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Introduction: Axion Quality Problem



CP violation

その起源は，CKM行列中の複素位相:

<latexit sha1_base64="2eIjgQrJpPb93uUvcG5QgGvuK+w="></latexit>
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3世代では，物理的な位相はただ一つ．
M. Kobayashi and T. Maskawa, Prog. Theor. Phys. 49, 652 (1973).

O(1) の値:
<latexit sha1_base64="n4ztdTAR4NWhhjcWTMBuEsfDEr0="></latexit>

� ' 1.2 ' 69�

標準模型の弱い相互作用は，CP対称性を破っている．

弱い相互作用におけるCP対称性の破れは，

一般的かつ自然に導入されている．



Strong CP problem

eGA
µ⌫ =
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<latexit sha1_base64="ZgAUYuwAu/HAuqZ6IH5ybwadn6g="></latexit><latexit sha1_base64="ZgAUYuwAu/HAuqZ6IH5ybwadn6g="></latexit><latexit sha1_base64="ZgAUYuwAu/HAuqZ6IH5ybwadn6g="></latexit><latexit sha1_base64="NG6sJ2+2Tem8Ga7+anpbZMuHrBA="></latexit>

これらの項は，中性子電気双極子モーメントを誘導する．

強い相互作用においても，CP対称性は破れうる．

✓̄ = ✓G +
X

q

✓q

<latexit sha1_base64="Wq9JrudFIfmkUS6GyUGFU8aFees=">AAACI3icbZBNSgNBEIVr/I3xL+rSTWMQFCHMSEA3YsCFLiMYIzhh6Ol0kibdM5PuGiEMOYOn8Ahu9QDuxI0LV17AI9hJFIz6oOHjVRVV/cJECoOu++pMTc/Mzs3nFvKLS8srq4W19UsTp5rxGotlrK9CargUEa+hQMmvEs2pCiWvh92TYb1+w7URcXSB/YQ3FG1HoiUYRWsFhV0/pDrzscORDsgRGVNwSvaIb1IV9L6dXlAouiV3JPIXvC8oHn/ASNWg8O43Y5YqHiGT1Jhrz02wkVGNgkk+yPup4QllXdrm1xYjqrhpZKMvDci2dZqkFWv7IiQj9+dERpUxfRXaTkWxY37Xhua/tVANyORqbB02MhElKfKIjTe3UkkwJsPASFNozlD2LVCmhT2esA7VlKGNNW9T8X5n8Bcu90teuVQ+LxcrlXE8kINN2IId8OAAKnAGVagBg1u4hwd4dO6cJ+fZeRm3TjlfMxswIeftE43cpSM=</latexit>

K. Fuyuto, J. Hisano, N. Nagata, Phys. Rev. D87, 054018 (2013).

|dn| < 1.8⇥ 10�26 e · cm

<latexit sha1_base64="Dqx9yXa1t/kqdZ4rlh4FvlOCOew="></latexit>

nEDM collaboration

|✓̄| . 10�10

<latexit sha1_base64="JQLm342DTWlMb+VrJUG0eRrQ2ro=">AAACGnicbVDLSgNBEOz1bXxFPXoZDIIXw64E9GbAi0cFYwJuDLOTjhmc2V1meoWw7tWv8BO86gd4E69ePPsDfoKTxIOvgoaiqpvurihV0pLvv3kTk1PTM7Nz86WFxaXllfLq2plNMiOwIRKVmFbELSoZY4MkKWylBrmOFDajq8Oh37xGY2USn9Igxbbml7HsScHJSZ0yuwkjbvKQ+ki8uGGhQmut1CzwL/KdwC865Ypf9Udgf0nwRSoHHzDCcaf8HnYTkWmMSShu7Xngp9TOuSEpFBalMLOYcnHFL/Hc0ZhrtO189EnBtpzSZb3EuIqJjdTvEznX1g505Do1p7797Q3Ff71IF+znaurtt3MZpxlhLMabe5lilLBhTqwrDQpSA0e4MNIdz0SfGy7IpVlyqQS/M/hLznarQa1aO6lV6vVxPDAHG7AJ2xDAHtThCI6hAQJu4R4e4NG78568Z+9l3Drhfc2sww94r58IqaG/</latexit>

<latexit sha1_base64="8BtlRuxE7rWiFbKYCMrxpBI8c5s="></latexit>

dn = 8.2⇥ 10�17✓̄ e · cm

何故こんなに小さいのか？
Strong CP problem

<latexit sha1_base64="0uoEpiD7YafJowmvHs7+DBaGR0o="></latexit>
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Peccei-Quinn mechanism
R. D. Peccei and H. R. Quinn (1977):

強い相互作用のもとでアノマリーを持つような大域的

U(1) 対称性を導入．

Peccei-Quinn (PQ) 対称性

この対称性は，あるスケールにおいて自発的に破れる．

擬南部・ゴールドストン粒子が現れる．

アクシオン
S. Weinberg (1978); F. Wilczek (1978).



PQ変換のもとで，アクシオン場は次のようにシフトする: 

<latexit sha1_base64="8rT0DYmck3Br7JpDvNj45MVOWMo="></latexit>

a ! a+ fa↵

アノマリーを再現するように，次の有効相互作用を持つ: 
<latexit sha1_base64="XXm7vN8+uLEaTmyM4ohguf5U5js="></latexit>
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32⇡2fa
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<latexit sha1_base64="po1bk2NAt6km51OJWHXqrVCkSSQ="></latexit>

T ' ⇤4
QCD

<latexit sha1_base64="22zS6y7tZ8919bFQN9o3ZuTFAi4=">AAACHnicbVDLSgMxFL1TX7W+qi7dBKvgqsxIQXcW6sKFixb6gk4tmTRtQ5OZMckIZZgf8Cv8BLf6Ae7Era79AT/B9LGwrQcCh3Pu4d4cL+RMadv+slIrq2vrG+nNzNb2zu5edv+groJIElojAQ9k08OKcubTmmaa02YoKRYepw1vWBr7jQcqFQv8qh6FtC1w32c9RrA2Uid7gmKXYI6qCXIVE/Qeubcm3cWd2JUCVUrXyV2hk83ZeXsCtEycGcld/cAE5U722+0GJBLU14RjpVqOHep2jKVmhNMk40aKhpgMcZ+2DPWxoKodT36ToFOjdFEvkOb5Gk3Uv4kYC6VGwjOTAuuBWvTG4r+eJxI0v1r3Ltsx88NIU59MN/cijnSAxl2hLpOUaD4yBBPJzPGIDLDERJtGM6YVZ7GDZVI/zzuFfKFSyBWL03ogDUdwDGfgwAUU4QbKUAMCj/AML/BqPVlv1rv1MR1NWbPMIczB+vwF18ainw==</latexit>

