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Nambu Goldstone Theorems 
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Consider d dimensional QFT with continuous internal symmetry.  Q be the generator.  

• In finite volume it can not happen, one can diagonalize Q.  Spontaneous symmetry breaking is an infinite 
volume phenomenon.


• Presence of Super-selection sectors. 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• Algebraic decay of correlator:                                 can not decay faster than   
 
                                                                               can not decay faster than  
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Nambu Goldstone Theorems: Space time symmetry

Consider d dimensional QFT with conserved Stress Energy tensor. 
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µ = ⇠⌫Tµ⌫ For Killing vector 
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From dimensional analysis, a nonzero commutator for the boost Killing vec-
tor (which we can take to be ⇠

1 = x
0
, ⇠

0 = x
1
, with the rest of the components

vanishing) means that correlators of some components of the EM tensor and O

decay not faster than 1/|x|d.

• Boost breaking is conceptually on different footing.  There is no sense of Boost symmetry  
in compact space. No super selection sectors. 
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Nambu Goldstone Theorems: Space time symmetry

Consider d dimensional QFT with conserved Stress Energy tensor. 
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• While there is no boost symmetry in compact space, if we focus on a small patch, there is an 
approximate boost symmetry, this can be broken spontaneously in infinite volume limit for some 
specially chosen states.  

• The algebraic decay and gapless excitation around this state in the infinite volume theory implies 
constraint on the finite volume theory. 

<latexit sha1_base64="GGA70Uo/8ScBDtk0LQ456SvqK8w=">AAACHnicbVDLSgMxFM34tr5GXboJFqEFKTPia1l0404L9gGdsWTS2zY0kxmTjFjGfokbf8WNC0UEV/o3po+Fth4IHM45l5t7gpgzpR3n25qZnZtfWFxazqysrq1v2JtbFRUlkkKZRjyStYAo4ExAWTPNoRZLIGHAoRp0zwd+9Q6kYpG41r0Y/JC0BWsxSrSRGvaRx4loc/AuQ2iTh3rpJs159yzf38eXOSfvP+CR48lhDHsCbrHTsLNOwRkCTxN3TLJojKuG/ek1I5qEIDTlRKm668TaT4nUjHLoZ7xEQUxol7ShbqggISg/HZ7Xx3tGaeJWJM0TGg/V3xMpCZXqhYFJhkR31KQ3EP/z6olunfopE3GiQdDRolbCsY7woCvcZBKo5j1DCJXM/BXTDpGEatNoxpTgTp48TSoHBfe44JYOs8WzcR1LaAftohxy0Qkqogt0hcqIokf0jF7Rm/VkvVjv1scoOmONZ7bRH1hfP/4moSI=</latexit>

h⌦|[Q(⇠)
, O(0)]|⌦i 6= 0



Nambu Goldstone Theorems: Bound on gap
 

• Consider a theory in a box of size L and a state with finite energy density    .      


•  is the length scale of the infinite volume theory.  The algebraic decay in infinite volume  
means such decay in the range 
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• Algebraic decay of correlator in this range immediately implies the gap (in the finite volume theory) 
 should be smaller than  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• Most natural value of the exponent is 1 (if we assume in the deep 
infrared, we reached a fixed point of RG flow and there is a scale 
invariant theory describing the physics)   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Nambu Goldstone Theorems: CFT
 

• We want to play with these ideas in context of CFT with an aim to constrain the CFT data. 

• We study the CFT on the cylinder                       with energy being  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From previous consideration

<latexit sha1_base64="8J46bafUYUtfQPZ5DbMQaJRpRm8=">AAACJnicbVBNS8NAEN3U7/pV9ehlsQiCWBIR9SKIevCmgrWFppbJdtIu7iZhdyOUkF/jxb/ixYMi4s2f4rbmoNUHwzzem2F3XpAIro3rfjilicmp6ZnZufL8wuLScmVl9UbHqWJYZ7GIVTMAjYJHWDfcCGwmCkEGAhvB3enQb9yj0jyOrs0gwbaEXsRDzsBYqVM58s9QGChaJ/MvJPYg32Z0TLnN/FABy7wdvwdSQp5187xTqbo1dwT6l3gFqZICl53Ki9+NWSoxMkyA1i3PTUw7A2U4E5iX/VRjAuwOetiyNAKJup2NzszpplW6NIyVrcjQkfpzIwOp9UAGdlKC6etxbyj+57VSEx62Mx4lqcGIfT8UpoKamA4zo12ukBkxsASY4vavlPXBpmFssmUbgjd+8l9ys1vz9mve1V71+KSIY5askw2yRTxyQI7JObkkdcLIA3kiL+TVeXSenTfn/Xu05BQ7a+QXnM8vauSmZw==</latexit>

� = �⌦ + c�
1��
d

⌦

 

Where c is some order one number.

 

Existence of states below the following energy



Nambu Goldstone Theorems: CFT

<latexit sha1_base64="8J46bafUYUtfQPZ5DbMQaJRpRm8=">AAACJnicbVBNS8NAEN3U7/pV9ehlsQiCWBIR9SKIevCmgrWFppbJdtIu7iZhdyOUkF/jxb/ixYMi4s2f4rbmoNUHwzzem2F3XpAIro3rfjilicmp6ZnZufL8wuLScmVl9UbHqWJYZ7GIVTMAjYJHWDfcCGwmCkEGAhvB3enQb9yj0jyOrs0gwbaEXsRDzsBYqVM58s9QGChaJ/MvJPYg32Z0TLnN/FABy7wdvwdSQp5187xTqbo1dwT6l3gFqZICl53Ki9+NWSoxMkyA1i3PTUw7A2U4E5iX/VRjAuwOetiyNAKJup2NzszpplW6NIyVrcjQkfpzIwOp9UAGdlKC6etxbyj+57VSEx62Mx4lqcGIfT8UpoKamA4zo12ukBkxsASY4vavlPXBpmFssmUbgjd+8l9ys1vz9mve1V71+KSIY5askw2yRTxyQI7JObkkdcLIA3kiL+TVeXSenTfn/Xu05BQ7a+QXnM8vauSmZw==</latexit>

� = �⌦ + c�
1��
d

⌦

 

Existence of states below

 

• Trivial for descendants, nonetheless the twist in the story comes from the fact that Descendants don’t 
contribute to these NG theorems. Hence the bound constrains the Primary spectra, which we want. 
 

