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1. Luttinger relations - old and new


2. Paramagnon fractionalization in the single band 

          Hubbard model

3. Comparison with photoemission


4.  Confinement transition in the random t-J model       
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2⇥ Volume inside Fermi surface

(2⇡)d
= density of electrons (mod 2)

Luttinger relation
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“Fermi arcs”
Kyle M. Shen, F. Ronning, D. H. Lu, F. Baumberger, N. J. C. Ingle, W. S. Lee, W. Meevasana,

Y. Kohsaka, M. Azuma, M. Takano, H. Takagi, Z.-X. Shen, Science 307, 901 (2005)
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Can a FL* state  
in a  

single-band Hubbard model 
describe the  

pseudogap metal  
over an intermediate 
temperature range,  

along with a  
crossover/transition to 
confinement at lower 

temperatures? 
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†
i or fib

†
i�.

Fractionalize the paramagnon instead!
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S1

<latexit sha1_base64="HVT3ni3pZLbKVXc0/wRx5ptWq/M=">AAAB/3icbVA9TwJBEJ3DL8Qv1NJmIzGxIndo1JJoY4lRPgxcyN6ywIbdvcvungm5XOFvsNXaztj6Uyz9Jy5whYAvmeTlvZnMzAsizrRx3W8nt7K6tr6R3yxsbe/s7hX3Dxo6jBWhdRLyULUCrClnktYNM5y2IkWxCDhtBqObid98okqzUD6YcUR9gQeS9RnBxkqPSScQ6D7tVrrFklt2p0DLxMtICTLUusWfTi8ksaDSEI61bntuZPwEK8MIp2mhE2saYTLCA9q2VGJBtZ9MD07RiVV6qB8qW9Kgqfp3IsFC67EIbKfAZqgXvYn4n9eOTf/KT5iMYkMlmS3qxxyZEE2+Rz2mKDF8bAkmitlbERlihYmxGc1tCURqM/EWE1gmjUrZuyif3Z2XqtdZOnk4gmM4BQ8uoQq3UIM6EBDwAq/w5jw7786H8zlrzTnZzCHMwfn6Bf0Ylpk=</latexit>

S2

<latexit sha1_base64="1TlvZkGaSEVSUOo4PWUq04wEYGQ="></latexit>

Hparamagnon =
X

p

"pc
†
p�cp� � �

X

i

c†i�
⌧��0

2
ci�0 ·�i + . . .

<latexit sha1_base64="QtJHfLgpRszaYiDfhEe95EcFbNo="></latexit>

� paramagnon

Ancilla  
qubits

Paramagnon theory of the Hubbard model 
Hubbard  
model of 
density 

1-p



<latexit sha1_base64="0DL+Vl4Uze4Yn9mmWjMuufUzQ2s=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOTJcxOZpMh81hmZoWw5C+8eFDEq3/jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZMeSS/rGjYQeNIrV/yqPwNaJkFOKpCj3it/dfuKpIJKSzg2phP4iQ0zrC0jnE5K3dTQBJMRHtCOoxILasJsdvEEnTilj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhabvoz7TlFg+dgQTzdytiAyxxsS6kEouhGDx5WXSPKsGl9Xz+4tK7SaPowhHcAynEMAV1OAO6tAAAhKe4RXePOO9eO/ex7y14OUzh/AH3ucP3RGRDQ==</latexit>c�
<latexit sha1_base64="VJHSPPvUlYegQO3NC8QMWQHeglo="></latexit>

m
Free  

electrons of  
density 

1-p
<latexit sha1_base64="0DL+Vl4Uze4Yn9mmWjMuufUzQ2s=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOTJcxOZpMh81hmZoWw5C+8eFDEq3/jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZMeSS/rGjYQeNIrV/yqPwNaJkFOKpCj3it/dfuKpIJKSzg2phP4iQ0zrC0jnE5K3dTQBJMRHtCOoxILasJsdvEEnTilj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhabvoz7TlFg+dgQTzdytiAyxxsS6kEouhGDx5WXSPKsGl9Xz+4tK7SaPowhHcAynEMAV1OAO6tAAAhKe4RXePOO9eO/ex7y14OUzh/AH3ucP3RGRDQ==</latexit>c�

<latexit sha1_base64="oFBTFjNvIwQmnOAc423KrvZJv9w=">AAAB/3icbVA9T8MwEL3wWcpXgZHFokJiqhJAwFjBwlgE/UBtVDmu01q1nch2kKooA7+BFWY2xMpPYeSf4LYZaMuTTnp6705394KYM21c99tZWl5ZXVsvbBQ3t7Z3dkt7+w0dJYrQOol4pFoB1pQzSeuGGU5bsaJYBJw2g+HN2G8+UaVZJB/MKKa+wH3JQkawsdJj2gkEus+6XrdUdivuBGiReDkpQ45at/TT6UUkEVQawrHWbc+NjZ9iZRjhNCt2Ek1jTIa4T9uWSiyo9tPJwRk6tkoPhZGyJQ2aqH8nUiy0HonAdgpsBnreG4v/ee3EhFd+ymScGCrJdFGYcGQiNP4e9ZiixPCRJZgoZm9FZIAVJsZmNLMlEJnNxJtPYJE0TiveReXs7rxcvc7TKcAhHMEJeHAJVbiFGtSBgIAXeIU359l5dz6cz2nrkpPPHMAMnK9f+4WWmA==</latexit>

S1

<latexit sha1_base64="HVT3ni3pZLbKVXc0/wRx5ptWq/M=">AAAB/3icbVA9TwJBEJ3DL8Qv1NJmIzGxIndo1JJoY4lRPgxcyN6ywIbdvcvungm5XOFvsNXaztj6Uyz9Jy5whYAvmeTlvZnMzAsizrRx3W8nt7K6tr6R3yxsbe/s7hX3Dxo6jBWhdRLyULUCrClnktYNM5y2IkWxCDhtBqObid98okqzUD6YcUR9gQeS9RnBxkqPSScQ6D7tVrrFklt2p0DLxMtICTLUusWfTi8ksaDSEI61bntuZPwEK8MIp2mhE2saYTLCA9q2VGJBtZ9MD07RiVV6qB8qW9Kgqfp3IsFC67EIbKfAZqgXvYn4n9eOTf/KT5iMYkMlmS3qxxyZEE2+Rz2mKDF8bAkmitlbERlihYmxGc1tCURqM/EWE1gmjUrZuyif3Z2XqtdZOnk4gmM4BQ8uoQq3UIM6EBDwAq/w5jw7786H8zlrzTnZzCHMwfn6Bf0Ylpk=</latexit>

S2

<latexit sha1_base64="1TlvZkGaSEVSUOo4PWUq04wEYGQ="></latexit>

Hparamagnon =
X

p

"pc
†
p�cp� � �

X

i

c†i�
⌧��0

2
ci�0 ·�i + . . .

<latexit sha1_base64="QtJHfLgpRszaYiDfhEe95EcFbNo="></latexit>

� paramagnon

Ancilla  
qubits

Paramagnon theory of the Hubbard model 
Hubbard  
model of 
density 

1-p



<latexit sha1_base64="0DL+Vl4Uze4Yn9mmWjMuufUzQ2s=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOTJcxOZpMh81hmZoWw5C+8eFDEq3/jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZMeSS/rGjYQeNIrV/yqPwNaJkFOKpCj3it/dfuKpIJKSzg2phP4iQ0zrC0jnE5K3dTQBJMRHtCOoxILasJsdvEEnTilj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhabvoz7TlFg+dgQTzdytiAyxxsS6kEouhGDx5WXSPKsGl9Xz+4tK7SaPowhHcAynEMAV1OAO6tAAAhKe4RXePOO9eO/ex7y14OUzh/AH3ucP3RGRDQ==</latexit>c�
<latexit sha1_base64="VJHSPPvUlYegQO3NC8QMWQHeglo="></latexit>

m
Free  

electrons of  
density 

1-p
<latexit sha1_base64="0DL+Vl4Uze4Yn9mmWjMuufUzQ2s=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOTJcxOZpMh81hmZoWw5C+8eFDEq3/jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZMeSS/rGjYQeNIrV/yqPwNaJkFOKpCj3it/dfuKpIJKSzg2phP4iQ0zrC0jnE5K3dTQBJMRHtCOoxILasJsdvEEnTilj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhabvoz7TlFg+dgQTzdytiAyxxsS6kEouhGDx5WXSPKsGl9Xz+4tK7SaPowhHcAynEMAV1OAO6tAAAhKe4RXePOO9eO/ex7y14OUzh/AH3ucP3RGRDQ==</latexit>c�

<latexit sha1_base64="oFBTFjNvIwQmnOAc423KrvZJv9w=">AAAB/3icbVA9T8MwEL3wWcpXgZHFokJiqhJAwFjBwlgE/UBtVDmu01q1nch2kKooA7+BFWY2xMpPYeSf4LYZaMuTTnp6705394KYM21c99tZWl5ZXVsvbBQ3t7Z3dkt7+w0dJYrQOol4pFoB1pQzSeuGGU5bsaJYBJw2g+HN2G8+UaVZJB/MKKa+wH3JQkawsdJj2gkEus+6XrdUdivuBGiReDkpQ45at/TT6UUkEVQawrHWbc+NjZ9iZRjhNCt2Ek1jTIa4T9uWSiyo9tPJwRk6tkoPhZGyJQ2aqH8nUiy0HonAdgpsBnreG4v/ee3EhFd+ymScGCrJdFGYcGQiNP4e9ZiixPCRJZgoZm9FZIAVJsZmNLMlEJnNxJtPYJE0TiveReXs7rxcvc7TKcAhHMEJeHAJVbiFGtSBgIAXeIU359l5dz6cz2nrkpPPHMAMnK9f+4WWmA==</latexit>

S1

<latexit sha1_base64="HVT3ni3pZLbKVXc0/wRx5ptWq/M=">AAAB/3icbVA9TwJBEJ3DL8Qv1NJmIzGxIndo1JJoY4lRPgxcyN6ywIbdvcvungm5XOFvsNXaztj6Uyz9Jy5whYAvmeTlvZnMzAsizrRx3W8nt7K6tr6R3yxsbe/s7hX3Dxo6jBWhdRLyULUCrClnktYNM5y2IkWxCDhtBqObid98okqzUD6YcUR9gQeS9RnBxkqPSScQ6D7tVrrFklt2p0DLxMtICTLUusWfTi8ksaDSEI61bntuZPwEK8MIp2mhE2saYTLCA9q2VGJBtZ9MD07RiVV6qB8qW9Kgqfp3IsFC67EIbKfAZqgXvYn4n9eOTf/KT5iMYkMlmS3qxxyZEE2+Rz2mKDF8bAkmitlbERlihYmxGc1tCURqM/EWE1gmjUrZuyif3Z2XqtdZOnk4gmM4BQ8uoQq3UIM6EBDwAq/w5jw7786H8zlrzTnZzCHMwfn6Bf0Ylpk=</latexit>

S2

<latexit sha1_base64="1TlvZkGaSEVSUOo4PWUq04wEYGQ="></latexit>

Hparamagnon =
X

p

"pc
†
p�cp� � �

X

i

c†i�
⌧��0

2
ci�0 ·�i + . . .