: topological susceptibility

m2
a =

T
f2
a

<latexit sha1_base64="x+nnv7ten88WSu4BjuVovWVEkmU=">AAACGHicbZDLSsNAFIZPvNZ6i7oUZLAIrkpSCroRC25cVugN2lgm00k7dCYJMxOhhOx8Ch/BrT6AO3HrzrUv4CM4vSxs6w8DP/85h3Pm82POlHacL2tldW19YzO3ld/e2d3btw8OGypKJKF1EvFItnysKGchrWumOW3FkmLhc9r0hzfjevOBSsWisKZHMfUE7ocsYARrE3XtEyS6+L6ErlAnkJikHYI5qmUoDcZx1rULTtGZCC0bd2YK1z8wUbVrf3d6EUkEDTXhWKm268TaS7HUjHCa5TuJojEmQ9ynbWNDLKjy0sk/MnRmkh4KImleqNEk/TuRYqHUSPimU2A9UIu1cfhvzRcZml+tg0svZWGcaBqS6eYg4UhHaEwJ9ZikRPORMZhIZo5HZIANIG1Y5g0Vd5HBsmmUim65WL4rFyqVKR7IwTGcwjm4cAEVuIUq1IHAIzzDC7xaT9ab9W59TFtXrNnMEczJ+vwFxYif7w==</latexit>

hai
fa

+ ✓̄ = 0

<latexit sha1_base64="CNKn8kSPpzt/QvNSjhHE9dHfPR4=">AAACKnicbVDLSgMxFL3js9ZX1aWbYBEEocxIQTdiwY1LBauCU8qdNNMGM5khuSOUob/hV/gJbvUD3IlL/QA/wXTqwteBwMk593KSE2VKWvL9F29qemZ2br6yUF1cWl5Zra2tX9g0N1y0eapScxWhFUpq0SZJSlxlRmASKXEZ3RyP/ctbYaxM9TkNM9FJsK9lLDmSk7o1P4wN8iJUqPtKMGShKdmoiLs4YrssjNAUIQ0Euesh87u1ut/wS7C/JPgi9aMPKHHarb2FvZTnidDEFVp7HfgZdQo0JLnLqYa5FRnyG+yLa0c1JsJ2ivJnI7btlB6LU+OOJlaq3zcKTKwdJpGbTJAG9rc3Fv/1omTEfkZTfNAppM5yEppPkuNcMUrZuDfWk0ZwUkNHkBvpHs/4AF135NqtulaC3x38JRd7jaDZaJ41663WpB6owCZswQ4EsA8tOIFTaAOHO3iAR3jy7r1n78V7nYxOeV87G/AD3vsnFGGn8Q==</latexit>

QCD閉じ込め後，アクシオンポテンシャルが誘導される．

真空でCP対称性保存

Peccei-Quinn mechanism

(  : アクシオン崩壊定数)fa



Achilles’ heel of PQ mechanism
PQ機構は

QCD非摂動効果

クォーク質量

によるとても些細なPQ対称性の破れの効果に依存している．

PQ対称性を破る他の効果に影響されやすい．

一方で，任意の大域的対称性は重力の効果で破れていると

考えられている． See, e.g., T. Banks and N. Seiberg, Phys. Rev. D 83, 084019 (2011).

重力によるPQ対称性の破れの影響は如何程か？



Effective theoretical approaches
有効演算子を用いた議論により，重力によるPQ対称性の破れの

影響は大きすぎるのではないかという懸念が示された．

H. M. Georgi, L. J. Hall, and M. B. Wise (1981); M. Dine and N. Seiberg (1986);

M. Kamionkowski and J. March-Russell (1992); S. M. Barr and D. Seckel (1992);


R. Holman, S. D. H. Hsu, T. W. Kephart, E. W. Kolb, R. Watkins, and L. M. Widrow (1992);

S. Ghigna, M. Lusignoli, and M. Roncadelli (1992).

PQ対称性を破る演算子
<latexit sha1_base64="v5cizMGNC60+SktmEh3turatR/A="></latexit>

Le↵ =
cn

M (n�4)
P

�n + h.c. : PQ場Φ
<latexit sha1_base64="vR0kx4JdZiU6ewlo5Epv8dR1Dus="></latexit>

� ! fap
2
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a
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<latexit sha1_base64="hLNuFGBDlQfcfCfmAjvEhdoE70A="></latexit>
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✓
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✓
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δn ≡ arg(cn)

これにより，アクシオン場がCP保存点からズレる．
<latexit sha1_base64="mwzIjwAXO6TP5SYZpUI2fKCQ+XQ="></latexit>
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Axion quality problem
Strong CPを避けるためには，

<latexit sha1_base64="jYyM1RelD71RzoCsvc9EGhysLFo="></latexit>

|�a|
fa

. 10�10

例えば,  の時，  までの演算子の係数を

非常に小さくしなくてはならない．

fa ≃ 1010 GeV n ∼ 10

Axion quality problem

ゲージ・セクターをうまく拡張

PQ対称性を破る低エネルギー演算子を書けなくする．

重いアクシオン模型

  の値を小さくとる．fa などなど．

模型構築による解決策

が必要．



Wormholes
実際のところ，重力によるどのような効果によってPQ対称性の

破れがもたらされるのであろうか？

重力インスタントン効果 ／ ワームホール

これを今からレビューします．



Wormholes



Giddings-Strominger wormhole
Nuclear Phys ics  B306 (1988) 890-907 
North-Holland, Amsterdam 

AXIO N - IN D U C E D  T O P O LO G Y C H AN G E  IN Q U AN T U M G R AVITY 
AN D  S T R IN G  T H E O R Y 

Steven B. GIDDINGS  

Joseph Henry Laboratories , Prince ton Univers ity, Prince ton, NJ  08544, US A, and 
Lym an Laboratory of Phys ics , Harvard Univers ity, Cambridge , MA 02138, US A * 

Andrew STROMINGER 

Department of Phys ics , Univers ity of California, S anta Barbara, CA 93106, US A 
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We cons ider a  sys tem comprised of a n axion (described by a  rank-three  antisymmetric tensor 
fie ld s trength) couple d to gravity. Ins tantons  are  found which describe  the  nuclea tion of a  
P lanck-s ized ba by Robertson-Walker universe . Information los s  to the  baby universes  can le a d to 
a n e ffective  los s  of quantum coherence . An es timate  of the magnitude  of this  e ffect on particle  
propaga tion is  ma de  in the semi-class ica l approximation. This  magnitude  depends  on the  
parameters  of the  theory (which includes  a  cutoff s ince  the theory is  non-renormalizable ) and on 
the  qua ntum s ta te  of the  many-universe  sys tem. In contras t to the  na ive  expecta tion tha t 
P lanck-sca le  dynamics  s hould lead to ve ry s ma ll e ffects  a t low energies , the  e ffects  of these  
ins tantons  can be  la rge . The  case  of s tring theory is  cons idered in some de ta il, and it is  found tha t 
a  mass less  dila ton can suppress  the  tunne ling. 

