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Introduction

� ೦Կ (೦ฑߩયҢ): 
       ඉఱܗద͵য়ସ͖Δ                    ఱܗద͵য়ସયҢ

߰ ࣩȁ߰ۧ ൌ ��ሺ�ࣩߩ�୲୦ୣ୰୫ୟ୪�ሻ ߰ ࣩ ߰ ് ��ሺ�ࣩߩ�୲୦ୣ୰୫ୟ୪�ሻ 

ษద͵࣯ܧଡର(ఱݻ/ࢢྖ)

ҐԾඉࣙ͵఼:
� ʹΓ͑͵ܧʹΓ͑͵ॵغয়ସ͗ฑߩয়ସͳ؉ͤΖ͖,

� ೦ԿͤΖͳ͢ͱɼʹΓ͑͵౹ܯΠϱγϱϔϩࣰ͗͠ݳΗΖ͖.

೦ԿգఖͺҲൢͶ͞ΗΔࡋυʖνͶඉͶғଚͤΖɽ
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Introduction

ྖࢢ(QFT)ඉࣙ͵೦Կգఖ
� ?Ν༫͓Ζ͖ڻଲস͗೦ԿͶʹΓ͑͵Ӫ࣏߶
݃ؾఴࣰؔ࣎ 

� ඉۃॶฯଚྖ(*)͍͗Ζ࣎ɼʹΓ͑͵؏ྖ͗ඉࣙ͵೦ฑߩ
য়ସΝۢพͤΖ͖?

ΖͤݳΠϱγϱϔϩࣰ͗ߩɼඉࣙ͵೦ฑ࣎ॶฯଚྖ͍͗Ζۃ 
   ͞ͳ͗எΔΗͱ͏Ζɽ

͞φʖέͲmotivation
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Introduction

:Ͷ͕͜Ζ೦Կܧࢢྖཱིݿ

.ఴΝͤΖؔ࣎ͺϤωνϨܧࢢྖ͏͵ҵࢆ
     ඉ೦ద͵য়ସͺؔ࣎ఴ͢ͱඉ೦ద͵ΉΉ?ฺ

� Ҳͯཀྵմ๏: ԍࢢࢋغଶϪϗϩͲ͓ߡΖ

���
௧՜ஶ

߰ሺݐሻ ࣩȁ߰ሺݐሻۧ ൌ ��ሺ�ࣩߩ�୲୦ୣ୰୫ୟ୪�ሻ 

ۋฑؔ࣎ ೦ฑߩͶ͕͜Ζ౹ܯฑۋ

ॉড়݇:
য়ସ೦ԿՀઈ (ETH)༙ݽ (͏ک)      

 સͱΦϋϩάʖ༙ݽয়ସͺ೦దͲ͍Ζ

?

[Deutsch, Phys. Rev. A 43(1991); Srednicki��3K\V��5HY��(���������«@
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Introduction

� ሺ݀  ͳሻݫ࣏ద͵QFT͗p࣏ଲসΝͬ࣍ɼ͏͚͖ͯՀఈ (*) 
Νຮͪͤ࣎ɼҐԾΝࣖͪ͢ :

 (d-p)-ݫ࣏ద͵؏ྖ͗ETHΝഃΖɽ

Our work

චͥ͢ɼඬ६ద͵ΩόωΩϩΠϱγϱϔϩͶ͗ܧ
؉ͤΖͳͺݸΔ͵͏ɽ

ሺ࣏-ଲসΝͪྂ͢ߡҲൢԿGibbsΠϱγϱϔϩ)
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[O.F., Ryusuke Hamazaki, Phys. Rev. Lett. 131 (2023), arXiv:2305.04984]

[O.F., PTEP 2024, no.4, 043B03 (2024), arXiv:2310.11425]

� Հఈ(*)ͶଲͤΖࡱߡ࠸ :
 ಝͶɼԺ ൈ Ժଲস͗ࣻӪනݳͲࣰ͠ݳΗͱ͏Ζ࣎ɼ Ժ or 

 ԺʹͬΔ͖ΊഃΖઃಊΝΝՅ͓Ζͳ(*)͗ຮͪ͠ΗΖɽ
͵ηϘέφϧϞؔ(߶͚ྯًͪ͢য়ସ)ંదܧ
ๅΝචགྷͳ͢͵͏
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Eigenstate thermalization hypothesis

ᶅ ֚ ඉଲֱద ETH 
ᶆ ֚ ଲֱద ETH

ҲൢͶҐԾͺܧࡋΏॵغয়ସͶғଚͤΖ:
ᶅસͱॵغয়ସͺ͍Ζఈয়ସͶ؉ͤΖ͖?