<latexit sha1_base64="QtJHfLgpRszaYiDfhEe95EcFbNo="></latexit>

� paramagnon

Ancilla  
qubits

Paramagnon theory of the Hubbard model 
Hubbard  
model of 
density 

1-p



<latexit sha1_base64="0DL+Vl4Uze4Yn9mmWjMuufUzQ2s=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOTJcxOZpMh81hmZoWw5C+8eFDEq3/jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZMeSS/rGjYQeNIrV/yqPwNaJkFOKpCj3it/dfuKpIJKSzg2phP4iQ0zrC0jnE5K3dTQBJMRHtCOoxILasJsdvEEnTilj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhabvoz7TlFg+dgQTzdytiAyxxsS6kEouhGDx5WXSPKsGl9Xz+4tK7SaPowhHcAynEMAV1OAO6tAAAhKe4RXePOO9eO/ex7y14OUzh/AH3ucP3RGRDQ==</latexit>c�
Hubbard  
model of 
density 

1-p
<latexit sha1_base64="VJHSPPvUlYegQO3NC8QMWQHeglo="></latexit>

m
Free  

electrons of  
density 

1-p

<latexit sha1_base64="Ls79LYO0aI/44QY0M77SreWMdTA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi+ilov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aPXBwOO9GWbmBYng2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMrqZ+6xGV5rF8MOME/YgOJA85o8ZK9ze921654lbdGchf4uWkAjnqvfJntx+zNEJpmKBadzw3MX5GleFM4KTUTTUmlI3oADuWShqh9rPZqRNyZJU+CWNlSxoyU39OZDTSehwFtjOiZqgXvan4n9dJTXjhZ1wmqUHJ5ovCVBATk+nfpM8VMiPGllCmuL2VsCFVlBmbTsmG4C2+/Jc0T6reWdW9O63ULvM4inAAh3AMHpxDDa6hDg1gMIAneIFXRzjPzpvzPm8tOPnMPvyC8/EN7keNkA==</latexit>

JK

<latexit sha1_base64="0DL+Vl4Uze4Yn9mmWjMuufUzQ2s=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOTJcxOZpMh81hmZoWw5C+8eFDEq3/jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZMeSS/rGjYQeNIrV/yqPwNaJkFOKpCj3it/dfuKpIJKSzg2phP4iQ0zrC0jnE5K3dTQBJMRHtCOoxILasJsdvEEnTilj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhabvoz7TlFg+dgQTzdytiAyxxsS6kEouhGDx5WXSPKsGl9Xz+4tK7SaPowhHcAynEMAV1OAO6tAAAhKe4RXePOO9eO/ex7y14OUzh/AH3ucP3RGRDQ==</latexit>c�
<latexit sha1_base64="oFBTFjNvIwQmnOAc423KrvZJv9w=">AAAB/3icbVA9T8MwEL3wWcpXgZHFokJiqhJAwFjBwlgE/UBtVDmu01q1nch2kKooA7+BFWY2xMpPYeSf4LYZaMuTTnp6705394KYM21c99tZWl5ZXVsvbBQ3t7Z3dkt7+w0dJYrQOol4pFoB1pQzSeuGGU5bsaJYBJw2g+HN2G8+UaVZJB/MKKa+wH3JQkawsdJj2gkEus+6XrdUdivuBGiReDkpQ45at/TT6UUkEVQawrHWbc+NjZ9iZRjhNCt2Ek1jTIa4T9uWSiyo9tPJwRk6tkoPhZGyJQ2aqH8nUiy0HonAdgpsBnreG4v/ee3EhFd+ymScGCrJdFGYcGQiNP4e9ZiixPCRJZgoZm9FZIAVJsZmNLMlEJnNxJtPYJE0TiveReXs7rxcvc7TKcAhHMEJeHAJVbiFGtSBgIAXeIU359l5dz6cz2nrkpPPHMAMnK9f+4WWmA==</latexit>

S1

<latexit sha1_base64="HVT3ni3pZLbKVXc0/wRx5ptWq/M=">AAAB/3icbVA9TwJBEJ3DL8Qv1NJmIzGxIndo1JJoY4lRPgxcyN6ywIbdvcvungm5XOFvsNXaztj6Uyz9Jy5whYAvmeTlvZnMzAsizrRx3W8nt7K6tr6R3yxsbe/s7hX3Dxo6jBWhdRLyULUCrClnktYNM5y2IkWxCDhtBqObid98okqzUD6YcUR9gQeS9RnBxkqPSScQ6D7tVrrFklt2p0DLxMtICTLUusWfTi8ksaDSEI61bntuZPwEK8MIp2mhE2saYTLCA9q2VGJBtZ9MD07RiVV6qB8qW9Kgqfp3IsFC67EIbKfAZqgXvYn4n9eOTf/KT5iMYkMlmS3qxxyZEE2+Rz2mKDF8bAkmitlbERlihYmxGc1tCURqM/EWE1gmjUrZuyif3Z2XqtdZOnk4gmM4BQ8uoQq3UIM6EBDwAq/w5jw7786H8zlrzTnZzCHMwfn6Bf0Ylpk=</latexit>

S2

Antiferromagnetic Kondo coupling
Ferromagnetic  
Kondo coupling

<latexit sha1_base64="8NWZSPrHhV4UB01wlnu35Q5zXNc="></latexit>

Each rotor has eigenvalues g`(`+ 1)/2, degeneracy 2`+ 1, ` = 0, 1, 2 . . .
Restrict to the ` = 0, 1 states, and represent each rotor by 2 “ancilla qubits”,

S = 1/2 spins S1i and S2i, with an antiferromagnetic coupling J? = g

Li = S1i + S2i

�i =
1p
3
(S2i � S1i)

<latexit sha1_base64="1TlvZkGaSEVSUOo4PWUq04wEYGQ="></latexit>

Hparamagnon =
X

p

"pc
†
p�cp� � �

X

i

c†i�
⌧��0

2
ci�0 ·�i + . . .

Ancilla  
qubits

Paramagnon fractionalization theory of the Hubbard model 



<latexit sha1_base64="0DL+Vl4Uze4Yn9mmWjMuufUzQ2s=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOTJcxOZpMh81hmZoWw5C+8eFDEq3/jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZMeSS/rGjYQeNIrV/yqPwNaJkFOKpCj3it/dfuKpIJKSzg2phP4iQ0zrC0jnE5K3dTQBJMRHtCOoxILasJsdvEEnTilj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhabvoz7TlFg+dgQTzdytiAyxxsS6kEouhGDx5WXSPKsGl9Xz+4tK7SaPowhHcAynEMAV1OAO6tAAAhKe4RXePOO9eO/ex7y14OUzh/AH3ucP3RGRDQ==</latexit>c�
<latexit sha1_base64="VJHSPPvUlYegQO3NC8QMWQHeglo="></latexit>

m
Free  

electrons of  
density 

1-p

<latexit sha1_base64="Ls79LYO0aI/44QY0M77SreWMdTA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi+ilov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aPXBwOO9GWbmBYng2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMrqZ+6xGV5rF8MOME/YgOJA85o8ZK9ze921654lbdGchf4uWkAjnqvfJntx+zNEJpmKBadzw3MX5GleFM4KTUTTUmlI3oADuWShqh9rPZqRNyZJU+CWNlSxoyU39OZDTSehwFtjOiZqgXvan4n9dJTXjhZ1wmqUHJ5ovCVBATk+nfpM8VMiPGllCmuL2VsCFVlBmbTsmG4C2+/Jc0T6reWdW9O63ULvM4inAAh3AMHpxDDa6hDg1gMIAneIFXRzjPzpvzPm8tOPnMPvyC8/EN7keNkA==</latexit>

JK

<latexit sha1_base64="0DL+Vl4Uze4Yn9mmWjMuufUzQ2s=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOTJcxOZpMh81hmZoWw5C+8eFDEq3/jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZMeSS/rGjYQeNIrV/yqPwNaJkFOKpCj3it/dfuKpIJKSzg2phP4iQ0zrC0jnE5K3dTQBJMRHtCOoxILasJsdvEEnTilj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhabvoz7TlFg+dgQTzdytiAyxxsS6kEouhGDx5WXSPKsGl9Xz+4tK7SaPowhHcAynEMAV1OAO6tAAAhKe4RXePOO9eO/ex7y14OUzh/AH3ucP3RGRDQ==</latexit>c�
<latexit sha1_base64="oFBTFjNvIwQmnOAc423KrvZJv9w=">AAAB/3icbVA9T8MwEL3wWcpXgZHFokJiqhJAwFjBwlgE/UBtVDmu01q1nch2kKooA7+BFWY2xMpPYeSf4LYZaMuTTnp6705394KYM21c99tZWl5ZXVsvbBQ3t7Z3dkt7+w0dJYrQOol4pFoB1pQzSeuGGU5bsaJYBJw2g+HN2G8+UaVZJB/MKKa+wH3JQkawsdJj2gkEus+6XrdUdivuBGiReDkpQ45at/TT6UUkEVQawrHWbc+NjZ9iZRjhNCt2Ek1jTIa4T9uWSiyo9tPJwRk6tkoPhZGyJQ2aqH8nUiy0HonAdgpsBnreG4v/ee3EhFd+ymScGCrJdFGYcGQiNP4e9ZiixPCRJZgoZm9FZIAVJsZmNLMlEJnNxJtPYJE0TiveReXs7rxcvc7TKcAhHMEJeHAJVbiFGtSBgIAXeIU359l5dz6cz2nrkpPPHMAMnK9f+4WWmA==</latexit>

S1

<latexit sha1_base64="HVT3ni3pZLbKVXc0/wRx5ptWq/M=">AAAB/3icbVA9TwJBEJ3DL8Qv1NJmIzGxIndo1JJoY4lRPgxcyN6ywIbdvcvungm5XOFvsNXaztj6Uyz9Jy5whYAvmeTlvZnMzAsizrRx3W8nt7K6tr6R3yxsbe/s7hX3Dxo6jBWhdRLyULUCrClnktYNM5y2IkWxCDhtBqObid98okqzUD6YcUR9gQeS9RnBxkqPSScQ6D7tVrrFklt2p0DLxMtICTLUusWfTi8ksaDSEI61bntuZPwEK8MIp2mhE2saYTLCA9q2VGJBtZ9MD07RiVV6qB8qW9Kgqfp3IsFC67EIbKfAZqgXvYn4n9eOTf/KT5iMYkMlmS3qxxyZEE2+Rz2mKDF8bAkmitlbERlihYmxGc1tCURqM/EWE1gmjUrZuyif3Z2XqtdZOnk4gmM4BQ8uoQq3UIM6EBDwAq/w5jw7786H8zlrzTnZzCHMwfn6Bf0Ylpk=</latexit>

S2

Antiferromagnetic Kondo coupling
Ferromagnetic  
Kondo couplingAncilla  

qubits

<latexit sha1_base64="dlkISFVi6VHofDqjS/s40X2HqU8="></latexit>

Hparamagnon =
X

p

"pc
†
p�cp� + JK

X

i

c†i�
⌧��0

2
ci�0 · S1i +� eJK

X

i

c†i�
⌧��0

2
ci�0 · S2i + . . .