1. Intro duc tio n 

C u rre n t  e xp e rim e n ts  c a n n o t  re a c h  e n e rg ie s  h ig h  e n o u g h  to  d ire c tly p ro b e  th e  la ws  
o f p h ys ic s  a t th e  g ra n d  u n ific a t io n  o r P la n c k s ca le s . It  m ig h t n e ve rth e le s s  b e  
p o s s ib le  to  le a rn  s o m e th in g  a b o u t  th e s e  la ws  if th e y vio la te  s ym m e trie s  o f lo w-e n e rg y 
p h ys ic s .  A c la s s ic  e xa m p le  o f th is  is  p ro to n  de ca y.  O n  ra th e r g e n e ra l g ro u n d s  o n e  
e xp e c ts  b a ryo n  n u m b e r  n o t  to  b e  a n  e xa c t s ym m e try o f a  g ra n d  u n ifie d  m o d e l,  a n d  
p ro to n  d e c a y s h o u ld  o c c u r a t s o m e  ra te  [1]. Wh ile  it h a s  n o t  a c tu a lly b e e n  m e a s u re d ,  
th e  lo we r b o u n d s  o n  th e  ra te  d o  p ro vid e  s tro n g  c o n s tra in ts  o n  g ra n d  u n ifie d  m o d e ls .  

An o th e r  e xa m p le  o f th is  is  th e  p o s s ib le  e ffe c tive  los s  o f q u a n t u m  c o h e re n c e  wh e n  
q u a n t u m  m e c h a n ic s  is  c o m b in e d  with  g e n e ra l re la tivity.  As  firs t e m p h a s iz e d  b y 
Wh e e le r  [2], wh e n  the  s p a c e -tim e  m e tric  is  tre a te d  a s  a  q u a n t u m  fie ld , th e  to p o lo g y 
o f s p a c e -t im e  is  e xp e c te d  to  flu c tu a te  o n  s ca le s  o f th e  o rd e r o f th e  P la n c k le n g th .  

* Present address . 
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アインシュタイン重力のもとでの

アクシオン理論のユークリッド

経路積分においてワームホール解を発見．



作用
<latexit sha1_base64="TXWqhpV5LDpjDZ20q3LbKvchnVs="></latexit>

S =

Z
d4x

p
g


�M2

P

2
R+

f2
a

2
gµ⌫@µ✓@⌫✓

�

球対称解を探す:
<latexit sha1_base64="XtJZiJzJEZM4Do3cvUK67vDY1Ew="></latexit>

ds2 = dr2 + a(r)2d2⌦3 : 3次元空間要素d2Ω3

鞍点解
<latexit sha1_base64="IbAthjysjzNBRmg5COogtYFzpUw="></latexit>

@µJ
µ = 0 シフト対称性

: ユークリッド時間r

<latexit sha1_base64="74Pt9NFOGaZzOvKnuH9qbTfQDxs="></latexit>

Jµ =
p
g gµ⌫f2

a@⌫✓

<latexit sha1_base64="qrGOQmMLnzrFlFXuX9IIxh3LG5w="></latexit>

n =

Z
d⌦3 J

0 = 2⇡2a3(r)f2
a✓

0(r) = const.

PQ電荷保存

Giddings-Strominger wormhole



gμν
<latexit sha1_base64="SOZDoif2DNtN2XKDYVX5G9Lz2VI="></latexit>
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<latexit sha1_base64="ZCbwI70OyUOnFhYG5O4zfgZnF7I="></latexit>

�
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独立した条件では無いとわかる．

<latexit sha1_base64="2EKfXwDYuDxcw21RvLhh9d1OXH8="></latexit>

a02 = 1� a40
a4

<latexit sha1_base64="M8kwjJwBxQGj89Kbh3tcE1pbpcc="></latexit>

a0 =

✓
n2

24⇡4f2
aM

2
P

◆ 1
4

楕円積分を使って解を解析的に表せる．

Giddings-Strominger wormhole
鞍点解



10°2 10°1 100 101 102

r/a0

10°1

100

101

102

a(
r)

/a
0

a(r) → r (r → ∞)

漸近的に平坦

ワームホールの首

a(0) = a0 a′￼(0) = 0

PQ電荷, n, が流れる

Taken from R. Alonso, A. Urbano, JHEP 02, 136 (2019).

Giddings-Strominger wormhole



Taken from R. Alonso, A. Urbano, JHEP 02, 136 (2019).

2つの漸近平坦領域を，同じ空間の異なる2つの部分とも

みなしうる．

ワームホールが2つの領域を繋ぐ
ℝ3 → ℝ3 ⊕ S3 → ℝ3

Giddings-Strominger wormhole



Wormholes as instantons

Taken from R. Alonso, A. Urbano, JHEP 02, 136 (2019).