• In what follows, we will make these physical insights precise and argue for  
 
 


<latexit sha1_base64="+mnM4bZ2Y5sBzTIxjYHMf+GSRF0=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6kUoevFYwX5AG8pku2mX7m7i7kYooX/CiwdFvPp3vPlv3LY5aOuDgcd7M8zMCxPOtPG8b6ewsrq2vlHcLG1t7+zulfcPmjpOFaENEvNYtUPUlDNJG4YZTtuJoihCTlvh6Hbqt56o0iyWD2ac0EDgQLKIETRWancHKARe+71yxat6M7jLxM9JBXLUe+Wvbj8mqaDSEI5ad3wvMUGGyjDC6aTUTTVNkIxwQDuWShRUB9ns3ol7YpW+G8XKljTuTP09kaHQeixC2ynQDPWiNxX/8zqpia6CjMkkNVSS+aIo5a6J3enzbp8pSgwfW4JEMXurS4aokBgbUcmG4C++vEyaZ1X/ourfn1dqN3kcRTiCYzgFHy6hBndQhwYQ4PAMr/DmPDovzrvzMW8tOPnMIfyB8/kDfoOPnQ==</latexit>

� = 1



Constraining the CFT spectra

Picture taken from arXiv: 2006.01139 
  (L.Delacratez)



Nambu Goldstone Theorems (Boost) 

<latexit sha1_base64="jRRrEYv2F/iyDzDhGkzFFocuvKY="></latexit>⌦
⌦
���KiT 0j(t, x)

��⌦
↵
= i

⌦
⌦
��⇥Ki, T 0j(t, x)

⇤��⌦
↵

=
⌦
⌦
��T 00(t, x)�ij + T ij(t, x)

��⌦
↵

= (✏+ P )�ij

<latexit sha1_base64="mUApP3cRbcvvGWXzmTb/1oNHT2g="></latexit>

i
⌦
⌦
��⇥Ki, T 0j(0)

⇤��⌦
↵
= �i

Z
dd�1xxi

⌦⇥
T 00(t, x), T 0j(0)

⇤↵

<latexit sha1_base64="/EVZgRGeqXH/kTvE9TnjLt8DR8s="></latexit>

2⇡�(!)(✏+ P )�ji = lim
k!0

@

@ki
G(comm)

T 00,T 0j (!, k)

One can consider Stress Energy tensor as order parameter if we have a finite energy density state. 

arXiv: 2001.06024; L.Albetre, A. Nicolis



Nambu Goldstone Theorems (Boost)

<latexit sha1_base64="eHUSlBaMXyrCScPSKVbANENZZ2M="></latexit>

�(!)(✏+ P )�ji = lim
k!0

@

@ki
⇢T 00,T 0j (!, k)

<latexit sha1_base64="T4DRbXJkttUW3vd8njbZZWbgKiY="></latexit>

�(!)⇢�ji = lim
k!0

@

@ki
⇢T 00,Jj (!, k)

Similarly, one can consider current as order parameter if we have finite charge density.  

In terms of spectral density



Nambu Goldstone Theorems (Boost+Dilatation)

<latexit sha1_base64="eHUSlBaMXyrCScPSKVbANENZZ2M=">AAACbHicbVFdixMxFM2MX2v92PrxoCxCsCgtu5QZEfVFWPTFxwrb3YWmHTLpnTY7yWRIMkoJefIf+uZP8MXfYKYdRHe9EHI45x7uzUleC25skvyI4mvXb9y8tXe7d+fuvfv7/QcPT41qNIMpU0Lp85waELyCqeVWwHmtgcpcwFlefmz1sy+gDVfVid3UMJd0VfGCM2oDlfW/kSUIS4dESVjR0ZBAbbhQ1eFkhHdS5rhfuAv/ngguceZKTDRfrS3V Wn3Ficek 0JQ5UlNt ORX+D8LlIliDrtcqcycLlyT+CLc3vvC+m3iEy1HWHyTjZFv4Kkg7MEBdTbL+d7JUrJFQWSaoMbM0qe3ctWOZAN8jjYGaspKuYBZgRSWYuduG5fGLwCxxoXQ4lcVb9m+H o9KYjcxDp6R2bS5rLfk/bdbY4t3c8apuLFRsN6hoBLYKt8njJdfArNgEQJnmYVfM1jRkZ8P/9EII6eUnXwWnr8bpm3H6+fXg+EMXxx46QM/REKXoLTpGn9AETRFDP6P96En0NPoVP44P4me71jjqPI/QPxW//A1WK7sT</latexit>

�(!)(✏+ P )�ji = lim
k!0

@

@ki
⇢T 00,T 0j (!, k)

<latexit sha1_base64="T4DRbXJkttUW3vd8njbZZWbgKiY="></latexit>

�(!)⇢�ji = lim
k!0

@

@ki
⇢T 00,Jj (!, k)

<latexit sha1_base64="Nb4z66kt4yjFNlQTEZ7fLrFZnvc="></latexit>

�(!)d✏ = limk!0
@

@ki ⇢T i0,T 00(!, k)
�(!)(d� 1)⇢ = limk!0

@
@ki ⇢T i0,J0(!, k)

One can also think of them appearing from the 
NG theorem for broken Dilatation

• SCT does give anything new! 



Nambu Goldstone Theorems (T00T00)
<latexit sha1_base64="eHUSlBaMXyrCScPSKVbANENZZ2M="></latexit>

�(!)(✏+ P )�ji = lim
k!0

@

@ki
⇢T 00,T 0j (!, k)

<latexit sha1_base64="aieeELS0L3520vV9gmYJ1z+x1b4="></latexit>

⇢T 00,T 00(!, k) ⇡ �(✏+ P )k2�0(!)

Conservation Equation 



Implication in CFT
<latexit sha1_base64="aieeELS0L3520vV9gmYJ1z+x1b4="></latexit>

⇢T 00,T 00(!, k) ⇡ �(✏+ P )k2�0(!)

<latexit sha1_base64="Wm0aW2dVLe8eN2pIakzGxmSWx+8="></latexit>

h⌦ |T00 (⌧,~n1)T00 (0,~n2)|⌦i
• We want to understand the following correlator in S channel in the macroscopic limit 

• Consider a CFT on                    , pick a state with finite energy density and then take the 
macroscopic limit such that energy density is kept finite and fixed . The macroscopic limit 
should satisfy the sum rules. 


• Aim is to identify the states that are responsible for saturating the sum rule. 