<latexit sha1_base64="RN2yjk3EYDyCVjh9OpI3o2M4tI8="></latexit>

0

<latexit sha1_base64="Zcjpn7pcgKgArvXOqPQ4UFGSaM0="></latexit>

JK
Kondo 

RG

Hubbard  
model of 
density 

1-p

Paramagnon fractionalization theory of the Hubbard model 



<latexit sha1_base64="0DL+Vl4Uze4Yn9mmWjMuufUzQ2s=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOTJcxOZpMh81hmZoWw5C+8eFDEq3/jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZMeSS/rGjYQeNIrV/yqPwNaJkFOKpCj3it/dfuKpIJKSzg2phP4iQ0zrC0jnE5K3dTQBJMRHtCOoxILasJsdvEEnTilj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhabvoz7TlFg+dgQTzdytiAyxxsS6kEouhGDx5WXSPKsGl9Xz+4tK7SaPowhHcAynEMAV1OAO6tAAAhKe4RXePOO9eO/ex7y14OUzh/AH3ucP3RGRDQ==</latexit>c�
<latexit sha1_base64="VJHSPPvUlYegQO3NC8QMWQHeglo="></latexit>

m
Free  

electrons of  
density 

1-p

<latexit sha1_base64="Ls79LYO0aI/44QY0M77SreWMdTA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi+ilov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aPXBwOO9GWbmBYng2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMrqZ+6xGV5rF8MOME/YgOJA85o8ZK9ze921654lbdGchf4uWkAjnqvfJntx+zNEJpmKBadzw3MX5GleFM4KTUTTUmlI3oADuWShqh9rPZqRNyZJU+CWNlSxoyU39OZDTSehwFtjOiZqgXvan4n9dJTXjhZ1wmqUHJ5ovCVBATk+nfpM8VMiPGllCmuL2VsCFVlBmbTsmG4C2+/Jc0T6reWdW9O63ULvM4inAAh3AMHpxDDa6hDg1gMIAneIFXRzjPzpvzPm8tOPnMPvyC8/EN7keNkA==</latexit>

JK

<latexit sha1_base64="0DL+Vl4Uze4Yn9mmWjMuufUzQ2s=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOTJcxOZpMh81hmZoWw5C+8eFDEq3/jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZMeSS/rGjYQeNIrV/yqPwNaJkFOKpCj3it/dfuKpIJKSzg2phP4iQ0zrC0jnE5K3dTQBJMRHtCOoxILasJsdvEEnTilj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhabvoz7TlFg+dgQTzdytiAyxxsS6kEouhGDx5WXSPKsGl9Xz+4tK7SaPowhHcAynEMAV1OAO6tAAAhKe4RXePOO9eO/ex7y14OUzh/AH3ucP3RGRDQ==</latexit>c�
<latexit sha1_base64="oFBTFjNvIwQmnOAc423KrvZJv9w=">AAAB/3icbVA9T8MwEL3wWcpXgZHFokJiqhJAwFjBwlgE/UBtVDmu01q1nch2kKooA7+BFWY2xMpPYeSf4LYZaMuTTnp6705394KYM21c99tZWl5ZXVsvbBQ3t7Z3dkt7+w0dJYrQOol4pFoB1pQzSeuGGU5bsaJYBJw2g+HN2G8+UaVZJB/MKKa+wH3JQkawsdJj2gkEus+6XrdUdivuBGiReDkpQ45at/TT6UUkEVQawrHWbc+NjZ9iZRjhNCt2Ek1jTIa4T9uWSiyo9tPJwRk6tkoPhZGyJQ2aqH8nUiy0HonAdgpsBnreG4v/ee3EhFd+ymScGCrJdFGYcGQiNP4e9ZiixPCRJZgoZm9FZIAVJsZmNLMlEJnNxJtPYJE0TiveReXs7rxcvc7TKcAhHMEJeHAJVbiFGtSBgIAXeIU359l5dz6cz2nrkpPPHMAMnK9f+4WWmA==</latexit>

S1

<latexit sha1_base64="HVT3ni3pZLbKVXc0/wRx5ptWq/M=">AAAB/3icbVA9TwJBEJ3DL8Qv1NJmIzGxIndo1JJoY4lRPgxcyN6ywIbdvcvungm5XOFvsNXaztj6Uyz9Jy5whYAvmeTlvZnMzAsizrRx3W8nt7K6tr6R3yxsbe/s7hX3Dxo6jBWhdRLyULUCrClnktYNM5y2IkWxCDhtBqObid98okqzUD6YcUR9gQeS9RnBxkqPSScQ6D7tVrrFklt2p0DLxMtICTLUusWfTi8ksaDSEI61bntuZPwEK8MIp2mhE2saYTLCA9q2VGJBtZ9MD07RiVV6qB8qW9Kgqfp3IsFC67EIbKfAZqgXvYn4n9eOTf/KT5iMYkMlmS3qxxyZEE2+Rz2mKDF8bAkmitlbERlihYmxGc1tCURqM/EWE1gmjUrZuyif3Z2XqtdZOnk4gmM4BQ8uoQq3UIM6EBDwAq/w5jw7786H8zlrzTnZzCHMwfn6Bf0Ylpk=</latexit>

S2

Antiferromagnetic Kondo coupling
Ferromagnetic  
Kondo coupling

<latexit sha1_base64="JpjNdzcqGmkeqreicHG52ZMefUk="></latexit>

A FL* state is realized when the antiferromagnetic Kondo coupling dominates,
and the c� and S1 form a “large” Fermi surface of hole density

(1 + p) + 1 = 2 + p = p mod 2!
The S2 must form a decoupled spin liquid which does not break translational

symmetry, to obtain a metal with a non-Luttinger volume Fermi surface.

Ancilla  
qubits

Hubbard  
model of 
density 

1-p

Paramagnon fractionalization theory of the Hubbard model 



<latexit sha1_base64="0DL+Vl4Uze4Yn9mmWjMuufUzQ2s=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOTJcxOZpMh81hmZoWw5C+8eFDEq3/jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZMeSS/rGjYQeNIrV/yqPwNaJkFOKpCj3it/dfuKpIJKSzg2phP4iQ0zrC0jnE5K3dTQBJMRHtCOoxILasJsdvEEnTilj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhabvoz7TlFg+dgQTzdytiAyxxsS6kEouhGDx5WXSPKsGl9Xz+4tK7SaPowhHcAynEMAV1OAO6tAAAhKe4RXePOO9eO/ex7y14OUzh/AH3ucP3RGRDQ==</latexit>c�
<latexit sha1_base64="VJHSPPvUlYegQO3NC8QMWQHeglo="></latexit>

m
Free  

electrons of  
density 

1-p

<latexit sha1_base64="Ls79LYO0aI/44QY0M77SreWMdTA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi+ilov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aPXBwOO9GWbmBYng2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMrqZ+6xGV5rF8MOME/YgOJA85o8ZK9ze921654lbdGchf4uWkAjnqvfJntx+zNEJpmKBadzw3MX5GleFM4KTUTTUmlI3oADuWShqh9rPZqRNyZJU+CWNlSxoyU39OZDTSehwFtjOiZqgXvan4n9dJTXjhZ1wmqUHJ5ovCVBATk+nfpM8VMiPGllCmuL2VsCFVlBmbTsmG4C2+/Jc0T6reWdW9O63ULvM4inAAh3AMHpxDDa6hDg1gMIAneIFXRzjPzpvzPm8tOPnMPvyC8/EN7keNkA==</latexit>

JK

<latexit sha1_base64="0DL+Vl4Uze4Yn9mmWjMuufUzQ2s=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOTJcxOZpMh81hmZoWw5C+8eFDEq3/jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZMeSS/rGjYQeNIrV/yqPwNaJkFOKpCj3it/dfuKpIJKSzg2phP4iQ0zrC0jnE5K3dTQBJMRHtCOoxILasJsdvEEnTilj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhabvoz7TlFg+dgQTzdytiAyxxsS6kEouhGDx5WXSPKsGl9Xz+4tK7SaPowhHcAynEMAV1OAO6tAAAhKe4RXePOO9eO/ex7y14OUzh/AH3ucP3RGRDQ==</latexit>c�
<latexit sha1_base64="oFBTFjNvIwQmnOAc423KrvZJv9w=">AAAB/3icbVA9T8MwEL3wWcpXgZHFokJiqhJAwFjBwlgE/UBtVDmu01q1nch2kKooA7+BFWY2xMpPYeSf4LYZaMuTTnp6705394KYM21c99tZWl5ZXVsvbBQ3t7Z3dkt7+w0dJYrQOol4pFoB1pQzSeuGGU5bsaJYBJw2g+HN2G8+UaVZJB/MKKa+wH3JQkawsdJj2gkEus+6XrdUdivuBGiReDkpQ45at/TT6UUkEVQawrHWbc+NjZ9iZRjhNCt2Ek1jTIa4T9uWSiyo9tPJwRk6tkoPhZGyJQ2aqH8nUiy0HonAdgpsBnreG4v/ee3EhFd+ymScGCrJdFGYcGQiNP4e9ZiixPCRJZgoZm9FZIAVJsZmNLMlEJnNxJtPYJE0TiveReXs7rxcvc7TKcAhHMEJeHAJVbiFGtSBgIAXeIU359l5dz6cz2nrkpPPHMAMnK9f+4WWmA==</latexit>

S1

<latexit sha1_base64="HVT3ni3pZLbKVXc0/wRx5ptWq/M=">AAAB/3icbVA9TwJBEJ3DL8Qv1NJmIzGxIndo1JJoY4lRPgxcyN6ywIbdvcvungm5XOFvsNXaztj6Uyz9Jy5whYAvmeTlvZnMzAsizrRx3W8nt7K6tr6R3yxsbe/s7hX3Dxo6jBWhdRLyULUCrClnktYNM5y2IkWxCDhtBqObid98okqzUD6YcUR9gQeS9RnBxkqPSScQ6D7tVrrFklt2p0DLxMtICTLUusWfTi8ksaDSEI61bntuZPwEK8MIp2mhE2saYTLCA9q2VGJBtZ9MD07RiVV6qB8qW9Kgqfp3IsFC67EIbKfAZqgXvYn4n9eOTf/KT5iMYkMlmS3qxxyZEE2+Rz2mKDF8bAkmitlbERlihYmxGc1tCURqM/EWE1gmjUrZuyif3Z2XqtdZOnk4gmM4BQ8uoQq3UIM6EBDwAq/w5jw7786H8zlrzTnZzCHMwfn6Bf0Ylpk=</latexit>