 にいる観測者には，PQ電荷が  だけ変化した

ように見える．
ℝ3 ΔQ = − n

この観測者にとって，PQ電荷は保存しない．



Effective potential
これらの非摂動重力インスタントンは，次の形のアクシオン

ポテンシャルを誘導する．
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 の時，  が満たされるためにはδ = 𝒪(1) |Δa | /fa ≲ 10−10
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S & 200 下限の値は対数的にしか   に依存しない．fa

S. J. Rey, Phys. Rev. D 39, 3185 (1989).



ワームホール配位に対応する作用の値は
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この項は，境界条件からくる．
Gibbons-Hawking-York (GHY) 項

半ワームホール解の場合のみ存在．

 の場合n = 1
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fa . 1016 GeV

この時ワームホールの寄与が十分に抑制される．

Giddings-Strominger wormhole



No quality problem?
ワームホールの寄与は十分小さそう？

クォリティ問題を心配する必要はないかも？？

残念ながら，それは楽観的すぎであるとわかる．

普通のアクシオン模型では，動径成分もある．
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ワームホールの首付近で，  が大きな値をとるとわかる．f(r)

作用の値が変更をうける．

L. F. Abbott and M. B. Wise, Nucl. Phys. B 325, 687 (1989).



KLLS analysis
PHYSICAL REVIEW D VOLUME 52, NUMBER 2 15 JULY 1995

Gravity and global symmetries

Renata Kallosh, Andrei Linde, Dmitri Linde, and Leonard Susskind
Department of Physics, Stanford University, Stanford, California 9/805 $0-60

California Institute of Technology, Pasadena, Cahfornia 911M
(Received 17 February 1995)

There exists a widely held notion that gravitational effects can strongly violate global symmetries.
If this is correct, it may lead to many important consequences. We argue, in particular, that
nonperturbative gravitational effects in the axion theory lead to a strong violation of CP invariance
unless they are suppressed by an extremely small factor g & 10 . One could hope that this problem
disappears if one represents the global symmetry of a pseudoscalar axion field as a gauge symmetry
of the Ogievetsky-Polubarinov-Kalb-Ramond antisymmetric tensor field. We show, however, that
this gauge symmetry does not protect the axion mass from quantum corrections. The amplitude
of gravitational effects violating global symmetries could be strongly suppressed by e, where S
is the action of a wormhole which may absorb the global charge. Unfortunately, in a wide variety
of theories based on the Einstein theory of gravity the action appears to be fairly small, S 10.
However, we find that the existence of wormholes and the value of their action are extremely sensitive
to the structure of space on the nearly Planckian scale. We consider several examples (Kaluza-Klein
theory, conformal anomaly, R terins) which show that modifications of the Einstein theory on the
length scale l 10M~ may strongly suppress violation of global symmetries. We find also that in

Sm
string theory there exists an additional suppression of topology change by the factor e ~' . This
effect is strong enough to save the axion theory for the natural values of the stringy gauge coupling
constant.
PACS number(s): 11.30.Fs, 04.60.—m, 11.25.—w, 14.80.Mz

I. INTKGDUCTION
The most elegant way to solve the strong CP viola-

tion problem is given by the Peccei-Quinn (PQ) mech-
anism [1]. This mechanism is based on the assumption
that there exists a complex scalar field 4(x):—I
which after spontaneous symmetry breaking can be rep-
resented as + ' exp ' ( . The Goldstone field a(x)
(axion) has the coupling s2, & I"„„I"",similar to the
famous 8 term 32, E~ F~". Nonperturbative eBects in
QCD lead to the appearance of the condensate (I'~„I"„)
and to the efFective potential of the axion field propor-
tional to A&cD[l —cos(0 + & )]. This potential has a
minimum at —= —0. In this minimum the terms

32,f E~ E"" and 32,E„E"cancel each other, and
strong CP violation disappears. This eKect gives the ax-

Aion a small mass m~ fo
In addition to providing a possible solution to the

strong CP violation problem, the invisible axion field [2]
is one of the best dark matter candidates [3]. It nat-
urally appears in all phenomenological models based on
superstring theory [4]. The axion fleld possesses many in-
teresting properties near black holes [5]. Finally, axions
may be responsible for the possible existence of worm-
holes in the baby universe theory [6]. Therefore there
exists an extensive literature on axions. This literature
includes at least two diferent formulations of the axion
theory, which are not completely equivalent, and several
modifications of these formulations (for a review see [7]).

The axion theory has many problems. First of all,
it is not easy to make this theory compatible with cos-
mology. If the spontaneous symmetry breaking toward
a state with fo g 0 occurs after the end of inflation,
then the standard axion model is compatible with cos-
mological and astrophysical constraints only if 10 GeV
& fo & 10 GeV [8]. A recent investigation with an ac-
count of cosmological eKects of the axion strings suggests
that the upper bound may be even more tight, so that
the "axion window" becomes almost closed, 10 GeV
& fo & 10 GeV [9]. On the other hand, if the spon-
taneous symmetry breaking occurs during inflation, then
the constraint fo & 10 disappears [10], but typically it
implies that the Hubble constant at the end of inQation
should be sufficiently small, II & 10 GeV [11,12]. Infla-
tionary models of this type can be easily suggested [12,
13], but one should keep in mind that not every inflation-
ary model satisfies this condition.
Three years ago it was pointed out [14] that the axion

theory faces another dificult problem, which we are going
to discuss in this paper.
The standard potential in the axion theory (ignoring

small QCD corrections) is given by

In this approximation the axion is massless due to the
global symmetry 4 —+ C e' . However, there are some
reasons to expect that nonperturbative quantum gravity
eKects do not respect global symmetries. The simplest
way to understand it is to remember that global charges
can be absorbed by black holes, which subsequently may

0556-2821/95/52(2}/912(24}/$06. 00 52 912 1995 The American Physical Society

動径方向成分の自由度がある場合，作用の値が ~ 10 程度と

小さくなるとわかった． Quality problem!



KLLS setup
PQ 場 計量（球対称）
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経路積分の鞍点解は，次の作用を , ,  に関して変分を

とることによって得られる．

Jμ f gμν

S. Coleman and K. Lee, Nucl. Phys. B 329, 387 (1990).
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Stationary solutions
Jμ
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今回もまた，独立な
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Results
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 は，ワームホールの首付近で大きな値をとる．f(r)
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作用の値は ~200 よりも全然小さい．

この場合，アクシオン・クォリティ問題が生じる．

J. Alvey and M. Escudero, JHEP 01, 032 (2021).

Results



Origin of the difference
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 が固定されているとき，首付近で第二項が支配的．f
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寄与が  にとどまる．
f(r) ∼ MP
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Summary
Giddings-Strominger

Kallosh-Linde-Linde-Susskind

動径方向が固定．

  でクォリティ問題を避けられる．fa ≲ 1016 GeV

動径方向が動的．

クォリティ問題あり．

重力との結合の仕方が最小でない場合はどうなるだろうか？
これを次に議論します．



Our work

K. Hamaguchi, Y. Kanazawa, N. Nagata, Phys. Rev. D105, 076008 (2022).



Model
PQ 場 計量（球対称）
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Euclidean path integral
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Stationary solutions
f
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Results
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 を大きくすると，  でξ ρ ≃ 0

F(ρ) は減少

A(ρ) は増加



Action
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  が増加するにつれ，作用の値も増加する．ξ

  でクォリティ問題を回避できる．ξ ≳ 2 × 103

Δa/fa ≲ 10−10

K. Hamaguchi, Y. Kanazawa, N. Nagata, Phys. Rev. D105, 076008 (2022).



Results

  でクォリティ問題を回避しうる．fa ≲ 2.5 × 1016 GeV

インフレーションも同時に考えうる．

インフレーションを

うまく起こせる．
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K. Hamaguchi, Y. Kanazawa, N. Nagata, Phys. Rev. D105, 076008 (2022).