<latexit sha1_base64="4DxixVDy6beFYVIDpptUa+4o/v4=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCG0sioi6LblzWRx/QxjKZTNqhk0mYuRFq6Je4caGIWz/FnX/jtM1CWw9cOJxzL/fe4yeCa3Ccb6uwtLyyulZcL21sbm2X7Z3dpo5TRVmDxiJWbZ9oJrhkDeAgWDtRjES+YC1/eDXxW49MaR7LexglzItIX/KQUwJG6tnl2y7wiGl895AFx+64Z1ecqjMFXiRuTiooR71nf3WDmKYRk0AF0brjOgl4GVHAqWDjUjfVLCF0SPqsY6gkZpmXTQ8f40OjBDiMlSkJeKr+nshIpPUo8k1nRGCg572J+J/XSSG88DIukxSYpLNFYSowxHiSAg64YhTEyBBCFTe3YjogilAwWZVMCO78y4ukeVJ1z6ruzWmldpnHUUT76AAdIRedoxq6RnXUQBSl6Bm9ojfryXqx3q2PWWvBymf20B9Ynz/0g5Ki</latexit>

R⇥ Sd�1



Descendants drop out in the macroscopic limit

<latexit sha1_base64="yw18oK0hyDdHKvCnYRRKwFGLSRM="></latexit>

h⌦ |O (⌧,~n1)O (0,~n2)|⌦i =
X

|C⌦O�|
2 g�,`(z, z̄) <latexit sha1_base64="su/tanJIL2PWvX5bPndsdUTeiNE="></latexit>p

zz̄ = e⌧/R,
z + z̄

2
p
zz̄

= cos ✓

<latexit sha1_base64="mautUs1GYv9GL/kG3eXyBUS8WR4="></latexit>

g�,`(z, z̄) ⌘ (zz̄)��⌦/2G�⌦+�,`(z, z̄)

<latexit sha1_base64="7v+ENitubYzImMKk+mJVmMCLoCI="></latexit>

g�,`(z, z̄) =
X

m,n

rm,n(zz̄)
(�+m+n)/2C`+m�n

• In the macroscopic limit, m=n=0 term gives the dominant contribution.
<latexit sha1_base64="3IL+R1tVbmKsDdOpQcpqPHept/s=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARBKEkIuqy6MZlFfuAJpTJdNIOnUziPAo1ZuGvuHGhiFt/w51/47TNQlsPXDiccy/33hMkjErlON9WYWFxaXmluFpaW9/Y3LK3dxoy1gKTOo5ZLFoBkoRRTuqKKkZaiSAoChhpBoOrsd8cEiFpzO/UKCF+hHqchhQjZaSOvfcAPXKv6RC6x14oEE51lt5mHbvsVJwJ4Dxxc1IGOWod+8vrxlhHhCvMkJRt10mUnyKhKGYkK3lakgThAeqRtqEcRUT66eT+DB4apQvDWJjiCk7U3xMpiqQcRYHpjJDqy1lvLP7ntbUKL/yU8kQrwvF0UagZVDEchwG7VBCs2MgQhAU1t0LcRyYFZSIrmRDc2ZfnSeOk4p5V3JvTcvUyj6MI9sEBOAIuOAdVcA1qoA4weATP4BW8WU/Wi/VufUxbC1Y+swv+wPr8AZglldg=</latexit>

z ⌘ 1 +
u

R
R becomes very large such that u is fixed and so in energy density.



Descendants drop out in the macroscopic limit

• Let us show this for the scalar blocks in 4D CFT

<latexit sha1_base64="RdA6btXoxRqUL7c02U+lkYx6sPg="></latexit>

g�,`(z, z̄) = (zz̄)��⌦/2G�⌦+�,`(z, z̄) = (`+ 1) +
(`+ 1) (2���O) (u+ ū)

2R
+ . . .

<latexit sha1_base64="2hSAqPB+luUMwVZ290ki1w+uyLU=">AAAB/3icbZDLSsNAFIYn9VbrLSq4cTNYhApSEhF1IxR14c4K9gJNKJPpSTt0cmFmIpTYha/ixoUibn0Nd76N0zQLrf4w8PGfczhnfi/mTCrL+jIKc/MLi0vF5dLK6tr6hrm51ZRRIig0aMQj0faIBM5CaCimOLRjASTwOLS84eWk3roHIVkU3qlRDG5A+iHzGSVKW11zx7kCrsj5TcU+OMQOcJ5h1yxbVSsT/gt2DmWUq941P51eRJMAQkU5kbJjW7FyUyIUoxzGJSeREBM6JH3oaAxJANJNs/vHeF87PexHQr9Q4cz9OZGSQMpR4OnOgKiBnK1NzP9qnUT5Z27KwjhRENLpIj/hWEV4EgbuMQFU8ZEGQgXTt2I6IIJQpSMr6RDs2S//heZR1T6p2rfH5dpFHkcR7aI9VEE2OkU1dI3qqIEoekBP6AW9Go/Gs/FmvE9bC0Y+s41+yfj4Bn7Kk9Q=</latexit>

� = O(1), ` = O(1)

Should we retain the m=n=0 term we would have obtained the same result from Gegenbauer!

<latexit sha1_base64="3IL+R1tVbmKsDdOpQcpqPHept/s=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARBKEkIuqy6MZlFfuAJpTJdNIOnUziPAo1ZuGvuHGhiFt/w51/47TNQlsPXDiccy/33hMkjErlON9WYWFxaXmluFpaW9/Y3LK3dxoy1gKTOo5ZLFoBkoRRTuqKKkZaiSAoChhpBoOrsd8cEiFpzO/UKCF+hHqchhQjZaSOvfcAPXKv6RC6x14oEE51lt5mHbvsVJwJ4Dxxc1IGOWod+8vrxlhHhCvMkJRt10mUnyKhKGYkK3lakgThAeqRtqEcRUT66eT+DB4apQvDWJjiCk7U3xMpiqQcRYHpjJDqy1lvLP7ntbUKL/yU8kQrwvF0UagZVDEchwG7VBCs2MgQhAU1t0LcRyYFZSIrmRDc2ZfnSeOk4p5V3JvTcvUyj6MI9sEBOAIuOAdVcA1qoA4weATP4BW8WU/Wi/VufUxbC1Y+swv+wPr8AZglldg=</latexit>

z ⌘ 1 +
u

R



Descendants drop out in the macroscopic limit

• Let us show this for the scalar blocks in 4D CFT

Should we retain the m=n=0 term we would have obtained the same result from Gegenbauer!

<latexit sha1_base64="U+64pPgMVkXVOQHgBkwUNT3YPjo=">AAACFHicbVDJSgNBEO2JW4zbqEcvjUEQlDAjol6E4AIeYzAmkAmhplNJGnsWu3sCYchHePFXvHhQxKsHb/6NneWg0QfdPN6roqqeHwuutON8WZmZ2bn5hexibml5ZXXNXt+4VVEiGVZYJCJZ80Gh4CFWNNcCa7FECHyBVf/ufOhXeygVj8Ib3Y+xEUAn5G3OQBupae95Fyg0nHoB6C4DkV4OaHmfevcJtKiHQpjvPuE9GtNy0847BWcE+pe4E5InE5Sa9qfXilgSYKiZAKXqrhPrRgpScyZwkPMShTGwO+hg3dAQAlSNdHTUgO4YpUXbkTQv1HSk/uxIIVCqH/imcri7mvaG4n9ePdHtk0bKwzjRGLLxoHYiqI7oMCHa4hKZFn1DgEludqWsCxKYNjnmTAju9Ml/ye1BwT0quNeH+eLZJI4s2SLbZJe45JgUyRUpkQph5IE8kRfyaj1az9ab9T4uzViTnk3yC9bHN+7EnXs=</latexit>

� = ER, ` ⌘ pR
<latexit sha1_base64="wBkqfjZyOZuXQu/lCuzaB91ScDM="></latexit>

g�,`(z, øz) = R exp
!