ᶆ؉ͤΖͳ͢ͱɼͨௗؔ࣎ฑۋͺ೦దΠϱγϱϔϩͲىफ़͠ΗΖ͖?
ଶࣩߜ ؔ ࣩ ଶ െ ࣩ

ଶ
՜ Ͳ  as  ݐ ՜ λ

ࣩ  ࣩ ୣ୯

Ҳ୶ETHΝՀఈͤΖͳɼॵغড়݇ͶғଚͦͥͶ೦Կً͗͞Ζ

ሻۧݐሺࣩۦ

t

ҐԾ͞φʖέͲͺɼଲֱదETHΝ
ୱͶETHͳݼɽ

*

6/20



Eigenstate thermalization hypothesis

(Diagonal) ETH

Let ߰ Ͳ ൌ σఈ ܿఈ ȁܧఈۧ   (ܪ ఈܧ ൌ ,(ఈۧ: energy eigenstatesܧఈȁܧ
(ୱͪΌɼύϝϩφωΠϱक़ୂͺໃ͏ͳՀఈͤΖɽ؈)

ࣩ ൌ σఈ ܿఈ ଶ ఈܧ ࣩ ఈܧ

ఈܧ ࣩ ఈܧ ܧ  �� ሻܧ୫୧ୡ୰୭�ୡୟ୬୭୬୧ୡୟ୪ሺߩ�ࣩ�

[Deutsch, 1805.01616]

e.g.) Hard core boson:
blue: integrable               ETH

red: non-integrable         ETH
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Higher-form symmetry

� p-࣏ଲসͺcodimension-ሺ  ͳሻଲসԍࢢࢋͲಝͰ͜ΔΗΖ

݀  ͳ  QFTͲͺɼݫ࣏

ఈܷۦ ܥ ܹ ሚܥ ǥ ۧ ൌ ݁ఈܹۦ ሚܥ ǥ ۧ

  

� ɽ(G: abelian group)ͯ࣍ଲসͺG group structureΝ࣏߶

ܷఈ ܥ ఉܷ ܥ ൌ ܷఈାఉሺܥሻ

φϛϫζΩϩԍࢢࢋ

ଲসԍࢢࢋ:
ሺ݀ െ ሻ-dimensional

Charged operator:
dimensional-

૮਼ؖؖͺC࿊କรܙԾͲรɽ

= ݁ఈ �ൈ
ܥ ሚܥ ሚܥ
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Higher-form symmetry

� ԍܷࢢࢋఈ ܥ  Ώ ܹ ሚܥ  ϐϩϗϩφؔۯࡠ༽Ν͓ߡΖɽ
    (space-like symmetry [Goranta-Lam-Seiberg-Shao, 2201.10589]):

Hilbertؔۯࡠ༽

ൌ ݁ఈ
ܷఈ

ܷఈ
றሺܥ௫ሻܹሺܥ௬ሻܷఈሺܥ௫ሻ ൌ ݁ఈܹሺܥ௬ሻ      ܥ௫ǡ ௬ܥ ؿ ࣧ: space manifold

ܹ ܹ
time

Topological nature of�ܷఈ ǡܷఈܪ ൌ Ͳ        

9/20



ETH breaking by higher-form symmetry

ԍܷࢢࢋ ߛ /ܷሺ ҧߛሻͺචͥ͢௪ΩόωΩϩΠϱγϱϔϩͶ
؉͢͵͏ɽ

Main claim

ଡ༹ରࣧൈԹ�Ͳఈٝ͠Ηͪሺ݀ۯ࣎  ͳሻ-ݫ࣏QFTΝ͓ߡΖɽ
ύϝϩφωΠϱHͺඉक़ୂɽ
ଲস with the symmetry operator ܷఈ࣏-p ͗ܧ ܥ  Νͯ࣍ɽ