Limits

 で，  が解となるとわかる．ξ = M2
P /f2

a fa = const.

Giddings-Strominger wormhole クォリティ問題無し

 の場合ξ = 0

KLLS wormhole

 によって，これら２つの場合がスムーズに接続されている．ξ

クォリティ問題あり



Discussion



Summary

ワームホールはアクシオン・クォリティ問題を引き起こす．

Non-minimal couplingによって，ワームホールの寄与
を十分抑制しうる．

インフレーションと一石二鳥？

アクシオン・クォリティ問題解決への新たな方向性



Palatini

Metric
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Palatini formalism
接続  を計量と独立な自由度とみなす形式．Γλ

μν

アインシュタイン重力

計量形式と同一の運動方程式を与える．

Non-minimal coupling 有りの場合

一般に，計量形式と異なる運動方程式を与える．

A. Einstein (1925)

D. Y. Cheong, K. Hamaguchi, Y. Kanazawa, S. M. Lee, N. Nagata, S. C. Park, Phys. Rev. D108, 015007 (2023).

cf.) Inflation

ξ ≃ 1.4 × 1010λ



R2

さらに  項もある場合も，いくつかの極限において解析された．R2

D. Y. Cheong, S. C. Park, C. S. Shin, arXiv:2310.11260.

The wormhole throat radius becomes
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It is confirmed that the wormhole throat size is small L0 . 1/MP , so the UV contribution

is just O(1). For � ⌧ �0, the corresponding wormhole action can be represented by the
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The IR dominated wormhole action has the form of Swh ' n lnMP /fa(�,�), where the

e↵ective axion decay constant is provided by fa(�,�) = e���. Therefore, the overall value

is log-enhanced, almost always leading to an at most O(10) value. This particular case can

also be interpreted in the sense that the dilaton field � alters the axion decay constant to

an e↵ective value fa. The PQ breaking local operator is proportional to

e�Swh+in✓ =

 
e���

p
2MP sin(⇡

p
6

4 �)/�

!n

. (3.36)

3.2.2 Model with a R2-term

The previous type of action can naturally arise from a theory consisting of a complex scalar

non-minimally coupled to gravity, along with a R2-term2:
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In metric formalism, introducing the R2 term leads to a new degree of freedom in the

Einstein frame. The equivalent form of the action becomes
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with the potential term containing the �,� dependence as the form
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P

◆�2
+ e

2
q

2
3

�
MP V (�). (3.39)

For the following discussion, we neglect the e↵ect of V (�) as we did in the previous sections.

However, the first term of U(�,�) cannot be simply ignored. Around the minimum, the

mass of � is ms = O(MP /
p
⇠s). If the mass of � is smaller than MP /⇠�, � plays a role of

unitarizing the action up to the Planck scale at the vacuum.

2
This class of theories are also considered as a UV extension to theories incorporating non-minimal

couplings to gravity [72–75].
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悪い方に行く．

Let us consider cases of large ⇠�. When ⇠s ! 0, � is supermassive, therefore it is just

frozen with the condition @�U(�,�) = 0. In this limit, we recover the single complex scalar

model, Eq. (3.5). Thus, Swh ⇠
p
⇠� + lnMP /(⇠��). On the other hand, in the opposite

limit ⇠s ! 1, � is e↵ectively massless. Hence, the action becomes the form of Eq. (3.25).

In this case, even for a large value of ⇠�, Swh ⇠ lnMP /(e��/MP �) with � = 1/
p
6. This

implies that there is a screening e↵ect of ⇠� as ⇠s increases. More specifically, we notice

that in the regime where ⇠��2 & M2
P , U(�,�) resembles a quartic potential

U(�,�) '
1

4
e
2
q

2
3

�
MP
�
⇠2�/⇠s

�
�4. (3.40)

From the IR value of �, the displacement of � in the wormhole background is at most of

O(MP ), so that e
2
q

2
3

�
MP = O(1). When the quartic coupling � = ⇠2�/⇠s ⌧ 1, this potential

term is irrelevant and the system reduces to the previous example in Sec. 3.2.1. It results

in a small wormhole action as Eq. (3.35). As � gradually increases (⇠s decreases), the

potential is approximated by a quartic term of � with a very large self coupling. In this

case, the throat size explicitly depends on the values of ⇠s and ⇠� [39], giving the form

L2
0 '

n

8⇡2M2
P

 
n ⇠2�
2⇡2⇠s

!1/3

for
p
⇠� ⌧ ⇠s ⌧ ⇠2�. (3.41)

In turn, this leads to the throat part of the wormhole action

S(1)
wh = 3⇡3M2

PL
2
0 '

3n

8

 
n⇡⇠2�
2⇠s

!1/3

for
p
⇠� ⌧ ⇠s ⌧ ⇠2�. (3.42)

This S(1)
wh is depicted in Fig. 4. For a large value of ⇠�, the analytic form of S(1)

wh are di↵erent

in three limiting cases, (I) ⇠s ⌧
p
⇠� (Green), (II)

p
⇠� ⌧ ⇠s ⌧ ⇠2� (Orange), (III) ⇠2� ⌧ ⇠s

(Blue).

Therefore, the value of ⇠s is quite important to determine the size of axion wormhole

action when ⇠� � 1. Actually, in the metric formalism, the natural value of ⇠s is propor-

tional to ⇠2� because of the quantum corrections from the following renormalization group

equation at one-loop level [76–83].

µ
d⇠s
dµ

= �
1

4⇡2

✓
⇠� +

1

6

◆2

. (3.43)

This implies that even if the tree-level value of ⇠s is vanishing, we expect ⇠s is naturally

generated as ⇠s ⇠ 0.02 ⇠2� ln⇤/µ ⇠ 0.02⇠2�. Inserting this to the wormhole action, Eq. (3.42),

we have S(1)
wh ' 1.5 (n = 1). This shows the di�culty of solving the axion quality problem

with the help of the non-minimal coupling to gravity for the complex scalar field that

includes the axion as � = 1p
2
�ei✓.