E
2

(u + øu)
"

2 sinh
#p

2 (u ! øu)
$

u ! øu
<latexit sha1_base64="3IL+R1tVbmKsDdOpQcpqPHept/s=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARBKEkIuqy6MZlFfuAJpTJdNIOnUziPAo1ZuGvuHGhiFt/w51/47TNQlsPXDiccy/33hMkjErlON9WYWFxaXmluFpaW9/Y3LK3dxoy1gKTOo5ZLFoBkoRRTuqKKkZaiSAoChhpBoOrsd8cEiFpzO/UKCF+hHqchhQjZaSOvfcAPXKv6RC6x14oEE51lt5mHbvsVJwJ4Dxxc1IGOWod+8vrxlhHhCvMkJRt10mUnyKhKGYkK3lakgThAeqRtqEcRUT66eT+DB4apQvDWJjiCk7U3xMpiqQcRYHpjJDqy1lvLP7ntbUKL/yU8kQrwvF0UagZVDEchwG7VBCs2MgQhAU1t0LcRyYFZSIrmRDc2ZfnSeOk4p5V3JvTcvUyj6MI9sEBOAIuOAdVcA1qoA4weATP4BW8WU/Wi/VufUxbC1Y+swv+wPr8AZglldg=</latexit>

z ⌘ 1 +
u

R

• General argument can be made using Dolan Osborn results.

• Similar arguments hold for Spinning correlator as well.  



Nambu Goldstone Theorems (T00T00)
<latexit sha1_base64="aieeELS0L3520vV9gmYJ1z+x1b4="></latexit>

⇢T 00,T 00(!, k) ⇡ �(✏+ P )k2�0(!)

• Related to Fourier transform of  T00T00 correlator (to be precise commutator) in the heavy state. 


• Write down the correlator on the Cylinder, take the macroscopic limit, rewrite it as Fourier transformation.

<latexit sha1_base64="+ayFY3p30YPAq2A4Upk6b8IKMP4="></latexit>

! ! |T00 (! , "n1) T00 (0, "n2)| ! " = #2

!

1 +
"

!

# $!
" !

!

e! ! |" |/R C(d/ 2! 1)
! (cos%)

#

+
"

"

C2
! T00 "

R2d

$
e! " |" |/R C(d/ 2! 1)

! ( " ) (cos%) + O (1/ " ! )
%



Nambu Goldstone Theorems (T00T00)

<latexit sha1_base64="+ayFY3p30YPAq2A4Upk6b8IKMP4="></latexit>

! ! |T00 (! , "n1) T00 (0, "n2)| ! " = #2

!

1 +
"

!

# $!
" !

!

e! ! |" |/R C(d/ 2! 1)
! (cos%)

#

+
"

"

C2
! T00 "

R2d

$
e! " |" |/R C(d/ 2! 1)

! ( " ) (cos%) + O (1/ " ! )
%

<latexit sha1_base64="C1Gg43BdMdelPaTXyTmscwKeG0U="></latexit>

lim
R !"

C(d/ 2# 1)
pR (cos(x/R )) =

1

2d# 2! (d# 2) / 2!
!

d# 2
2

"
Rd# 3

p

#
dd# 1k" (|#k| ! p)ei !ká!x



Nambu Goldstone Theorems (T00T00)
<latexit sha1_base64="C1Gg43BdMdelPaTXyTmscwKeG0U="></latexit>

lim
R !"

C(d/ 2# 1)
pR (cos(x/R )) =

1

2d# 2! (d# 2) / 2!
!

d# 2
2

"
Rd# 3

p

#
dd# 1k" (|#k| ! p)ei !ká!x

<latexit sha1_base64="DC3bU03+YZEfeMwC8erDUQirsKM="></latexit>

! ! |T00(! , x)T00(0)| ! " = "2 +
1

2d! 2#(d! 2) / 2"
!

d! 2
2

"
#

d$dd! 1kK ($, k)e! ! |" | ei#ká#x

k

<latexit sha1_base64="+ayFY3p30YPAq2A4Upk6b8IKMP4="></latexit>

! ! |T00 (! , "n1) T00 (0, "n2)| ! " = #2

!

1 +
"

!

# $!
" !

!

e! ! |" |/R C(d/ 2! 1)
! (cos%)

#

+
"

"

C2
! T00 "

R2d

$
e! " |" |/R C(d/ 2! 1)

! ( " ) (cos%) + O (1/ " ! )
%

<latexit sha1_base64="OEmiu6EM0uVeH5qJPwhoF+bs2/o="></latexit>

K (! , p) ! " (! , p)C2
! T00 " /R d+3



Implication in CFT (T00T00)
<latexit sha1_base64="DC3bU03+YZEfeMwC8erDUQirsKM="></latexit>

! ! |T00(! , x)T00(0)| ! " = "2 +
1

2d! 2#(d! 2) / 2"
!

d! 2
2

"
#

d$dd! 1kK ($, k)e! ! |" | ei#ká#x

k

<latexit sha1_base64="H67uZcIMuChJQvzqoazQCN5F/hI="></latexit>

! T 00 T 00 (" , p) !
1
p

(K (" , p) " K (" " , p))

<latexit sha1_base64="4diQUBW4EBSip7dG0VQyULQhXx4="></latexit>

! T 00 T 00 ( ! ,p)

p2 = !
d"

d ! 1
#!($) + O(p)

<latexit sha1_base64="pCQvlesS5sqQJmro8RvsMgda8dk=">AAACEHicbVA9SwNBEN3zM8avqKXNYhCt4p2IWga1sIxiPiB3hLnNJlmy98HunBKO/AQb/4qNhSK2lnb+G/eSFJr4YODx3gwz8/xYCo22/W3NzS8sLi3nVvKra+sbm4Wt7ZqOEsV4lUUyUg0fNJci5FUUKHkjVhwCX/K637/M/Po9V1pE4R0OYu4F0A1FRzBAI7UKB+4Vlwit1A0AeypIuxAPh/SI3lJXiW4PQanogdqtQtEu2SPQWeJMSJFMUGkVvtx2xJKAh8gkaN107Bi9FBQKJvkw7yaax8D60OVNQ0MIuPbS0UNDum+UNu1EylSIdKT+nkgh0HoQ+KYzO1tPe5n4n9dMsHPupSKME+QhGy/qJJJiRLN0aFsozlAODAGmhLmVsh4oYGgyzJsQnOmXZ0ntuOSclpybk2L5YhJHjuySPXJIHHJGyuSaVEiVMPJInskrebOerBfr3foYt85Zk5kd8gfW5w9Q05y/</latexit>

