBiw8="></latexit>

|�↵(±T )ii = Z(±T ) |�↵i

<latexit sha1_base64="8kWS+iUhU9NCWa7pDheIsdnjfxE="></latexit>

Z(T )

漸近S行列
<latexit sha1_base64="kEY+9uftRVeACpvrTdZ5+m/GHhY="></latexit>

Sas
�↵(T ) = hh��(T )|Sas(T )|�↵(�T )ii

<latexit sha1_base64="0hAxB2XIEqJKk50a6bfo9xa/j5Y="></latexit>

Z(�T )

漸近放射/入射状態
<latexit sha1_base64="We5NU35PWJXyKvGwnibFCqZCuJw="></latexit>

L
= S�↵



Summary-3

非物理的自由度は現れない 

散乱行列は発散を持たない 

従来の結果を含む遷移確率の予言が可能 

漸近対称性によってLorentz対称性は回復 

ベクトルポテンシャルの期待値変化が計算可能

散乱理論をCoulombゲージのQEDに応用した

Memory.

Soft thm.

Asympt. sym.

<latexit sha1_base64="FTkL40yVokeBV6pikhKtPN8b6A4="></latexit>

V I
as(t) =

Z
d3xasoft

µ (x)jµcl(x)
<latexit sha1_base64="Ju0Ku6/gg304zsURpE3XINcLYGw="></latexit>

asoftµ (x)
<latexit sha1_base64="MQT71nsDIzoDcS1rZRQ0ihp+u3g="></latexit>

!  1/T: の光子

赤外三角関係を反映したドレス状態形式である！



Prospects

QED

メモリー効果の定量的予言 Soft dofからの情報の読み出し
実験・観測への窓口

ドレスの重ね合わせ状態 量子効果を探る Cf. dress code ’22
NLOの議論 NLOドレスの存在とその帰結
散乱振幅の解析 DispersionなどへのIRの寄与

重力

Massless スピン2 軟重力子の果たす役割
非線形レベルではどうか

異なる背景時空 赤外三角は普遍的

時空と量子情報 ドレス状態は普遍的？
-dS, 高次元など

その他
Soft Collinear Effective Theory
Scalar QED
などなど・・・

非線形重力のヒント？
共線発散のドレス？