Before closing this section, we briefly comment on the case of Palatini formalism. In the

Palatini formalism, there is no new scalar degree of freedom even if we introduce R2-term

– 14 –

くりこみ群で生成．



Backup



Peccei-Quinn mechanism
関連するラグランジアン項

カイラル変換 によって第一項が

よって，

ととることで，第一項を第二項へとうつせる．

<latexit sha1_base64="QK+GoE9dlOBTYvpDS00RP/8qu4w="></latexit>

Lint =
g2s

32⇡2

✓
a

fa
+ ✓G

◆
GA

µ⌫
eGAµ⌫ �

X

q

⇥
mqe

i✓q q̄RqL + h.c.
⇤

<latexit sha1_base64="eV6RHnM3dU30x4kkjxYHZM+hPkI="></latexit>X

q

h
mqe

i(✓q+↵q)q̄RqL + h.c.
i

<latexit sha1_base64="VwGlXQTsETYM2wyUPpuchdVFlhc="></latexit>

q ! e�i�5↵q/2q

<latexit sha1_base64="HoP3x+WxkI4ZRBz7Ibe72vO4gwo="></latexit>

�L = � g2s
32⇡2

⇣X

q

↵q

⌘
GA

µ⌫
eGAµ⌫

<latexit sha1_base64="nLKy6c5+BnTFljgPafyfScmyNOo="></latexit>X

q

↵q =
a

fa
+ ✓G

だけ変化する．



Chiral Lagrangian
中間子の相互作用を記述する低エネルギー有効相互作用は，

微分展開の最低次で

<latexit sha1_base64="tFw4AMoru+Hp5+LPKX5Tp9UPNs0="></latexit>

Le↵ =
f2
⇡

4
Tr

�
@µU@µU †�

( : パイオン崩壊定数)fπ

ただし，
( :  生成子)Ta SU(Nf )

 変換のもとで，この場はSU(Nf )L × SU(Nf )R

<latexit sha1_base64="SoZSsxz8yaPmY6gJE3dnew17t/g="></latexit>

U ! gRUg�1
L

<latexit sha1_base64="z/c5NIraKMN1+p4/8O9NGsuien0="></latexit>

gL 2 SU(Nf )L
<latexit sha1_base64="z8whth/AXoR+AlVgk5sLK+BnqFs="></latexit>

gR 2 SU(Nf )R

のように変換する．

<latexit sha1_base64="8dZorP6/kqK1qNlAzCPqaPZnVwE="></latexit>

U ⌘ e
2i⇡a(x)Ta

f⇡



Mass term
質量項の効果も，次のようにしてカイラルラグランジアンに

取り入れられる．

<latexit sha1_base64="YJNZ2xSf1/3f1sPV/8BHp1/aFVc="></latexit>

M

(Nf = 2)

変換則
<latexit sha1_base64="OnkSykTdJUJe+PxOjjMnd7KdNWo="></latexit>

qL ! gLqL
<latexit sha1_base64="tiyB2N1/H2RaUJ4PfaaPTzdieBg="></latexit>

qR ! gRqR

 がℳ

<latexit sha1_base64="hjZBZTLFuveGt+CjM8OiWST/I4I="></latexit>

Lmass = �
X

q

h
mqe

i(✓q+↵q)q̄RqL + h.c.
i

<latexit sha1_base64="+rT+NkM2DlFc/447Bp7yvXNXmm0="></latexit>

= �(ūR, d̄R)

✓
muei(✓u+↵u) 0

0 mdei(✓d+↵d)

◆✓
uL

dL

◆
+ h.c.

<latexit sha1_base64="6zb1MqyzpdNV+Agxf5YOydjJaR4="></latexit>qL
<latexit sha1_base64="0Ktyxonqa9b/W4rLGht7oJa04kM="></latexit>

q̄R

<latexit sha1_base64="yot9GaQhKRBIWYjBo4Z1cePxNdQ="></latexit>

M ! gRMg�1
L と変換するなら上の項は不変．



Mass term
 不変な形で  を組み入れる．SU(2)L × SU(2)R ℳ

( : 定数)B0

<latexit sha1_base64="8dZorP6/kqK1qNlAzCPqaPZnVwE="></latexit>

U ⌘ e
2i⇡a(x)Ta

f⇡

<latexit sha1_base64="JaTK0PttlyOKcAllr0OjQGSpm3Y="></latexit>

2⇡aT a =

✓
⇡0

p
2⇡+

p
2⇡� �⇡0

◆

以下では，アクシオン・ポテンシャルに関係する中性成分に

焦点をあてる．

<latexit sha1_base64="gv6IFhMMaJsXoB+6k75s69VLF1E="></latexit>

Lmass =
f2
⇡B0

2
Tr

�
UM† +MU†�

成分表示



<latexit sha1_base64="MThjsvncE53AvEwR1c1+S0/6ICY="></latexit>

Lmass = f2
⇡B0Re

h
ei

⇡0

f⇡

n
mue

�i(✓u+↵u) +mde
i(✓d+↵d)

oi

<latexit sha1_base64="to4pn4iTUbghOVsNYi5CvXzoyyE="></latexit>

= f2
⇡B0(mu +md)


1� 4mumd

(mu +md)2
sin2

⇢
1

2

✓
a

fa
+ ✓̄

◆�� 1
2

cos

✓
⇡0

f⇡
� �

◆

✓̄ = ✓G +
X

q

✓q

<latexit sha1_base64="Wq9JrudFIfmkUS6GyUGFU8aFees=">AAACI3icbZBNSgNBEIVr/I3xL+rSTWMQFCHMSEA3YsCFLiMYIzhh6Ol0kibdM5PuGiEMOYOn8Ahu9QDuxI0LV17AI9hJFIz6oOHjVRVV/cJECoOu++pMTc/Mzs3nFvKLS8srq4W19UsTp5rxGotlrK9CargUEa+hQMmvEs2pCiWvh92TYb1+w7URcXSB/YQ3FG1HoiUYRWsFhV0/pDrzscORDsgRGVNwSvaIb1IV9L6dXlAouiV3JPIXvC8oHn/ASNWg8O43Y5YqHiGT1Jhrz02wkVGNgkk+yPup4QllXdrm1xYjqrhpZKMvDci2dZqkFWv7IiQj9+dERpUxfRXaTkWxY37Xhua/tVANyORqbB02MhElKfKIjTe3UkkwJsPASFNozlD2LVCmhT2esA7VlKGNNW9T8X5n8Bcu90teuVQ+LxcrlXE8kINN2IId8OAAKnAGVagBg1u4hwd4dO6cJ+fZeRm3TjlfMxswIeftE43cpSM=</latexit>