! gap /R ! 0
<latexit sha1_base64="/ANiRkXZhn84MpdEqCILY9HUzg4=">AAACJnicbZDLSgNBEEV7fBtfUZduGoPgKs6IqBtB1IU7FYwKmRhqOpVJY8+D7ho1DPM1bvwVNy4UEXd+ip0YxNeFhsupKqrrBqmShlz3zRkaHhkdG5+YLE1Nz8zOlecXzkySaYE1kahEXwRgUMkYayRJ4UWqEaJA4Xlwtd+rn1+jNjKJT6mbYiOCMJZtKYAsapZ3/ANUBM3cJ7wlnoeQ8qLga/yLH0UYQnGZexa2Cu5rGXYItE5uuNssV9yq2xf/a7yBqbCBjpvlJ7+ViCzCmIQCY+qem1IjB01SKCxKfmYwBXEFIdatjSFC08j7ZxZ8xZIWbyfavph4n36fyCEyphsFtjMC6pjftR78r1bPqL3dyGWcZoSx+FzUzhSnhPcy4y2pUZDqWgNCS/tXLjqgQZBNtmRD8H6f/NecrVe9zap3slHZ3RvEMcGW2DJbZR7bYrvskB2zGhPsjj2wJ/bs3DuPzovz+tk65AxmFtkPOe8fPyalAQ==</latexit>

! gap / ! 1/d
! ! 0OR

Compare this with the sum rule

<latexit sha1_base64="TgSyjPUKf9A0JDWXdZErN4UmvJc=">AAACFXicbVA9SwNBEN2LXzF+RS1tFoNgIfFORC2DWtipYFTIxTC3mSRL9j7YnVPCkT9h41+xsVDEVrDz37iJKdT4YODx3gwz84JESUOu++nkJianpmfys4W5+YXFpeLyyqWJUy2wKmIV6+sADCoZYZUkKbxONEIYKLwKukcD/+oWtZFxdEG9BOshtCPZkgLISo3ilo9K8W3uH6MiaGT+aYht6N9knhWbfe5r2e4QaB3fcbdRLLlldwg+TrwRKbERzhrFD78ZizTEiIQCY2qem1A9A01SKOwX/NRgAqILbaxZGkGIpp4Nv+rzDas0eSvWtiLiQ/XnRAahMb0wsJ0hUMf89Qbif14tpdZBPZNRkhJG4ntRK1WcYj6IiDelRkGqZwkILe2tXHRAgyAbZMGG4P19eZxc7pS9vbJ3vluqHI7iyLM1ts42mcf2WYWdsDNWZYLds0f2zF6cB+fJeXXevltzzmhmlf2C8/4Fcjudwg==</latexit>

! / ! 1/d
! ! 0AND



Implication in CFT (T00T00)

<latexit sha1_base64="/ANiRkXZhn84MpdEqCILY9HUzg4=">AAACJnicbZDLSgNBEEV7fBtfUZduGoPgKs6IqBtB1IU7FYwKmRhqOpVJY8+D7ho1DPM1bvwVNy4UEXd+ip0YxNeFhsupKqrrBqmShlz3zRkaHhkdG5+YLE1Nz8zOlecXzkySaYE1kahEXwRgUMkYayRJ4UWqEaJA4Xlwtd+rn1+jNjKJT6mbYiOCMJZtKYAsapZ3/ANUBM3cJ7wlnoeQ8qLga/yLH0UYQnGZexa2Cu5rGXYItE5uuNssV9yq2xf/a7yBqbCBjpvlJ7+ViCzCmIQCY+qem1IjB01SKCxKfmYwBXEFIdatjSFC08j7ZxZ8xZIWbyfavph4n36fyCEyphsFtjMC6pjftR78r1bPqL3dyGWcZoSx+FzUzhSnhPcy4y2pUZDqWgNCS/tXLjqgQZBNtmRD8H6f/NecrVe9zap3slHZ3RvEMcGW2DJbZR7bYrvskB2zGhPsjj2wJ/bs3DuPzovz+tk65AxmFtkPOe8fPyalAQ==</latexit>

! gap / ! 1/d
! ! 0

<latexit sha1_base64="TgSyjPUKf9A0JDWXdZErN4UmvJc=">AAACFXicbVA9SwNBEN2LXzF+RS1tFoNgIfFORC2DWtipYFTIxTC3mSRL9j7YnVPCkT9h41+xsVDEVrDz37iJKdT4YODx3gwz84JESUOu++nkJianpmfys4W5+YXFpeLyyqWJUy2wKmIV6+sADCoZYZUkKbxONEIYKLwKukcD/+oWtZFxdEG9BOshtCPZkgLISo3ilo9K8W3uH6MiaGT+aYht6N9knhWbfe5r2e4QaB3fcbdRLLlldwg+TrwRKbERzhrFD78ZizTEiIQCY2qem1A9A01SKOwX/NRgAqILbaxZGkGIpp4Nv+rzDas0eSvWtiLiQ/XnRAahMb0wsJ0hUMf89Qbif14tpdZBPZNRkhJG4ntRK1WcYj6IiDelRkGqZwkILe2tXHRAgyAbZMGG4P19eZxc7pS9vbJ3vluqHI7iyLM1ts42mcf2WYWdsDNWZYLds0f2zF6cB+fJeXXevltzzmhmlf2C8/4Fcjudwg==</latexit>

! / ! 1/d
! ! 0AND

• This gap is little o of R, not quite order 1. This says that for every positive real number c, there 
exists a state below 

<latexit sha1_base64="0L0S0nWwVu/LCU0uqevdX2ThPHw=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF4/xkQckS5idzCZDZmeXmV4hLPkELx4U8eoXefNvnCR70MSChqKqm+6uIJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqZ+64lrI2L1iOOE+xEdKBEKRtFKD4zc98oVt+rOQJaJl5MK5Kj3yl/dfszSiCtkkhrT8dwE/YxqFEzySambGp5QNqID3rFU0YgbP5udOiEnVumTMNa2FJKZ+nsio5Ex4yiwnRHFoVn0puJ/XifF8MrPhEpS5IrNF4WpJBiT6d+kLzRnKMeWUKaFvZWwIdWUoU2nZEPwFl9eJs2zqndR9e7OK7XrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gC/5I1z</latexit>

cR

• To argue for big O of 1 gap, one needs to further assume existence of scale invariant field theory describing 
the infinite volume physics.  