S2

Ancilla  
qubits

<latexit sha1_base64="bsMTTwv/wsAsYEgRaqTbLa3cOh8=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0TJoI1YRjAkkR9jbzCVL9vaW3T0hhPwIGwtFbP09dv4bN8kVmvhg4PHeDDPzIiW4sb7/7RVWVtfWN4qbpa3tnd298v7Bo0kzzbDBUpHqVkQNCi6xYbkV2FIaaRIJbEbDm6nffEJteCof7EhhmNC+5DFn1DqpedftKNSqW674VX8GskyCnFQgR71b/ur0UpYlKC0T1Jh24Csbjqm2nAmclDqZQUXZkPax7aikCZpwPDt3Qk6c0iNxql1JS2bq74kxTYwZJZHrTKgdmEVvKv7ntTMbX4VjLlVmUbL5ojgTxKZk+jvpcY3MipEjlGnubiVsQDVl1iVUciEEiy8vk8ezanBR9e/PK7XrPI4iHMExnEIAl1CDW6hDAxgM4Rle4c1T3ov37n3MWwtePnMIf+B9/gA774+A</latexit>

J?

<latexit sha1_base64="FG7ge6REcTbrA0/kx3VyVvBeaaY="></latexit>

Related by a Schrie↵er-Wol↵ canonical transformation with U =
3J2

K

8J?
+

3J3
K

16J?
+ . . .

Hubbard  
model of 
density 

1-p

Paramagnon fractionalization theory of the Hubbard model 



Trial wavefunctions in the paramagnon fractionalization theory 
density 

1+p
<latexit sha1_base64="0DL+Vl4Uze4Yn9mmWjMuufUzQ2s=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOTJcxOZpMh81hmZoWw5C+8eFDEq3/jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZMeSS/rGjYQeNIrV/yqPwNaJkFOKpCj3it/dfuKpIJKSzg2phP4iQ0zrC0jnE5K3dTQBJMRHtCOoxILasJsdvEEnTilj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhabvoz7TlFg+dgQTzdytiAyxxsS6kEouhGDx5WXSPKsGl9Xz+4tK7SaPowhHcAynEMAV1OAO6tAAAhKe4RXePOO9eO/ex7y14OUzh/AH3ucP3RGRDQ==</latexit>c�{

{<latexit sha1_base64="7AxdXvKW1bGu3IVeRFFkbHQBSpg="></latexit>

Trivial insulator

<latexit sha1_base64="Ls79LYO0aI/44QY0M77SreWMdTA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi+ilov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aPXBwOO9GWbmBYng2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMrqZ+6xGV5rF8MOME/YgOJA85o8ZK9ze921654lbdGchf4uWkAjnqvfJntx+zNEJpmKBadzw3MX5GleFM4KTUTTUmlI3oADuWShqh9rPZqRNyZJU+CWNlSxoyU39OZDTSehwFtjOiZqgXvan4n9dJTXjhZ1wmqUHJ5ovCVBATk+nfpM8VMiPGllCmuL2VsCFVlBmbTsmG4C2+/Jc0T6reWdW9O63ULvM4inAAh3AMHpxDDa6hDg1gMIAneIFXRzjPzpvzPm8tOPnMPvyC8/EN7keNkA==</latexit>

JK

FL<latexit sha1_base64="Mk7mTC2Z38SfXt/Mu9JRZ2bsk1Y="></latexit>

JK

<latexit sha1_base64="sWCk05WgIZPn4bpCPxOwJzckIrs=">AAACEHicdZDPSsNAEMY39V+t/6oevSwWQVBKIkVzFL14rGi10Nay2UzbpZtN2J2oJfQRvHjQV/EmXn0D38Sj21pBRQcGfnzfDDN8QSKFQdd9c3JT0zOzc/n5wsLi0vJKcXXtwsSp5lDjsYx1PWAGpFBQQ4ES6okGFgUSLoP+8ci/vAZtRKzOcZBAK2JdJTqCM7TSGVzttIslt+z6rrfvUQvjsnDg+77nUm+ilMikqu3iezOMeRqBQi6ZMQ3PTbCVMY2CSxgWmqmBhPE+60LDomIRmN3wWiRmjK1s/PWQblkzpJ1Y21ZIx+r35YxFxgyiwE5GDHvmtzcS//IaKXb8ViZUkiIo/nmok0qKMR1FQEOhgaMcWGBcC/s25T2mGUcbVKFpwKaoutjLmgi3eCNCeyerCDW0UX3lQf+Hi72yt1+unFZKh0eT0PJkg2ySbeKRA3JITkiV1AgnXXJHHsijc+88Oc/Oy+dozpnsrJMf5bx+ABQhnm8=</latexit>

e+
<latexit sha1_base64="sWCk05WgIZPn4bpCPxOwJzckIrs=">AAACEHicdZDPSsNAEMY39V+t/6oevSwWQVBKIkVzFL14rGi10Nay2UzbpZtN2J2oJfQRvHjQV/EmXn0D38Sj21pBRQcGfnzfDDN8QSKFQdd9c3JT0zOzc/n5wsLi0vJKcXXtwsSp5lDjsYx1PWAGpFBQQ4ES6okGFgUSLoP+8ci/vAZtRKzOcZBAK2JdJTqCM7TSGVzttIslt+z6rrfvUQvjsnDg+77nUm+ilMikqu3iezOMeRqBQi6ZMQ3PTbCVMY2CSxgWmqmBhPE+60LDomIRmN3wWiRmjK1s/PWQblkzpJ1Y21ZIx+r35YxFxgyiwE5GDHvmtzcS//IaKXb8ViZUkiIo/nmok0qKMR1FQEOhgaMcWGBcC/s25T2mGUcbVKFpwKaoutjLmgi3eCNCeyerCDW0UX3lQf+Hi72yt1+unFZKh0eT0PJkg2ySbeKRA3JITkiV1AgnXXJHHsijc+88Oc/Oy+dozpnsrJMf5bx+ABQhnm8=</latexit>

e+<latexit sha1_base64="AmB4sMIjpJKklcPaI5CUbouZqn0="></latexit>

Large Fermi surface.
Size: 1 + p

<latexit sha1_base64="flPvnP6wtceGGbQ+O/NtxhaNqaU=">AAACBHicbVDLSsNAFL3xWeur6tLNYBFcSElKUZdFNy4r2ge0MUymk3boTBJmJkIJ2foNbnXtTtz6Hy79E6dtFrb1wIXDOfdyLsePOVPatr+tldW19Y3NwlZxe2d3b790cNhSUSIJbZKIR7LjY0U5C2lTM81pJ5YUC5/Ttj+6mfjtJyoVi8IHPY6pK/AgZAEjWBvpMe35At1nXvUcBV7VK5Xtij0FWiZOTsqQo+GVfnr9iCSChppwrFTXsWPtplhqRjjNir1E0RiTER7QrqEhFlS56fTrDJ0apY+CSJoJNZqqfy9SLJQaC99sCqyHatGbiP953UQHV27KwjjRNCSzoCDhSEdoUgHqM0mJ5mNDMJHM/IrIEEtMtClqLsUXmenEWWxgmbSqFeeiUrurlevXeTsFOIYTOAMHLqEOt9CAJhCQ8AKv8GY9W+/Wh/U5W12x8psjmIP19QvFMZgP</latexit>

S2, f2

<latexit sha1_base64="95XpI8jB5C2p7//WgFbhyRMk82Q=">AAACBHicbVDLSsNAFL2pr1pfVZduBovgQkoiRV0W3bisaB/QxjCZTtqhM0mYmQglZOs3uNW1O3Hrf7j0T5y2WdjWAxcO59zLuRw/5kxp2/62Ciura+sbxc3S1vbO7l55/6ClokQS2iQRj2THx4pyFtKmZprTTiwpFj6nbX90M/HbT1QqFoUPehxTV+BByAJGsDbSY9rzBbrPPOcMBZ7jlSt21Z4CLRMnJxXI0fDKP71+RBJBQ004Vqrr2LF2Uyw1I5xmpV6iaIzJCA9o19AQC6rcdPp1hk6M0kdBJM2EGk3VvxcpFkqNhW82BdZDtehNxP+8bqKDKzdlYZxoGpJZUJBwpCM0qQD1maRE87EhmEhmfkVkiCUm2hQ1l+KLzHTiLDawTFrnVeeiWrurVerXeTtFOIJjOAUHLqEOt9CAJhCQ8AKv8GY9W+/Wh/U5Wy1Y+c0hzMH6+gXCBpgN</latexit>

S1, f1

<latexit sha1_base64="3pgoJ1jNdTNRpdKec/18LfHlkdM="></latexit>

Large Fermi surface of size 1 + p

|FLi = |Rung singlets of f1, f2i
⌦ |Slater determinant of ci



{
{<latexit sha1_base64="U6Yue7B12tNdGrOfQBxAgHXgXi0="></latexit>

Spin liquid

density 
1+p

<latexit sha1_base64="0DL+Vl4Uze4Yn9mmWjMuufUzQ2s=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOTJcxOZpMh81hmZoWw5C+8eFDEq3/jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZMeSS/rGjYQeNIrV/yqPwNaJkFOKpCj3it/dfuKpIJKSzg2phP4iQ0zrC0jnE5K3dTQBJMRHtCOoxILasJsdvEEnTilj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhabvoz7TlFg+dgQTzdytiAyxxsS6kEouhGDx5WXSPKsGl9Xz+4tK7SaPowhHcAynEMAV1OAO6tAAAhKe4RXePOO9eO/ex7y14OUzh/AH3ucP3RGRDQ==</latexit>c�
<latexit sha1_base64="Ls79LYO0aI/44QY0M77SreWMdTA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi+ilov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aPXBwOO9GWbmBYng2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMrqZ+6xGV5rF8MOME/YgOJA85o8ZK9ze921654lbdGchf4uWkAjnqvfJntx+zNEJpmKBadzw3MX5GleFM4KTUTTUmlI3oADuWShqh9rPZqRNyZJU+CWNlSxoyU39OZDTSehwFtjOiZqgXvan4n9dJTXjhZ1wmqUHJ5ovCVBATk+nfpM8VMiPGllCmuL2VsCFVlBmbTsmG4C2+/Jc0T6reWdW9O63ULvM4inAAh3AMHpxDDa6hDg1gMIAneIFXRzjPzpvzPm8tOPnMPvyC8/EN7keNkA==</latexit>