<latexit sha1_base64="kd+VMLLgDwH5JyLvI/kIefBTagw="></latexit>

tan� ⌘ mu sin(✓u + ↵u)�md sin(✓d + ↵d)

mu cos(✓u + ↵u) +md cos(✓d + ↵d)

ただし

係数はパイオン質量と関係づく．
<latexit sha1_base64="gOKDMV+OyhE8m48gwbzxLcVDyLg="></latexit>

m2
⇡ = B0(mu +md)

パイオン場の真空期待値：
<latexit sha1_base64="7SdsgyShLEAYbSjxd5AmCk/BD4c="></latexit>

h⇡0i = f⇡�

Mass term



Axion potential

<latexit sha1_base64="VvfmPbgzPiKDfwvW27OXxOKTVIQ="></latexit>

V (a) = �f2
⇡m

2
⇡


1� 4mumd

(mu +md)2
sin2

⇢
1

2

✓
a

fa
+ ✓̄

◆�� 1
2

パイオン場を積分して，アクシオン・ポテンシャルを得る．

ポテンシャルの最小点で
<latexit sha1_base64="Ximj6uAiHw+f6UFhZYproNxP1ko="></latexit>

hai
fa

+ ✓̄ = 0

アクシオン質量
<latexit sha1_base64="N4NHczz4kWo1wbjh3KOrFujBDxc="></latexit>

m2
a =

mumd

(mu +md)2
f2
⇡m

2
⇡

f2
a

<latexit sha1_base64="04QevFYH7BMjLRNYE6PvJbKfBgk="></latexit>

ma ' 6 meV ⇥
✓
109 GeV

fa

◆



Folk theorem
大域的な対称性のもとで電荷を持つ粒子が，ブラックホールに

飲み込まれたと仮定する．

ブラックホールは最終的にホーキング放射により蒸発する．

大域的対称性の電荷は破壊される．

Cf.) ゲージ電荷

ガウスの法則により，電束が保存される．

重力による破れ

荷電ブラックホールは完全に蒸発できない．



Two-form gauge theory
Giddings-Strominger の原論文では，2-形式ゲージ理論が

考えられていた．

 : Kalb-Ramond 場bμν

場の強さ
<latexit sha1_base64="nijwiICIu3V4Np9ONxlvpLcw7v0="></latexit>

H = db
<latexit sha1_base64="gv/xYIkDkh/01o20EWA0W4cR/+A="></latexit>

Hµ⌫⇢ = rµb⌫⇢ +r⌫b⇢µ +r⇢bµ⌫

ゲージ変換
<latexit sha1_base64="FhuNny8Kvxge1iCU2+VKDlSunKc="></latexit>

�b = d⇤
<latexit sha1_base64="MPilAX4candLxUO70VIoK0Fjpxc="></latexit>

�bµ⌫ = @µ⇤⌫ � @⌫⇤µ

 はアクシオン場  と双対関係にある:H θ
<latexit sha1_base64="2RVR3n2z8PYivBtaXyvRuHH12G0="></latexit>

Hµ⌫⇢ = f
2
a ✏�µ⌫⇢@

�
✓



作用

球対称解を探す:
<latexit sha1_base64="XtJZiJzJEZM4Do3cvUK67vDY1Ew="></latexit>

ds2 = dr2 + a(r)2d2⌦3 : 3次元空間要素d2Ω3

: ユークリッド時間r

<latexit sha1_base64="jL+XoP7jpI1qyaX1ef15A/ycqIA="></latexit>

S =

Z
d
4
x
p
g

✓
�M

2
P

2
R+

1

12f2
a

Hµ⌫⇢H
µ⌫⇢

◆

<latexit sha1_base64="TSgM2u65iGppljJ5kvYCvNCqCw8="></latexit>

Hµ⌫⇢ = H(r)✏ijk

鞍点解

<latexit sha1_base64="H0aw0KUZdk/qJmc01XKwSaqrLYc="></latexit>

3


a02

a2
�

1

a2

�
= �

1

2f2
aM

2
P

H
2

<latexit sha1_base64="7fq8W5yWl4YmoKqX8vmLbmQWK5g="></latexit>

2aa00 + a02 � 1 =
1

2f2
aM

2
P

H
2a2

gμν

Two-form gauge theory



Hμνρ

<latexit sha1_base64="EYazAL1eSygEbtN+NokGW9KUlx0="></latexit>

@µ(
p
gH

µ⌫⇢) = 0 常に満たされる．

ビアンキ恒等式
<latexit sha1_base64="NBBRZdmONkDgj3yLz9Itzw2d79g="></latexit>

dH = 0
<latexit sha1_base64="XefBzYslnu5JLmjjQpGagu7lHxE="></latexit>

✏
µ⌫⇢�

@µH⌫⇢� = 0
<latexit sha1_base64="CCLhQszIzrTkridNV32sa1ZuiHA="></latexit>

H(r) =
H0

a3(r)

<latexit sha1_base64="oT54xql1gx3NH+RXkC2BSZRn3zw="></latexit>

d

dr

⇣p
|eg|a3(r)H(r)"ijk

⌘
= 0

を，  で次のように規格化する．r → ∞
<latexit sha1_base64="Ee/Q8a4pVlnyKJdCgOIK4o5f+tk="></latexit>

H0

<latexit sha1_base64="933rub7RTC8l2bH2SLJqoS+TzAk="></latexit>Z
d⌦3 r

3
H(r) =

Z
d⌦3 H0 = 2⇡2

H0 = n

Two-form gauge theory
鞍点解



Giddings-Strominger wormhole
Giddings-Stromingerワームホール解は，楕円積分を用いて

解析的に表すことができる．

<latexit sha1_base64="0eeO64IDBMSm5zxfI3JslmjNDR8="></latexit>

r = a

r
1� a40

a4
+

a0p
2
F

✓
cos�1

na0
a

o ����
1

2

◆
�

p
2a0E

✓
cos�1

na0
a

o ����
1

2

◆

S. B. Giddings and A. Strominger, Nucl. Phys. B 306, 890 (1988).

<latexit sha1_base64="J+U28AI4NeYMyYZ1yOQaWFB7ai4="></latexit>

F (�|m) =

Z �

0

�
1�m sin2 ✓

��1/2
d✓ ,

E(�|m) =

Z �

0

�
1�m sin2 ✓

�1/2
d✓ .