Implication in CFT (T00T00)

<latexit sha1_base64="DC3bU03+YZEfeMwC8erDUQirsKM="></latexit>

! ! |T00(! , x)T00(0)| ! " = "2 +
1

2d! 2#(d! 2) / 2"
!

d! 2
2

"
#

d$dd! 1kK ($, k)e! ! |" | ei#ká#x

k

<latexit sha1_base64="/ANiRkXZhn84MpdEqCILY9HUzg4=">AAACJnicbZDLSgNBEEV7fBtfUZduGoPgKs6IqBtB1IU7FYwKmRhqOpVJY8+D7ho1DPM1bvwVNy4UEXd+ip0YxNeFhsupKqrrBqmShlz3zRkaHhkdG5+YLE1Nz8zOlecXzkySaYE1kahEXwRgUMkYayRJ4UWqEaJA4Xlwtd+rn1+jNjKJT6mbYiOCMJZtKYAsapZ3/ANUBM3cJ7wlnoeQ8qLga/yLH0UYQnGZexa2Cu5rGXYItE5uuNssV9yq2xf/a7yBqbCBjpvlJ7+ViCzCmIQCY+qem1IjB01SKCxKfmYwBXEFIdatjSFC08j7ZxZ8xZIWbyfavph4n36fyCEyphsFtjMC6pjftR78r1bPqL3dyGWcZoSx+FzUzhSnhPcy4y2pUZDqWgNCS/tXLjqgQZBNtmRD8H6f/NecrVe9zap3slHZ3RvEMcGW2DJbZR7bYrvskB2zGhPsjj2wJ/bs3DuPzovz+tk65AxmFtkPOe8fPyalAQ==</latexit>

! gap / ! 1/d
! ! 0

<latexit sha1_base64="TgSyjPUKf9A0JDWXdZErN4UmvJc=">AAACFXicbVA9SwNBEN2LXzF+RS1tFoNgIfFORC2DWtipYFTIxTC3mSRL9j7YnVPCkT9h41+xsVDEVrDz37iJKdT4YODx3gwz84JESUOu++nkJianpmfys4W5+YXFpeLyyqWJUy2wKmIV6+sADCoZYZUkKbxONEIYKLwKukcD/+oWtZFxdEG9BOshtCPZkgLISo3ilo9K8W3uH6MiaGT+aYht6N9knhWbfe5r2e4QaB3fcbdRLLlldwg+TrwRKbERzhrFD78ZizTEiIQCY2qem1A9A01SKOwX/NRgAqILbaxZGkGIpp4Nv+rzDas0eSvWtiLiQ/XnRAahMb0wsJ0hUMf89Qbif14tpdZBPZNRkhJG4ntRK1WcYj6IiDelRkGqZwkILe2tXHRAgyAbZMGG4P19eZxc7pS9vbJ3vluqHI7iyLM1ts42mcf2WYWdsDNWZYLds0f2zF6cB+fJeXXevltzzmhmlf2C8/4Fcjudwg==</latexit>

! / ! 1/d
! ! 0

<latexit sha1_base64="/nRhJpM2NOkGoio4JhPT8/rwuoY="></latexit>

C2
! T00 " = O

!
! ! R3"

<latexit sha1_base64="OEmiu6EM0uVeH5qJPwhoF+bs2/o="></latexit>

K (! , p) ! " (! , p)C2
! T00 " /R d+3

• Not only can we bound the spectra, we can also bound the OPE coefficient. 



Examples:

<latexit sha1_base64="/ANiRkXZhn84MpdEqCILY9HUzg4=">AAACJnicbZDLSgNBEEV7fBtfUZduGoPgKs6IqBtB1IU7FYwKmRhqOpVJY8+D7ho1DPM1bvwVNy4UEXd+ip0YxNeFhsupKqrrBqmShlz3zRkaHhkdG5+YLE1Nz8zOlecXzkySaYE1kahEXwRgUMkYayRJ4UWqEaJA4Xlwtd+rn1+jNjKJT6mbYiOCMJZtKYAsapZ3/ANUBM3cJ7wlnoeQ8qLga/yLH0UYQnGZexa2Cu5rGXYItE5uuNssV9yq2xf/a7yBqbCBjpvlJ7+ViCzCmIQCY+qem1IjB01SKCxKfmYwBXEFIdatjSFC08j7ZxZ8xZIWbyfavph4n36fyCEyphsFtjMC6pjftR78r1bPqL3dyGWcZoSx+FzUzhSnhPcy4y2pUZDqWgNCS/tXLjqgQZBNtmRD8H6f/NecrVe9zap3slHZ3RvEMcGW2DJbZR7bYrvskB2zGhPsjj2wJ/bs3DuPzovz+tk65AxmFtkPOe8fPyalAQ==</latexit>

! gap / ! 1/d
! ! 0

<latexit sha1_base64="TgSyjPUKf9A0JDWXdZErN4UmvJc=">AAACFXicbVA9SwNBEN2LXzF+RS1tFoNgIfFORC2DWtipYFTIxTC3mSRL9j7YnVPCkT9h41+xsVDEVrDz37iJKdT4YODx3gwz84JESUOu++nkJianpmfys4W5+YXFpeLyyqWJUy2wKmIV6+sADCoZYZUkKbxONEIYKLwKukcD/+oWtZFxdEG9BOshtCPZkgLISo3ilo9K8W3uH6MiaGT+aYht6N9knhWbfe5r2e4QaB3fcbdRLLlldwg+TrwRKbERzhrFD78ZizTEiIQCY2qem1A9A01SKOwX/NRgAqILbaxZGkGIpp4Nv+rzDas0eSvWtiLiQ/XnRAahMb0wsJ0hUMf89Qbif14tpdZBPZNRkhJG4ntRK1WcYj6IiDelRkGqZwkILe2tXHRAgyAbZMGG4P19eZxc7pS9vbJ3vluqHI7iyLM1ts42mcf2WYWdsDNWZYLds0f2zF6cB+fJeXXevltzzmhmlf2C8/4Fcjudwg==</latexit>

! / ! 1/d
! ! 0

<latexit sha1_base64="/nRhJpM2NOkGoio4JhPT8/rwuoY="></latexit>

C2
! T00 " = O

!
! ! R3"

1. Superfluid                                             Regge trajectory : Single particle states                                 

2. Free Scalar Field (d>2)           Regge trajectory : particle-hole states, effectively single particle

3. Free Fermions                                        Particle hole pairs around Fermi surface

4. 2D CFT                                Regge trajectory of Virasoro Descendants: Single particle states

We can verify these in various set up:
<latexit sha1_base64="Wm0aW2dVLe8eN2pIakzGxmSWx+8="></latexit>

h⌦ |T00 (⌧,~n1)T00 (0,~n2)|⌦i

Furthermore, one can also verify the sum rules for hydrodynamics. 



Superfluid

            Regge trajectory : Single particle states                                 

<latexit sha1_base64="Wm0aW2dVLe8eN2pIakzGxmSWx+8="></latexit>

h⌦ |T00 (⌧,~n1)T00 (0,~n2)|⌦i

• Consider a CFT on cylinder with a U(1). 