JK

FL<latexit sha1_base64="Mk7mTC2Z38SfXt/Mu9JRZ2bsk1Y="></latexit>

JK
FL*

<latexit sha1_base64="sWCk05WgIZPn4bpCPxOwJzckIrs=">AAACEHicdZDPSsNAEMY39V+t/6oevSwWQVBKIkVzFL14rGi10Nay2UzbpZtN2J2oJfQRvHjQV/EmXn0D38Sj21pBRQcGfnzfDDN8QSKFQdd9c3JT0zOzc/n5wsLi0vJKcXXtwsSp5lDjsYx1PWAGpFBQQ4ES6okGFgUSLoP+8ci/vAZtRKzOcZBAK2JdJTqCM7TSGVzttIslt+z6rrfvUQvjsnDg+77nUm+ilMikqu3iezOMeRqBQi6ZMQ3PTbCVMY2CSxgWmqmBhPE+60LDomIRmN3wWiRmjK1s/PWQblkzpJ1Y21ZIx+r35YxFxgyiwE5GDHvmtzcS//IaKXb8ViZUkiIo/nmok0qKMR1FQEOhgaMcWGBcC/s25T2mGUcbVKFpwKaoutjLmgi3eCNCeyerCDW0UX3lQf+Hi72yt1+unFZKh0eT0PJkg2ySbeKRA3JITkiV1AgnXXJHHsijc+88Oc/Oy+dozpnsrJMf5bx+ABQhnm8=</latexit>

e+
<latexit sha1_base64="sWCk05WgIZPn4bpCPxOwJzckIrs=">AAACEHicdZDPSsNAEMY39V+t/6oevSwWQVBKIkVzFL14rGi10Nay2UzbpZtN2J2oJfQRvHjQV/EmXn0D38Sj21pBRQcGfnzfDDN8QSKFQdd9c3JT0zOzc/n5wsLi0vJKcXXtwsSp5lDjsYx1PWAGpFBQQ4ES6okGFgUSLoP+8ci/vAZtRKzOcZBAK2JdJTqCM7TSGVzttIslt+z6rrfvUQvjsnDg+77nUm+ilMikqu3iezOMeRqBQi6ZMQ3PTbCVMY2CSxgWmqmBhPE+60LDomIRmN3wWiRmjK1s/PWQblkzpJ1Y21ZIx+r35YxFxgyiwE5GDHvmtzcS//IaKXb8ViZUkiIo/nmok0qKMR1FQEOhgaMcWGBcC/s25T2mGUcbVKFpwKaoutjLmgi3eCNCeyerCDW0UX3lQf+Hi72yt1+unFZKh0eT0PJkg2ySbeKRA3JITkiV1AgnXXJHHsijc+88Oc/Oy+dozpnsrJMf5bx+ABQhnm8=</latexit>

e+

<latexit sha1_base64="sWCk05WgIZPn4bpCPxOwJzckIrs=">AAACEHicdZDPSsNAEMY39V+t/6oevSwWQVBKIkVzFL14rGi10Nay2UzbpZtN2J2oJfQRvHjQV/EmXn0D38Sj21pBRQcGfnzfDDN8QSKFQdd9c3JT0zOzc/n5wsLi0vJKcXXtwsSp5lDjsYx1PWAGpFBQQ4ES6okGFgUSLoP+8ci/vAZtRKzOcZBAK2JdJTqCM7TSGVzttIslt+z6rrfvUQvjsnDg+77nUm+ilMikqu3iezOMeRqBQi6ZMQ3PTbCVMY2CSxgWmqmBhPE+60LDomIRmN3wWiRmjK1s/PWQblkzpJ1Y21ZIx+r35YxFxgyiwE5GDHvmtzcS//IaKXb8ViZUkiIo/nmok0qKMR1FQEOhgaMcWGBcC/s25T2mGUcbVKFpwKaoutjLmgi3eCNCeyerCDW0UX3lQf+Hi72yt1+unFZKh0eT0PJkg2ySbeKRA3JITkiV1AgnXXJHHsijc+88Oc/Oy+dozpnsrJMf5bx+ABQhnm8=</latexit>

e+
<latexit sha1_base64="sWCk05WgIZPn4bpCPxOwJzckIrs=">AAACEHicdZDPSsNAEMY39V+t/6oevSwWQVBKIkVzFL14rGi10Nay2UzbpZtN2J2oJfQRvHjQV/EmXn0D38Sj21pBRQcGfnzfDDN8QSKFQdd9c3JT0zOzc/n5wsLi0vJKcXXtwsSp5lDjsYx1PWAGpFBQQ4ES6okGFgUSLoP+8ci/vAZtRKzOcZBAK2JdJTqCM7TSGVzttIslt+z6rrfvUQvjsnDg+77nUm+ilMikqu3iezOMeRqBQi6ZMQ3PTbCVMY2CSxgWmqmBhPE+60LDomIRmN3wWiRmjK1s/PWQblkzpJ1Y21ZIx+r35YxFxgyiwE5GDHvmtzcS//IaKXb8ViZUkiIo/nmok0qKMR1FQEOhgaMcWGBcC/s25T2mGUcbVKFpwKaoutjLmgi3eCNCeyerCDW0UX3lQf+Hi72yt1+unFZKh0eT0PJkg2ySbeKRA3JITkiV1AgnXXJHHsijc+88Oc/Oy+dozpnsrJMf5bx+ABQhnm8=</latexit>

e+

<latexit sha1_base64="ocLQ3nRRNwrFQbmyRNG4KyqN33g="></latexit>

Small Fermi surface.
Size 2 + p ⇠= p

Trial wavefunctions in the paramagnon fractionalization theory 

<latexit sha1_base64="flPvnP6wtceGGbQ+O/NtxhaNqaU=">AAACBHicbVDLSsNAFL3xWeur6tLNYBFcSElKUZdFNy4r2ge0MUymk3boTBJmJkIJ2foNbnXtTtz6Hy79E6dtFrb1wIXDOfdyLsePOVPatr+tldW19Y3NwlZxe2d3b790cNhSUSIJbZKIR7LjY0U5C2lTM81pJ5YUC5/Ttj+6mfjtJyoVi8IHPY6pK/AgZAEjWBvpMe35At1nXvUcBV7VK5Xtij0FWiZOTsqQo+GVfnr9iCSChppwrFTXsWPtplhqRjjNir1E0RiTER7QrqEhFlS56fTrDJ0apY+CSJoJNZqqfy9SLJQaC99sCqyHatGbiP953UQHV27KwjjRNCSzoCDhSEdoUgHqM0mJ5mNDMJHM/IrIEEtMtClqLsUXmenEWWxgmbSqFeeiUrurlevXeTsFOIYTOAMHLqEOt9CAJhCQ8AKv8GY9W+/Wh/U5W12x8psjmIP19QvFMZgP</latexit>

S2, f2

<latexit sha1_base64="95XpI8jB5C2p7//WgFbhyRMk82Q=">AAACBHicbVDLSsNAFL2pr1pfVZduBovgQkoiRV0W3bisaB/QxjCZTtqhM0mYmQglZOs3uNW1O3Hrf7j0T5y2WdjWAxcO59zLuRw/5kxp2/62Ciura+sbxc3S1vbO7l55/6ClokQS2iQRj2THx4pyFtKmZprTTiwpFj6nbX90M/HbT1QqFoUPehxTV+BByAJGsDbSY9rzBbrPPOcMBZ7jlSt21Z4CLRMnJxXI0fDKP71+RBJBQ004Vqrr2LF2Uyw1I5xmpV6iaIzJCA9o19AQC6rcdPp1hk6M0kdBJM2EGk3VvxcpFkqNhW82BdZDtehNxP+8bqKDKzdlYZxoGpJZUJBwpCM0qQD1maRE87EhmEhmfkVkiCUm2hQ1l+KLzHTiLDawTFrnVeeiWrurVerXeTtFOIJjOAUHLqEOt9CAJhCQ8AKv8GY9W+/Wh/U5Wy1Y+c0hzMH6+gXCBpgN</latexit>

S1, f1

<latexit sha1_base64="J632fGseC0VTAFXN3oBwdRyRsfo="></latexit>

Small Fermi surface of size p

|FL⇤i = [Projection onto rung singlets of f1, f2]
./ |Slater determinant of (c, f1)i

⌦ |Slater determinant of f2i



{
{<latexit sha1_base64="U6Yue7B12tNdGrOfQBxAgHXgXi0="></latexit>

Spin liquid

density 
1+p

<latexit sha1_base64="0DL+Vl4Uze4Yn9mmWjMuufUzQ2s=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOTJcxOZpMh81hmZoWw5C+8eFDEq3/jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZMeSS/rGjYQeNIrV/yqPwNaJkFOKpCj3it/dfuKpIJKSzg2phP4iQ0zrC0jnE5K3dTQBJMRHtCOoxILasJsdvEEnTilj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhabvoz7TlFg+dgQTzdytiAyxxsS6kEouhGDx5WXSPKsGl9Xz+4tK7SaPowhHcAynEMAV1OAO6tAAAhKe4RXePOO9eO/ex7y14OUzh/AH3ucP3RGRDQ==</latexit>c�
<latexit sha1_base64="Ls79LYO0aI/44QY0M77SreWMdTA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi+ilov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aPXBwOO9GWbmBYng2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMrqZ+6xGV5rF8MOME/YgOJA85o8ZK9ze921654lbdGchf4uWkAjnqvfJntx+zNEJpmKBadzw3MX5GleFM4KTUTTUmlI3oADuWShqh9rPZqRNyZJU+CWNlSxoyU39OZDTSehwFtjOiZqgXvan4n9dJTXjhZ1wmqUHJ5ovCVBATk+nfpM8VMiPGllCmuL2VsCFVlBmbTsmG4C2+/Jc0T6reWdW9O63ULvM4inAAh3AMHpxDDa6hDg1gMIAneIFXRzjPzpvzPm8tOPnMPvyC8/EN7keNkA==</latexit>