楕円積分



Charge quantization
<latexit sha1_base64="TOzjQ/U8m6/LJAwNV7inK59IoPw="></latexit>

n =

Z
d⌦3 J

0 = 2⇡2a3(r)f2
a✓

0(r) は整数であるとわかる．

これを見るために，作用のアクシオン部分を

ローレンツ時空で考察する．

<latexit sha1_base64="1tVPyuzNA61cow8hTfD2MCbG+G4="></latexit>

S✓ =

Z
d4x

p
g
f2
a

2
✓̇2 =

Z
dt

Z
d⌦3

p
g3

f2
a

2
✓̇2

場の変位  に対し，θ → θ + δθ
<latexit sha1_base64="h8BNJ5HXVuKOJoIHtwnJR8XDg4Q="></latexit>

�S✓ = f2
a

Z
dt

Z
d⌦3

p
g3 ✓̇�✓̇

に注意
<latexit sha1_base64="GKNHqjyrKK7yyNiJMLUvybGsdf0="></latexit>

d

dt
(
p
g3 ✓̇) = 0

<latexit sha1_base64="XvsyVo+DzOMdSVmwOnx1ujNRQs8="></latexit>

�S✓ = f2
a

Z
d⌦3

p
g3 ✓̇�✓

�

boundary

= n [�✓]boundary

今，  はゲージ冗長性であるから， .θ → θ + 2πk n ∈ ℤ

eiSθ



Gibbons-Hawking-York term
境界がある場合，変分原理をwell-definedにするために境界項を

足さなければならない．

<latexit sha1_base64="Ijpxlcp8qVydM6ZUA8nfLOGeBRI="></latexit>

SGHY = �M2

P

Z

@V
d3x

p
|eg|K

ここで，
<latexit sha1_base64="XasRvAqhvTVsH0UGekHdhngTrto="></latexit>

K ⌘ gµ⌫Kµ⌫ = P↵�r↵n�

: the extrinsic curvatureKμν

: 射影テンソルPμν ≡ gμν − nμnν

: 超曲面の法線単位ベクトルnμ

この項は，Gibbons-Hawking-York (GHY) 項と呼ばれる．

（ラグランジアンが2階微分を含むため）



今の場合，
<latexit sha1_base64="EbqzPmRnpSIjpABUkhpWVyIj790="></latexit>

K = P↵�r↵n� = gijrinj = gij(��0
ij) = aa0gij

gij
a2

= 3
a0

a

従って，
<latexit sha1_base64="78vjAoFFsBZdh8rXNdjAbVeikgE="></latexit>

SGHY = �3M2

P

Z

@V
d⌦3a

2a0

この積分は発散している．この問題に対する標準的な対処法は，
<latexit sha1_base64="dTHOWd9M3PXu1TQ1Mla/USbGSlc="></latexit>

K ! K �K0

: フラットな時空に同一の境界が埋め込まれた場合のextrinsic curvature.K0
<latexit sha1_base64="g5anOahl2HT/bIkYC2XRN/iTQp4="></latexit>

K0 =
3

a

Gibbons-Hawking-York term



Caveat
アクシオン・ワームホールの鞍点解を探す際に，PQ電荷

保存則にまつわる微妙な点がある．

K. Lee, Phys. Rev. Lett. 61, 263 (1988).

S. Coleman and K. Lee, Nucl. Phys. B 329, 387 (1990).問題の起源

ある値の電荷Qについて，最低エネルギーを計算することを

考える．

<latexit sha1_base64="l+Ili/BPTHOq/KvvVYJ8suEORR8="></latexit>

hf |e�HT/~|ii =
X

n

e�EnT/~hf |nihn|ii

これは励起状態に対応するため，鞍点法を直接用いることは

できない．

代わりに次の量を計算する．
<latexit sha1_base64="IWORhW2d34VfHi67Rqvpy99d9sQ="></latexit>

hf |e�HT/~�(Q� q)|ii =
X

n

e�EnT/~�(Qn � q)hf |nihn|ii



今の場合，2つの方法でこの問題を回避しうることが次の論文で

議論された． S. Coleman and K. Lee, Nucl. Phys. B 329, 387 (1990).

次の作用
<latexit sha1_base64="TVdxSx+2v9qi7Gl5rzEjiDGlbYs="></latexit>

S =

Z
d4x

p
g


�M2

P

2
R+

1

2
(@µf)

2 + V (f) +
1

2gf2
gµ⌫J

µJ⌫ +
1
p
g
✓@µJ

µ

�

を， , ,  について変分をとる方法．Jμ f gμν

位相空間の経路積分から出発してこれを得ることができる．

電荷保存則は，ラグランジュ未定定数法で取り入れられる．

虚数の  について鞍点を探す方法．θ
<latexit sha1_base64="8Busf/ECTnFnFpod1q1cOE2eBg0="></latexit>

� = i✓

Caveat



1-D periodic potential
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Taken from R. Alonso, A. Urbano, JHEP 02, 136 (2019).
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1/2
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エネルギー固有状態
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希薄気体近似のもとで，

これは，次のように求まる:



Multiple wormholes

Taken from R. Alonso, A. Urbano, JHEP 02, 136 (2019).

  インスタントン状態遷移振幅は次式で与えられる．ni → nf
S. B. Giddings and A. Strominger, Nucl. Phys. B 307, 854 (1988).
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同じ結果が，次のハミルトニアンを用いても得られる：
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Effective wormhole action
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S. J. Rey, Phys. Rev. D 39, 3185 (1989).
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Oq(x) : 電荷 q を持つ演算子
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Taken from R. Alonso, A. Urbano, JHEP 02, 136 (2019).



Effective potential
次の演算子を定義する．
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また，対応するコヒーレント状態も定義
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トンネル遷移により，コヒーレント状態がエネルギー固有状態

となる．

S. J. Rey, Phys. Rev. D 39, 3185 (1989).

cf.) 𝒯 |θ⟩ = eiθ |θ⟩

<latexit sha1_base64="Lq0yKetFo6TT75nVPxLjDbwag4k="></latexit>

S =

Z
d4x

p
g
X

q

2Kqe
�S↵qOS cos(q✓ + �q)