• Consider a state with large charge Q.  

• There is a separation of energy scale in Q being very large, the UV scale is                  ,  
while the IR scale is R.  

<latexit sha1_base64="JbpFegwwbUumy3u2GuxqYGpMuOk=">AAAB+HicbVDLTgIxFO3gC/HBqEs3jcQEF+DUGHVJdOMSE3kkMJJOp0BDp520HROc8CVuXGiMWz/FnX9jgVkoeJKbnJxzb+69J4g508bzvp3cyura+kZ+s7C1vbNbdPf2m1omitAGkVyqdoA15UzQhmGG03asKI4CTlvB6Gbqtx6p0kyKezOOqR/hgWB9RrCxUs8tdtVQPqQVdFoOK+hk0nNLXtWbAS4TlJESyFDvuV/dUJIkosIQjrXuIC82foqVYYTTSaGbaBpjMsID2rFU4IhqP50dPoHHVglhXypbwsCZ+nsixZHW4yiwnRE2Q73oTcX/vE5i+ld+ykScGCrIfFE/4dBIOE0BhkxRYvjYEkwUs7dCMsQKE2OzKtgQ0OLLy6R5VkUXVXR3XqpdZ3HkwSE4AmWAwCWogVtQBw1AQAKewSt4c56cF+fd+Zi35pxs5gD8gfP5A85gkeI=</latexit>

! ! 1/ (d! 1)

• There is a EFT description of the physics in between these scale with 1/Q being cut off. 

S. Hellerman, D. Orlando, S. Reffert and M. Watanabe ; 
A. Monin, D. Pirtskhalava, R. Rattazzi and F. K. Seibold

• Symmetry breaking pattern is                                                         . 
<latexit sha1_base64="ljuLCshcnfVFkYI1Aw/YO0SSw8o=">AAACIHicbVDLSgMxFM3UV62vUZdugkWoKGUiYl0W3bizotMW2qFkMpk2NPMgyQhl6Ke48VfcuFBEd/o1ZtpBtPVCyOGce7n3HDfmTCrL+jQKC4tLyyvF1dLa+sbmlrm905RRIgi1ScQj0XaxpJyF1FZMcdqOBcWBy2nLHV5meuueCsmi8E6NYuoEuB8ynxGsNNUza7fXFe8IHaND2FUsoBLalQwHOJYqgpn6o+iPezS1x7qjZ5atqjUpOA9QDsogr0bP/Oh6EUkCGirCsZQdZMXKSbFQjHA6LnUTSWNMhrhPOxqGWG900onBMTzQjAf9SOgXKjhhf0+kOJByFLi6M8BqIGe1jPxP6yTKP3dSFsaJoiGZLvITDrX1LC3oMUGJ4iMNMBFM3wrJAAtMlM60pENAs5bnQfOkis6q6Oa0XL/I4yiCPbAPKgCBGqiDK9AANiDgATyBF/BqPBrPxpvxPm0tGPnMLvhTxtc3OeWf/g==</latexit>

SO(d + 1 , 1) ! U(1) "# SO(d) ! ÷U(1)



Superfluid

            Regge trajectory : Single particle states                                 

<latexit sha1_base64="Wm0aW2dVLe8eN2pIakzGxmSWx+8="></latexit>

h⌦ |T00 (⌧,~n1)T00 (0,~n2)|⌦i

• Consider a CFT on cylinder with a U(1). 

• Consider a state with large charge Q.  

• There is a EFT description of the physics in between these scale with 1/Q being cut off. 

S. Hellerman, D. Orlando, S. Reffert and M. Watanabe ; 
A. Monin, D. Pirtskhalava, R. Rattazzi and F. K. Seibold

<latexit sha1_base64="b22G2mtxdj588jYccmoVUpvBgXw="></latexit>

S! =
d(d ! 1)

2
c1µd! 2

!
ddx

"
g

"
ú! 2 +

1
d ! 1

" i !" i !
#

+ á á á

• The action of the effective field theory can be constructed in the CCWZ way in terms of a field  
!  and its fluctuation π around the symmetry breaking saddle 


  

<latexit sha1_base64="+hA8KrAaWq7iI/BJLs6rTINKuQw=">AAAB+3icbVBNSwMxEJ2tX7V+rfXoJVgEQSi7IupFKHrxWMF+QLeUbJptQ5PskmTFsvSvePGgiFf/iDf/jWm7B219MPB4b4aZeWHCmTae9+0UVlbX1jeKm6Wt7Z3dPXe/3NRxqghtkJjHqh1iTTmTtGGY4bSdKIpFyGkrHN1O/dYjVZrF8sGME9oVeCBZxAg2Vuq55YAMGbpGLBApMqdBwlDPrXhVbwa0TPycVCBHved+Bf2YpIJKQzjWuuN7ielmWBlGOJ2UglTTBJMRHtCOpRILqrvZ7PYJOrZKH0WxsiUNmqm/JzIstB6L0HYKbIZ60ZuK/3md1ERX3YzJJDVUkvmiKOXIxGgaBOozRYnhY0swUczeisgQK0yMjatkQ/AXX14mzbOqf1H1788rtZs8jiIcwhGcgA+XUIM7qEMDCDzBM7zCmzNxXpx352PeWnDymQP4A+fzBxRnky0=</latexit>

! = iµt + "



Superfluid

            Regge trajectory : Single particle states                                 

<latexit sha1_base64="Wm0aW2dVLe8eN2pIakzGxmSWx+8="></latexit>

h⌦ |T00 (⌧,~n1)T00 (0,~n2)|⌦i

Picture taken from arXiv: 2102.05046 
  (G Cuomo, L Delacratez, U Mehta)

<latexit sha1_base64="WnxN/fwExKm/lME+3yFHSBjFvjI=">AAACC3icbZDLSgMxFIYzXmu9VV26CS1CRSwzRdSNUNSFywr2Ap1SMulpDc1cTM4IZejeja/ixoUibn0Bd76NmbYLrR5I+Pj/c0jO70VSaLTtL2tufmFxaTmzkl1dW9/YzG1t13UYKw41HspQNT2mQYoAaihQQjNSwHxPQsMbXKR+4x6UFmFwg8MI2j7rB6InOEMjdXJ59xIkso4LUp5RV98pTFIuptdB97C8P+rkCnbJHhf9C84UCmRa1U7u0+2GPPYhQC6Z1i3HjrCdMIWCSxhl3VhDxPiA9aFlMGA+6HYy3mVE94zSpb1QmRMgHas/JxLmaz30PdPpM7zVs14q/ue1YuydthMRRDFCwCcP9WJJMaRpMLQrFHCUQwOMK2H+SvktU4yjiS9rQnBmV/4L9XLJOS4510eFyvk0jgzZJXlSJA45IRVyRaqkRjh5IE/khbxaj9az9Wa9T1rnrOnMDvlV1sc3s0yaLw==</latexit>

! ! =
!