JK

FL<latexit sha1_base64="Mk7mTC2Z38SfXt/Mu9JRZ2bsk1Y="></latexit>

JK
FL*

<latexit sha1_base64="sWCk05WgIZPn4bpCPxOwJzckIrs=">AAACEHicdZDPSsNAEMY39V+t/6oevSwWQVBKIkVzFL14rGi10Nay2UzbpZtN2J2oJfQRvHjQV/EmXn0D38Sj21pBRQcGfnzfDDN8QSKFQdd9c3JT0zOzc/n5wsLi0vJKcXXtwsSp5lDjsYx1PWAGpFBQQ4ES6okGFgUSLoP+8ci/vAZtRKzOcZBAK2JdJTqCM7TSGVzttIslt+z6rrfvUQvjsnDg+77nUm+ilMikqu3iezOMeRqBQi6ZMQ3PTbCVMY2CSxgWmqmBhPE+60LDomIRmN3wWiRmjK1s/PWQblkzpJ1Y21ZIx+r35YxFxgyiwE5GDHvmtzcS//IaKXb8ViZUkiIo/nmok0qKMR1FQEOhgaMcWGBcC/s25T2mGUcbVKFpwKaoutjLmgi3eCNCeyerCDW0UX3lQf+Hi72yt1+unFZKh0eT0PJkg2ySbeKRA3JITkiV1AgnXXJHHsijc+88Oc/Oy+dozpnsrJMf5bx+ABQhnm8=</latexit>

e+
<latexit sha1_base64="sWCk05WgIZPn4bpCPxOwJzckIrs=">AAACEHicdZDPSsNAEMY39V+t/6oevSwWQVBKIkVzFL14rGi10Nay2UzbpZtN2J2oJfQRvHjQV/EmXn0D38Sj21pBRQcGfnzfDDN8QSKFQdd9c3JT0zOzc/n5wsLi0vJKcXXtwsSp5lDjsYx1PWAGpFBQQ4ES6okGFgUSLoP+8ci/vAZtRKzOcZBAK2JdJTqCM7TSGVzttIslt+z6rrfvUQvjsnDg+77nUm+ilMikqu3iezOMeRqBQi6ZMQ3PTbCVMY2CSxgWmqmBhPE+60LDomIRmN3wWiRmjK1s/PWQblkzpJ1Y21ZIx+r35YxFxgyiwE5GDHvmtzcS//IaKXb8ViZUkiIo/nmok0qKMR1FQEOhgaMcWGBcC/s25T2mGUcbVKFpwKaoutjLmgi3eCNCeyerCDW0UX3lQf+Hi72yt1+unFZKh0eT0PJkg2ySbeKRA3JITkiV1AgnXXJHHsijc+88Oc/Oy+dozpnsrJMf5bx+ABQhnm8=</latexit>

e+

<latexit sha1_base64="sWCk05WgIZPn4bpCPxOwJzckIrs=">AAACEHicdZDPSsNAEMY39V+t/6oevSwWQVBKIkVzFL14rGi10Nay2UzbpZtN2J2oJfQRvHjQV/EmXn0D38Sj21pBRQcGfnzfDDN8QSKFQdd9c3JT0zOzc/n5wsLi0vJKcXXtwsSp5lDjsYx1PWAGpFBQQ4ES6okGFgUSLoP+8ci/vAZtRKzOcZBAK2JdJTqCM7TSGVzttIslt+z6rrfvUQvjsnDg+77nUm+ilMikqu3iezOMeRqBQi6ZMQ3PTbCVMY2CSxgWmqmBhPE+60LDomIRmN3wWiRmjK1s/PWQblkzpJ1Y21ZIx+r35YxFxgyiwE5GDHvmtzcS//IaKXb8ViZUkiIo/nmok0qKMR1FQEOhgaMcWGBcC/s25T2mGUcbVKFpwKaoutjLmgi3eCNCeyerCDW0UX3lQf+Hi72yt1+unFZKh0eT0PJkg2ySbeKRA3JITkiV1AgnXXJHHsijc+88Oc/Oy+dozpnsrJMf5bx+ABQhnm8=</latexit>

e+
<latexit sha1_base64="sWCk05WgIZPn4bpCPxOwJzckIrs=">AAACEHicdZDPSsNAEMY39V+t/6oevSwWQVBKIkVzFL14rGi10Nay2UzbpZtN2J2oJfQRvHjQV/EmXn0D38Sj21pBRQcGfnzfDDN8QSKFQdd9c3JT0zOzc/n5wsLi0vJKcXXtwsSp5lDjsYx1PWAGpFBQQ4ES6okGFgUSLoP+8ci/vAZtRKzOcZBAK2JdJTqCM7TSGVzttIslt+z6rrfvUQvjsnDg+77nUm+ilMikqu3iezOMeRqBQi6ZMQ3PTbCVMY2CSxgWmqmBhPE+60LDomIRmN3wWiRmjK1s/PWQblkzpJ1Y21ZIx+r35YxFxgyiwE5GDHvmtzcS//IaKXb8ViZUkiIo/nmok0qKMR1FQEOhgaMcWGBcC/s25T2mGUcbVKFpwKaoutjLmgi3eCNCeyerCDW0UX3lQf+Hi72yt1+unFZKh0eT0PJkg2ySbeKRA3JITkiV1AgnXXJHHsijc+88Oc/Oy+dozpnsrJMf5bx+ABQhnm8=</latexit>

e+

<latexit sha1_base64="ocLQ3nRRNwrFQbmyRNG4KyqN33g="></latexit>

Small Fermi surface.
Size 2 + p ⇠= p

Trial wavefunctions in the paramagnon fractionalization theory 

<latexit sha1_base64="flPvnP6wtceGGbQ+O/NtxhaNqaU=">AAACBHicbVDLSsNAFL3xWeur6tLNYBFcSElKUZdFNy4r2ge0MUymk3boTBJmJkIJ2foNbnXtTtz6Hy79E6dtFrb1wIXDOfdyLsePOVPatr+tldW19Y3NwlZxe2d3b790cNhSUSIJbZKIR7LjY0U5C2lTM81pJ5YUC5/Ttj+6mfjtJyoVi8IHPY6pK/AgZAEjWBvpMe35At1nXvUcBV7VK5Xtij0FWiZOTsqQo+GVfnr9iCSChppwrFTXsWPtplhqRjjNir1E0RiTER7QrqEhFlS56fTrDJ0apY+CSJoJNZqqfy9SLJQaC99sCqyHatGbiP953UQHV27KwjjRNCSzoCDhSEdoUgHqM0mJ5mNDMJHM/IrIEEtMtClqLsUXmenEWWxgmbSqFeeiUrurlevXeTsFOIYTOAMHLqEOt9CAJhCQ8AKv8GY9W+/Wh/U5W12x8psjmIP19QvFMZgP</latexit>

S2, f2

<latexit sha1_base64="95XpI8jB5C2p7//WgFbhyRMk82Q=">AAACBHicbVDLSsNAFL2pr1pfVZduBovgQkoiRV0W3bisaB/QxjCZTtqhM0mYmQglZOs3uNW1O3Hrf7j0T5y2WdjWAxcO59zLuRw/5kxp2/62Ciura+sbxc3S1vbO7l55/6ClokQS2iQRj2THx4pyFtKmZprTTiwpFj6nbX90M/HbT1QqFoUPehxTV+BByAJGsDbSY9rzBbrPPOcMBZ7jlSt21Z4CLRMnJxXI0fDKP71+RBJBQ004Vqrr2LF2Uyw1I5xmpV6iaIzJCA9o19AQC6rcdPp1hk6M0kdBJM2EGk3VvxcpFkqNhW82BdZDtehNxP+8bqKDKzdlYZxoGpJZUJBwpCM0qQD1maRE87EhmEhmfkVkiCUm2hQ1l+KLzHTiLDawTFrnVeeiWrurVerXeTtFOIJjOAUHLqEOt9CAJhCQ8AKv8GY9W+/Wh/U5Wy1Y+c0hzMH6+gXCBpgN</latexit>

S1, f1

<latexit sha1_base64="J632fGseC0VTAFXN3oBwdRyRsfo="></latexit>

Small Fermi surface of size p

|FL⇤i = [Projection onto rung singlets of f1, f2]
./ |Slater determinant of (c, f1)i

⌦ |Slater determinant of f2i



{
{<latexit sha1_base64="U6Yue7B12tNdGrOfQBxAgHXgXi0="></latexit>

Spin liquid

density 
1+p

<latexit sha1_base64="0DL+Vl4Uze4Yn9mmWjMuufUzQ2s=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOTJcxOZpMh81hmZoWw5C+8eFDEq3/jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZMeSS/rGjYQeNIrV/yqPwNaJkFOKpCj3it/dfuKpIJKSzg2phP4iQ0zrC0jnE5K3dTQBJMRHtCOoxILasJsdvEEnTilj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhabvoz7TlFg+dgQTzdytiAyxxsS6kEouhGDx5WXSPKsGl9Xz+4tK7SaPowhHcAynEMAV1OAO6tAAAhKe4RXePOO9eO/ex7y14OUzh/AH3ucP3RGRDQ==</latexit>c�
<latexit sha1_base64="Ls79LYO0aI/44QY0M77SreWMdTA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi+ilov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aPXBwOO9GWbmBYng2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMrqZ+6xGV5rF8MOME/YgOJA85o8ZK9ze921654lbdGchf4uWkAjnqvfJntx+zNEJpmKBadzw3MX5GleFM4KTUTTUmlI3oADuWShqh9rPZqRNyZJU+CWNlSxoyU39OZDTSehwFtjOiZqgXvan4n9dJTXjhZ1wmqUHJ5ovCVBATk+nfpM8VMiPGllCmuL2VsCFVlBmbTsmG4C2+/Jc0T6reWdW9O63ULvM4inAAh3AMHpxDDa6hDg1gMIAneIFXRzjPzpvzPm8tOPnMPvyC8/EN7keNkA==</latexit>

JK

FL<latexit sha1_base64="Mk7mTC2Z38SfXt/Mu9JRZ2bsk1Y="></latexit>

JK
FL*

<latexit sha1_base64="sWCk05WgIZPn4bpCPxOwJzckIrs=">AAACEHicdZDPSsNAEMY39V+t/6oevSwWQVBKIkVzFL14rGi10Nay2UzbpZtN2J2oJfQRvHjQV/EmXn0D38Sj21pBRQcGfnzfDDN8QSKFQdd9c3JT0zOzc/n5wsLi0vJKcXXtwsSp5lDjsYx1PWAGpFBQQ4ES6okGFgUSLoP+8ci/vAZtRKzOcZBAK2JdJTqCM7TSGVzttIslt+z6rrfvUQvjsnDg+77nUm+ilMikqu3iezOMeRqBQi6ZMQ3PTbCVMY2CSxgWmqmBhPE+60LDomIRmN3wWiRmjK1s/PWQblkzpJ1Y21ZIx+r35YxFxgyiwE5GDHvmtzcS//IaKXb8ViZUkiIo/nmok0qKMR1FQEOhgaMcWGBcC/s25T2mGUcbVKFpwKaoutjLmgi3eCNCeyerCDW0UX3lQf+Hi72yt1+unFZKh0eT0PJkg2ySbeKRA3JITkiV1AgnXXJHHsijc+88Oc/Oy+dozpnsrJMf5bx+ABQhnm8=</latexit>

e+
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Trial wavefunctions in the paramagnon fractionalization theory 