న͵Հఈ(*)Νຮͪ͠Ηͱ͏Ηͻɼ
ԍܷࢢࢋఈሺߛሻ ͖ ܷఈሺ ҧߛሻ (͍Ζ͏ͺྈ๏)͗ETHΝഃΖɽ
ǡߛ ҧߛ: ሺ݀ െ ߛ  .ሻ-d manifold with boundary, s.t  ҧߛ ൌ ሚܥ ؿ ࣧ

Setup

e.g.) ࣧ ൌ ܶଶ

 ൌ ͳ  ൌ Ͳ
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ETH breaking by higher-form symmetry
Main claim
న͵Հఈ(*)Νຮͪ͠Ηͱ͏Ηͻɼԍܷࢢࢋఈሺߛሻ ͖ ܷఈሺ ҧߛሻ 
(͍Ζ͏ͺྈ๏)͗ETHΝഃΖɽ

Assumptions:
i) ԍܷࢢࢋఈሺ ሚܥሻ ͗մͲ͘Ζ: ܷఈሺ ሚܥሻ ൌ ܷఈሺߛሻܷఈሺ ҧߛሻ.

ii) Φϋϩάʖ༙ݽয়ସ ܧ ǡ ܧ , with ܧǡ ܧ א ሾܧǡ ܧ  ,ሿܧߜ
     s.t. ܧ ܷఈ ሚܥ ܧ ് ܧ ܷఈ ሚܥ ܧ  ͗ଚͤࡑΖɽ

iii) ϜέϫΩόωΩϩΠϱγϱϔϩͲغଶ ܷఈ ሚܥ ୫ୡ
ఋா ് Ͳ.

ߛ)  ҧߛ ൌ ሚܥ ؿ ࣧ)

Energy level

Symmetry sector
ݍ ൌ 0 1 2

ڭڭ ڭ

ڮ

ܧߜڮ
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ETH breaking by higher-form symmetry

Comments

� ݃͞Վͺ   ͳ࣎ɼಝͶඉࣙͲ͍Ζɽ͵ͧ͵ΔETHഃ
Ηͺ³EDWK´ঘ͠͠Α͓Ͳ͵͏͖Δɽ

� ҲൢԿ:
ܣ       ݃ ܷఈሺߛሻ ͖ ܣ ݃ றܷఈሺ ҧߛሻ ͗ETHΝഃΖɽ
ؿሺ݃ሻ: operator defined on a region ݃ሺܣ       ࣧ�ሻ with ݃ ת ҧߛ ൌ ߶

 ൌ ͳ  ൌ Ͳ

͍Ζݽఈͪ͢ߛͶଲ͢ͱɼଡ͚ETHΝഃΖԍ͗ࢢࢋ
ଚͤࡑΖɽ
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Projective phase and ETH-breaking
ࣻӪනݳ
Let G be an Abelian group

13/20

ܷభ ܷమ ൌ ݁�థሺభǡమሻ ܷభమǡ ݃ଵǡ ݃ଶ א ǡܩ
ܷభ ܷమ ൌ ݁�థ భǡమ ି�థሺమǡభሻ ܷమ ܷభ

ܷͺଲসԍࢢࢋͲ͍ΖͪΌɼΦϋϩάʖ༙ݽয়ସȁۧܧͺ ܷͳ
ಋ༙ݽ࣎য়ସͶखΗΖ:

ܪ ܧ ൌ ܧ ܧ ǡ ܷ ܧ ൌ ݁ఈȁۧܧ

� :য়ସͺक़ୂͤΖ༙ݽɼΦϋϩάʖ࣎ͯ࣍ΝݳӪනࣻ͗ܧ

݁�థ భǡమ ି�థሺమǡభሻ ് ͳ ֜�

ȁۧܧͳ ܷమȁۧܧ ͗ި



Projective phase and ETH-breaking

ࣻӪනݳͶΓΖक़ୂͳଲসιένʖࠠ

14/20

݁�థ భǡమ ି�థሺమǡభሻ ് ͳ ࣎ɼȁۧܧ ͳ ܷమȁۧܧͺҡ͵Ζଲসιένʖ
ͶͤΖɽ(֞ ҡ͵ΖοϡʖζΝͯ࣍ɽ)

՛ుରߨགྷો

ܹΝ՛ుରͳͤΖ:

ଵ݃ א �ܩ �భ ് ͳ� ֜ � ǡܧ ߙ ܹ ǡܧ ߙ ൌ Ͳ

ଵ݃ א �ܩ �భ ൌ ͳ� ֜ � ǡܧ ߙ ܹ ǡܧ ߚ ൌ Ͳ� ሺߙ ് ሻߚ



Projective phase and ETH-breaking
Recall
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Assumptions:
i) ԍܷࢢࢋఈሺ ሚܥሻ ͗մͲ͘Ζ: ܷఈሺ ሚܥሻ ൌ ܷఈሺߛሻܷఈሺ ҧߛሻ.
ii) Φϋϩάʖ༙ݽয়ସ ܧ ǡ ܧ , with ܧǡ ܧ א ሾܧǡ ܧ  ,ሿܧߜ
     s.t. ܧ ܷఈ ሚܥ ܧ ് ܧ ܷఈ ሚܥ ܧ  ͗ଚͤࡑΖɽ

iii) ϜέϫΩόωΩϩΠϱγϱϔϩͲغଶ ܷఈ ሚܥ ୫ୡ
ఋா ് Ͳ.

Idea
Ժே ൈ ԺெଲসࣻӪනݳΝ͓ߡɼฤ๏(Ժெ)ΝഃΖઃಊΝՅ͓Ζ

i.e., ܩଵ ൌ Ժேǡ ଶܩ ൌ Ժெ ͳ͢ͱɼ



Projective phase and ETH-breaking 16/20

Ժே ൈ ԺெଲসࣻӪනݳΝ͓ߡɼฤ๏(Ժெ)ΝഃΖઃಊΝՅ͓Ζ

(क़ୂ͍͗Ζ࣎)Hellmann-Feynman theoremΝ༽͏Ζ:

Note: energy spectrumάϡρϕ ܱሺ݁ି�୭୪୳୫ୣሻͪΌɼ
 ௪ઃಊͺ͓࢘͵͏



e.g.1) (1+1)-dimensional Ժࡺ ൈ Ժࡺ-symmetric spin chain 

17/20Numerical analysis for lattice systems

ଲসԍࢢࢋ

͵Δඉࣙ͵ࣻӪҒ૮Νͯ࣍



18/20Numerical analysis for lattice systems
e.g.1) (1+1)-dimensional Ժࡺ ൈ Ժࡺ-symmetric spin chain 

ଵܷ
றܪே ଵܷ ൌ ேǡܪ � ෩ܷଵ

றܪே ෩ܷଵ ൌ ேܪ



19/20Numerical analysis for lattice systems
e.g.2) (2+1)-dimensional Ժ lattice gauge theory

Ժଶ electric 1-form symmetry Ժଶ ³SDULW\´�V\PPHWU\

ଲসԍࢢࢋ

ߪ
ଵǡଶǡଷ: Pauliߨ at b

Ժమܪ ൌ െ 
א�୮୪ୟ୯୳ୣ୲୲ୣ

ܤ�ߣ െ 
א୪୧୬୩

ଵߪ�ߣ

ܤ ؔ ෑ
א୮୪ୟ୯୳ୣ୲୲ୣ�

ଷߪ



Հఈ(*)ߡ࠸
� Ժே ൈ ԺெଲসࣻӪනݳΝ͓ߡɼฤ๏(Ժெ)ΝഃΖઃಊΝՅ͓
Ζ͞ͳͲɼՀఈ(*)Νຮͪͤ͞ͳ͗Ͳ͘Ζɽ

Summary and outlook

� Ν༫͓Ζɽڻଲসͺ೦ԿͶӪ࣏߶
� p-࣏ଲসΝ͗ܧͯ࣍Հఈ(*)Νຮͪͤ࣎ɼሺ݀ െ ద͵ETHݫ࣏-ሻ

ΝഃΖԍࢢࢋΝ۫ରదͶߑͲ͘Ζɽ

Outlook
� Relation to mixed state topological orders

� Effect on entanglement spectrum

� Demonstration for other QFTs

 Ժே gauge theory, 8����JDXJH�WKHRU\��68�1��JDXJH�WKHRU\«

 VXSHUFRQGXFWHU��VXSHU�IOXLG«

EWF«
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͏͵ؔηϘέφϧϞๅΝචགྷͳ͢ܧ
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