! (! + d ! 2)



Superfluid

            Regge trajectory : Single particle states                                 

<latexit sha1_base64="Wm0aW2dVLe8eN2pIakzGxmSWx+8="></latexit>

h⌦ |T00 (⌧,~n1)T00 (0,~n2)|⌦i

Picture taken from arXiv: 2102.05046 
  (G Cuomo, L Delacratez, U Mehta)

<latexit sha1_base64="WnxN/fwExKm/lME+3yFHSBjFvjI=">AAACC3icbZDLSgMxFIYzXmu9VV26CS1CRSwzRdSNUNSFywr2Ap1SMulpDc1cTM4IZejeja/ixoUibn0Bd76NmbYLrR5I+Pj/c0jO70VSaLTtL2tufmFxaTmzkl1dW9/YzG1t13UYKw41HspQNT2mQYoAaihQQjNSwHxPQsMbXKR+4x6UFmFwg8MI2j7rB6InOEMjdXJ59xIkso4LUp5RV98pTFIuptdB97C8P+rkCnbJHhf9C84UCmRa1U7u0+2GPPYhQC6Z1i3HjrCdMIWCSxhl3VhDxPiA9aFlMGA+6HYy3mVE94zSpb1QmRMgHas/JxLmaz30PdPpM7zVs14q/ue1YuydthMRRDFCwCcP9WJJMaRpMLQrFHCUQwOMK2H+SvktU4yjiS9rQnBmV/4L9XLJOS4510eFyvk0jgzZJXlSJA45IRVyRaqkRjh5IE/khbxaj9az9Wa9T1rnrOnMDvlV1sc3s0yaLw==</latexit>

! ! =
!

! (! + d ! 2)
<latexit sha1_base64="tqI37FnuK3F4XwEDRKUY8S3Nyf0="></latexit>

C2
! T00 " =

d! !

s2
d! 1

!
2! + d ! 2
2(d ! 2)

" #
! (! + d ! 2)/ (d ! 1)



Superfluid

            Regge trajectory : Single particle states                                 

<latexit sha1_base64="Wm0aW2dVLe8eN2pIakzGxmSWx+8="></latexit>

h⌦ |T00 (⌧,~n1)T00 (0,~n2)|⌦i

<latexit sha1_base64="tqI37FnuK3F4XwEDRKUY8S3Nyf0="></latexit>

C2
! T00 " =

d! !

s2
d! 1

!
2! + d ! 2
2(d ! 2)

" #
! (! + d ! 2)/ (d ! 1)

<latexit sha1_base64="d26lG71d5LmHqalsIc79yu1lWJs="></latexit>

! T 00 T 00 (" , p) =
d#

2
!

d " 1
p

!
$

"
" "

p
!

d " 1

#
" $

"
" +

p
!

d " 1

#$

            Take the soft limit .                              



Superfluid

            Regge trajectory : Single particle states                                 

<latexit sha1_base64="Wm0aW2dVLe8eN2pIakzGxmSWx+8="></latexit>

h⌦ |T00 (⌧,~n1)T00 (0,~n2)|⌦i

<latexit sha1_base64="tqI37FnuK3F4XwEDRKUY8S3Nyf0="></latexit>

C2
! T00 " =

d! !

s2
d! 1

!
2! + d ! 2
2(d ! 2)

" #
! (! + d ! 2)/ (d ! 1)

<latexit sha1_base64="d26lG71d5LmHqalsIc79yu1lWJs="></latexit>

! T 00 T 00 (" , p) =
d#

2
!

d " 1
p

!
$

"
" "

p
!

d " 1

#
" $

"
" +

p
!

d " 1

#$

<latexit sha1_base64="AATBvNYTPk2HpwGa2sc9r6vIiR8="></latexit>

! T 00 T 00 (" , p) !
p! 0

"
d#

d " 1
p2$"(" ) = " (#+ P)$"(" )



Superfluid: Parity violating set up

            Regge trajectory : Single particle states                                 

<latexit sha1_base64="Wm0aW2dVLe8eN2pIakzGxmSWx+8="></latexit>

h⌦ |T00 (⌧,~n1)T00 (0,~n2)|⌦i
arXiv: 2102.05046. (G Cuomo, L Delacratez, U Mehta)

<latexit sha1_base64="KSM2S0Mi5jl2NyTaXfuDtwC5rtM="></latexit>

! min (Q, J ) = ! min (Q) +
!

2!" 0

4
J (J + 1)

Q3/ 2
+ á á á

• There are softer modes but they can not contribute to the sum rule since the phonon modes 
already saturate the sum rule. This is corroborated by the OPE coefficients found in arXiv: 2102.05046 
and the fact the vortex solutions can not survive the infinite volume limit.                      
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            Regge trajectory : Single particle states                                 
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• U(1) can not be spontaneously broken. 

• Nonetheless, one can consider heavy states. The boost can be spontaneously broken and the  

sum rules still holds.                     
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• Everything is controlled Virasoro Identity module, hence we know the full answer and verify the macroscopic  
limit exists.
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2D CFT: Can we have EFT?

            Regge trajectory : Single particle states                                 
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• A candidate EFT could be the superfluid EFT specialized to d=2. 
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• The story resembles EFT of long string by Polchinski-Strominger . 



2D CFT: Can we have EFT?

• A candidate EFT could be the superfluid EFT specialized to d=2. 
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• Can we push this to higher order ?  

• The crucial observation is that all the EFT terms that could be written down vanish on-shell. 
Thus one can write down a field redefinition which makes the EFT Lagrangian  

<latexit sha1_base64="6Dg16+B5r/n/AQpMp5Oaa5/JzSA="></latexit>

S =
!
"

!
d2x# ÷$ ø# ÷$ 

• Of course, stress energy tensor is not the usual free field one, rather it gets correction under field redefinition. 
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• Of course, stress energy tensor is not the usual free field one, rather it gets correction under field redefinition 
so that TT ope is the one for the CFT with central charge c.  
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• Of course, stress energy tensor is not the usual free field one, rather it gets correction under field redefinition 
so that TT ope is the one for the CFT with central charge c.  
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• Prediction of the EFT 
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• We immediately face a problem if we want to promote U(1) to the Kac-Moody one.  
If we try to impose JJ and TJ ope, we are forced to have c=1.  

• Either we give up on Kac-Moody symmetry,  such CFTs must have continuous spectra or we are forced to 
make c=1, in which case, the EFT story is trivial.


• A more interesting application could perhaps be large charge sector of boundary 3D CFT, where one needs 
to take into account the boundary trace anomaly.  

THANK YOU