<latexit sha1_base64="flPvnP6wtceGGbQ+O/NtxhaNqaU=">AAACBHicbVDLSsNAFL3xWeur6tLNYBFcSElKUZdFNy4r2ge0MUymk3boTBJmJkIJ2foNbnXtTtz6Hy79E6dtFrb1wIXDOfdyLsePOVPatr+tldW19Y3NwlZxe2d3b790cNhSUSIJbZKIR7LjY0U5C2lTM81pJ5YUC5/Ttj+6mfjtJyoVi8IHPY6pK/AgZAEjWBvpMe35At1nXvUcBV7VK5Xtij0FWiZOTsqQo+GVfnr9iCSChppwrFTXsWPtplhqRjjNir1E0RiTER7QrqEhFlS56fTrDJ0apY+CSJoJNZqqfy9SLJQaC99sCqyHatGbiP953UQHV27KwjjRNCSzoCDhSEdoUgHqM0mJ5mNDMJHM/IrIEEtMtClqLsUXmenEWWxgmbSqFeeiUrurlevXeTsFOIYTOAMHLqEOt9CAJhCQ8AKv8GY9W+/Wh/U5W12x8psjmIP19QvFMZgP</latexit>

S2, f2

<latexit sha1_base64="95XpI8jB5C2p7//WgFbhyRMk82Q=">AAACBHicbVDLSsNAFL2pr1pfVZduBovgQkoiRV0W3bisaB/QxjCZTtqhM0mYmQglZOs3uNW1O3Hrf7j0T5y2WdjWAxcO59zLuRw/5kxp2/62Ciura+sbxc3S1vbO7l55/6ClokQS2iQRj2THx4pyFtKmZprTTiwpFj6nbX90M/HbT1QqFoUPehxTV+BByAJGsDbSY9rzBbrPPOcMBZ7jlSt21Z4CLRMnJxXI0fDKP71+RBJBQ004Vqrr2LF2Uyw1I5xmpV6iaIzJCA9o19AQC6rcdPp1hk6M0kdBJM2EGk3VvxcpFkqNhW82BdZDtehNxP+8bqKDKzdlYZxoGpJZUJBwpCM0qQD1maRE87EhmEhmfkVkiCUm2hQ1l+KLzHTiLDawTFrnVeeiWrurVerXeTtFOIJjOAUHLqEOt9CAJhCQ8AKv8GY9W+/Wh/U5Wy1Y+c0hzMH6+gXCBpgN</latexit>

S1, f1

<latexit sha1_base64="J632fGseC0VTAFXN3oBwdRyRsfo="></latexit>

Small Fermi surface of size p

|FL⇤i = [Projection onto rung singlets of f1, f2]
./ |Slater determinant of (c, f1)i

⌦ |Slater determinant of f2i



1. Luttinger relations - old and new


2. Paramagnon fractionalization in the single band 

          Hubbard model

3. Comparison with photoemission


4.  Confinement transition in the random t-J model       



“Fermi arc” spectral functionsFL* in a one-band model 
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“Fermi arcs”
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Photoemission at small p



“Fermi pockets”

Photoemission at small p

are larger than the presumed doping levels, 0.11, 0.085, and
<0:05, respectively, it is clear that the pocket size scales
qualitatively with the doping level as predicted theoreti-
cally [6,10]. Interestingly, two fluid models of the pseudo-
gap state do predict the observed discrepancy between the
pocket size and carrier concentration or doping level [22].
The finding of a finite nodal FS rather than a ‘‘nodal’’ point
at low T for the Tc ¼ 0 K sample is at variance with
recently reported findings under the same conditions
[23]. The measured Fermi pockets are, however, in
good agreement with those predicted by the YRZ
ansatz. In Fig. 2(b) we show the spectral function calcu-

lated at EF as a function of doping, where Að ~k; 0Þ ¼
$ð1=!Þ ImGYRZð ~k; 0Þ and where GYRZð ~k; 0Þ is Green’s
function taken from Ref. [6]. The experimental observa-
tions are remarkably well reproduced by this model with
the doping level as the only adjustable parameter.

Turning to the question of whether the pocket areas are
temperature dependent, we show in Fig. 3(a) the observed
Fermi arc for the Tc ¼ 45 K sample measured at three
different temperatures: 60, 90, and 140 K, all in the normal
state but well below T%. The measured FS crossings in
the figure are determined by the same method used in
Figs. 1 and 2 rather than from the spectral weight at the
Fermi level. In Fig. 3(b) we show the measured arc length
as a function of temperature. It is clear that any changewith
temperature is minimal and certainly not consistent with an
increase by more than a factor of 2 between the data taken
at 140 and 60 K as would be expected by a T=T% scaling of
the arc length [21]. The discrepancy arises because pre-
vious experiments have not fully determined whether or
not a band actually crosses the Fermi level.

The picture of the low energy excitations of the normal
state emerging from the present study is of a nodal FS
characterized by a Fermi ‘‘pocket’’ that, at temperatures
above Tc, shows a minimal temperature dependence and an
area proportional only to the doping level. We now turn our
attention to the antinodal pseudogap itself.

Several theories of the pseudogap phase propose the
formation of preformed singlet pairs above Tc in the anti-
nodal region of the Brillouin zone [24]. The YRZ spin
liquid based on the RVB picture is one such model as it
recognizes the formation of resonating pairs of spin sin-
glets along the copper-oxygen bonds of the square lattice
as the lowest energy configuration. Figures 4(a)–4(d) show
a series of spectral plots along the straight sector of the
LDA FS in the antinodal region at a temperature of 140 K
for the Tc ¼ 65 K sample at the locations indicated in
Fig. 4(e). Figure 4(f) shows intensity cuts through these
plots along the horizontal lines indicated in Figs. 4(a)–4(d).
It is evident that a symmetric gap exists at all points along
this line. The particle-hole symmetry in binding energy
observed here is in marked contrast to the particle-hole
symmetry breaking predicted in the presence of density
wave order and is a necessary condition for the formation
of Cooper pairs. Thus the present observations add support
to the hypothesis that the normal state is characterized by
pair states forming along the copper-oxygen bonds and is
consistent with earlier studies.
The combination of Figs. 2 and 4 points to a more

complete picture of the low energy excitations in the nor-
mal state of the underdoped cuprates. For Tc < T < T%, a
Fermi pocket exists in the nodal region with an area pro-
portional to the doping level. One does not need to invoke
discontinuous Fermi arcs to describe the FS of underdoped
Bi2212, and Luttinger’s sum rule, properly understood, is
seen to still approximately stand. However, as is evident in
the inset of Fig. 2(a), the area of the hole pockets would
appear to be larger than assumed doping level at the higher
doping levels. This may reflect the presence of electron
pockets at the higher doping level or it may reflect the
presence of a bilayer splitting, even though the latter is
not observed in the present study. We note that the splitting
will be smaller in the underdoped region and in the nodal
region. Although not verified in the present study, one
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FIG. 2 (color online). (a) The pseudopockets determined for
three different doping levels. The black data correspond to the
Tc ¼ 65 K sample, the blue data correspond to the Tc ¼ 45 K
sample, and the red data correspond to the nonsuperconducting
Tc ¼ 0 K sample. The area of the pockets xARPES scales with the
nominal of doping level xn, as shown in the inset. (b) The Fermi
pockets derived from YRZ ansatz with different doping level.
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FIG. 3 (color online). (a) The Fermi surface crossings deter-
mined for the Tc ¼ 45 K sample at three different temperatures.
The triangles indicate measurements at a sample temperature of
140 K, the circles measurements at 90 K, and the diamonds
measurements at 60 K. (b) The measured arc lengths in (a)
plotted as a function of temperature. We note that rather than
cycling the temperatures on the same sample, the data in (a) are
measured on different samples cut from the same crystal.
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Electronic dispersionFL* in a one-band model 
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ARPES on Bi2201 

FL* in a  
one-band model
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Spin liquid

Dynamic consequences of the spin liquid 
density 

1+p
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Small Fermi surface.
Size 2 + p ⇠= p
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The only singular gauge fluctuations are those in the spin liquid of the  2.
We can compute their influence on the electronic spectrum perturbatively
in the exchange couplings in terms of the dynamic spin susceptibility �sl.
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Quantum generalization of the Sherrington-Kirkpatrick model to
S = 1/2 spins with SU(2) symmetry

H =
X

i<j

JijSi · Sj

[Siµ, Sj⌫ ] = i�ij✏µ⌫�Si� , S2
i = 3/4

Jij = 0, J
2
ij = J

2
, Di↵erent Jij uncorrelated.
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I. Gapless spin liquid

lim
⌧!1

hSi(⌧) · Si(0)i ⇠
1

|⌧ |a

Ground state of the SU(M ! 1) model with a = 1 (Sachdev, Ye 1993).
II. Spin glass order

lim
⌧!1

hSi(⌧) · Si(0)i = qEA > 0

where qEA is the spin glass order parameter.



G(i!) =
1

i! � ⌃(i!)
, ⌃(⌧) = �J2G2(⌧)G(�⌧)

The solution is

G(⌧) ⇠ sgn(⌧)p
⌧

,
D
~S(⌧) · ~S(0)

E
⇠ 1

|⌧ |
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S. Sachdev and J. Ye,  PRL 70, 3339 (1993)

Random J model (insulator): SU(M) symmetry
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Express the spin operator in terms of fermionic spinons ~S = (1/2)f†
↵~�↵�f� , and let

↵ = 1 . . .M . The fermions obey the constraint

MX

↵=1

f†
↵f↵ =

M

2

In the large M limit we obtain the SYK equations for the spinon Green’s function
G and self energy ⌃; similar results apply for bosonic spinons.
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FIG. 14: Plot of the fermionic spin spectral density for ✓f = 0. The red solid line is the numerical result. The

black dashed line is theoretical curve (5.10) ploted for ↵A
0 = 0.2643 and ↵

A
1 = 0.31.
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Numerical solution of SYK equations (SY, PRL 1993), compared with
conformal perturbation theory. C is a known number, and � is the

co-e�cient of the action for the ‘boundary graviton’ in holographic dual.
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Dynamic spin susceptibility of the spin liquid at M = 1

Q(⌧) =

Z 1

0

d!

⇡
�00(!)e�!⌧

�00(!) ⇠ sgn(!)
h
1� C�|!|� 7

16
(C�)2|!|2 � C0|!|2.77354... + 37

48
(C�)3|!|3 � . . .

i

<latexit sha1_base64="H4hgiu+vlI831V1pCvTmtxaKhDU="></latexit>

�00



Maria Tikhanovskaya, Haoyu Guo, S. Sachdev, G. Tarnopolsky, arXiv: 2010.09742, 2012.14449

FIG. 14: Plot of the fermionic spin spectral density for ✓f = 0. The red solid line is the numerical result. The

black dashed line is theoretical curve (5.10) ploted for ↵A
0 = 0.2643 and ↵

A
1 = 0.31.

38

<latexit sha1_base64="0q2b4yRNKxEDEJfJZ4l9MXddRwo="></latexit>

Numerical solution of SYK equations (SY, PRL 1993), compared with
conformal perturbation theory. C is a known number, and � is the

co-e�cient of the action for the ‘boundary graviton’ in holographic dual.

<latexit sha1_base64="OS5htDIDqMt9MNhEoMb/AUDqhcc="></latexit>

Dynamic spin susceptibility of the spin liquid at M = 1

Q(⌧) =

Z 1

0

d!

⇡
�00(!)e�!⌧

�00(!) ⇠ sgn(!)
h
1� C�|!|� 7

16
(C�)2|!|2 � C0|!|2.77354... + 37

48
(C�)3|!|3 � . . .

i

<latexit sha1_base64="H4hgiu+vlI831V1pCvTmtxaKhDU="></latexit>

�00

Correction 
from the 
boundary 
graviton



0.0 0.5 1.0 1.5 2.0 2.5
!

0.00

0.05

0.10

0.15

0.20

0.25

0.30

¬
00 (

!
)

0.00 0.05 0.10 0.15
1/N

0.005

0.010

0.015

0.020

q
Large-M

SU(2) SY Model

Exact diagonalization of clusters of SU(2) spins

H. Shackleton,  A. Wietek, A. Georges, and S. Sachdev,  PRL 126, 136602 (2021)



0.0 0.5 1.0 1.5 2.0 2.5
!

0.00

0.05

0.10

0.15

0.20

0.25

0.30

¬
00 (

!
)

0.00 0.05 0.10 0.15
1/N

0.005

0.010

0.015

0.020

q
Large-M

SU(2) SY ModelSpin glass

Exact diagonalization of clusters of SU(2) spins

H. Shackleton,  A. Wietek, A. Georges, and S. Sachdev,  PRL 126, 136602 (2021)



0.0 0.5 1.0 1.5 2.0 2.5
!

0.00

0.05

0.10

0.15

0.20

0.25

0.30

¬
00 (

!
)

0.00 0.05 0.10 0.15
1/N

0.005

0.010

0.015

0.020

q
Large-M

SU(2) SY Model

Exact diagonalization of clusters of SU(2) spins

H. Shackleton,  A. Wietek, A. Georges, and S. Sachdev,  PRL 126, 136602 (2021)

SY spin liquid (boundary graviton)



<latexit sha1_base64="3e7HgsbXvDjuCqjbcPzN1FfCpLA="></latexit>

Tsg ⇠ J exp
⇣
�
p
M⇡

⌘
, e�

p
2⇡ = 0.0815 . . .

�00(!) =
⇡!

T
qEA �(!) +

1

J
��

✓
!

JqEA

◆
+ . . . , T ! 0

<latexit sha1_base64="FZIu4pmJ9gqCsFKi8a43ozRoJlc=">AAACFXicdVBNS8NAEN34bf2qevSy2AqeStIUjTfRi8eKtgptKZvttF3cbMLuRC2hP8Gr/TXexKtnf4zgtlZQ0YGBx3szvJkXJlIYdN03Z2Z2bn5hcWk5t7K6tr6R39yqmzjVHGo8lrG+DpkBKRTUUKCE60QDi0IJV+HN6Vi/ugVtRKwucZBAK2I9JbqCM7TURfGy2M4X3FLF9/2gTN2SOykL/MDzjwLqTZkCmVa1nX9vdmKeRqCQS2ZMw3MTbGVMo+AShrlmaiBh/Ib1oGGhYhGYVjY5dUj3LNOh3VjbVkgn7PeNjEXGDKLQTkYM++a3Nib/0hopdoNWJlSSIij+adRNJcWYjv+mHaGBoxxYwLgW9lbK+0wzjjadHy5hZH8wYKNUPexnTYR7vBMd65tVhBravL5Cof+DernkHZQq5+XC8ck0uSWyQ3bJPvHIITkmZ6RKaoSTHnkgj2TkjJwn59l5+RydcaY72+RHOa8fKrGgIA==</latexit>

T

<latexit sha1_base64="dID7q8F/Pv6xuhoAnyz25qMFPBI="></latexit>

Spin glass
order

qEA 6= 0

<latexit sha1_base64="e458AJvhBTtIo0Rexr3fuC+jK20=">AAACGnicdVDLSgNBEJz1Gd9Rj14Go+Ap7GaDxlvQi8cISQwkIcxOOsng7Owy06uGJT/h1XyNN/HqxY8RnDwEFW1oKKq6qe4KYikMuu67s7C4tLyymllb39jc2t7J7u7VTZRoDjUeyUg3AmZACgU1FCihEWtgYSDhJri9nOg3d6CNiFQVhzG0Q9ZXoic4Q0s1jqqd1PRHR51szs0Xfd8vFaibd6dlgV/y/PMS9eZMjsyr0sl+tLoRT0JQyCUzpum5MbZTplFwCaP1VmIgZvyW9aFpoWIhmHY6vXdEjy3Tpb1I21ZIp+z3jZSFxgzDwE6GDAfmtzYh/9KaCfZK7VSoOEFQfGbUSyTFiE6ep12hgaMcWsC4FvZWygdMM442oh8uQWh/MGDzVH0cpC2EB7wXXeubFoUa2by+QqH/g3oh753mi9eFXPlinlyGHJBDckI8ckbK5IpUSI1wIskjeSJjZ+w8Oy/O62x0wZnv7JMf5bx9Ap2iooM=</latexit>

Tsg

<latexit sha1_base64="fQlt826rDLvidGKej4BK0CG+l8I="></latexit>

SYK spin
liquid

qEA = 0

<latexit sha1_base64="bs5MoYYL0hHMoEY3ZtKCnIEqnzQ=">AAACIHicbVDLSgMxFM34rO+qSzeDRXBVZ8TX0geCuFKwttCpJZPetqFJZkzuqGXof7i1X+NOXOq/CGZqF7Z6IHA4517OzQljwQ163oczMTk1PTObm5tfWFxaXsmvrt2aKNEMSiwSka6E1IDgCkrIUUAl1kBlKKAcds4yv/wA2vBI3WA3hpqkLcWbnFG00l0QSWjRncv7enp+0qvnC17RG8D9S/whKZAhrur5r6ARsUSCQiaoMVXfi7GWUo2cCejNB4mBmLIObUHVUkUlmFo6uLrnblml4TYjbZ9Cd6D+3kipNKYrQzspKbbNuJeJ/3nVBJtHtZSrOEFQ7CeomQgXIzerwG1wDQxF1xLKNLe3uqxNNWVoixpJCaX9gwHbqmphOw0QnvCRN2xuus9V1pc/3s5fcrtb9A+Ke9d7hePTYXM5skE2yTbxySE5JhfkipQII5o8kxfSd/rOq/PmvP+MTjjDnXUyAufzGzwTpOo=</latexit>

!/JqEA M. Christos, F. M. Haehl, and S. Sachdev, PRB 105, 085120 (2022)

Random J model (insulator): SU(M) symmetry



<latexit sha1_base64="3e7HgsbXvDjuCqjbcPzN1FfCpLA="></latexit>

Tsg ⇠ J exp
⇣
�
p
M⇡

⌘
, e�

p
2⇡ = 0.0815 . . .

�00(!) =
⇡!

T
qEA �(!) +

1

J
��

✓
!

JqEA

◆
+ . . . , T ! 0

<latexit sha1_base64="FZIu4pmJ9gqCsFKi8a43ozRoJlc=">AAACFXicdVBNS8NAEN34bf2qevSy2AqeStIUjTfRi8eKtgptKZvttF3cbMLuRC2hP8Gr/TXexKtnf4zgtlZQ0YGBx3szvJkXJlIYdN03Z2Z2bn5hcWk5t7K6tr6R39yqmzjVHGo8lrG+DpkBKRTUUKCE60QDi0IJV+HN6Vi/ugVtRKwucZBAK2I9JbqCM7TURfGy2M4X3FLF9/2gTN2SOykL/MDzjwLqTZkCmVa1nX9vdmKeRqCQS2ZMw3MTbGVMo+AShrlmaiBh/Ib1oGGhYhGYVjY5dUj3LNOh3VjbVkgn7PeNjEXGDKLQTkYM++a3Nib/0hopdoNWJlSSIij+adRNJcWYjv+mHaGBoxxYwLgW9lbK+0wzjjadHy5hZH8wYKNUPexnTYR7vBMd65tVhBravL5Cof+DernkHZQq5+XC8ck0uSWyQ3bJPvHIITkmZ6RKaoSTHnkgj2TkjJwn59l5+RydcaY72+RHOa8fKrGgIA==</latexit>

T

<latexit sha1_base64="dID7q8F/Pv6xuhoAnyz25qMFPBI="></latexit>

Spin glass
order

qEA 6= 0

<latexit sha1_base64="e458AJvhBTtIo0Rexr3fuC+jK20=">AAACGnicdVDLSgNBEJz1Gd9Rj14Go+Ap7GaDxlvQi8cISQwkIcxOOsng7Owy06uGJT/h1XyNN/HqxY8RnDwEFW1oKKq6qe4KYikMuu67s7C4tLyymllb39jc2t7J7u7VTZRoDjUeyUg3AmZACgU1FCihEWtgYSDhJri9nOg3d6CNiFQVhzG0Q9ZXoic4Q0s1jqqd1PRHR51szs0Xfd8vFaibd6dlgV/y/PMS9eZMjsyr0sl+tLoRT0JQyCUzpum5MbZTplFwCaP1VmIgZvyW9aFpoWIhmHY6vXdEjy3Tpb1I21ZIp+z3jZSFxgzDwE6GDAfmtzYh/9KaCfZK7VSoOEFQfGbUSyTFiE6ep12hgaMcWsC4FvZWygdMM442oh8uQWh/MGDzVH0cpC2EB7wXXeubFoUa2by+QqH/g3oh753mi9eFXPlinlyGHJBDckI8ckbK5IpUSI1wIskjeSJjZ+w8Oy/O62x0wZnv7JMf5bx9Ap2iooM=</latexit>

Tsg

<latexit sha1_base64="fQlt826rDLvidGKej4BK0CG+l8I="></latexit>

SYK spin
liquid

qEA = 0

<latexit sha1_base64="bs5MoYYL0hHMoEY3ZtKCnIEqnzQ=">AAACIHicbVDLSgMxFM34rO+qSzeDRXBVZ8TX0geCuFKwttCpJZPetqFJZkzuqGXof7i1X+NOXOq/CGZqF7Z6IHA4517OzQljwQ163oczMTk1PTObm5tfWFxaXsmvrt2aKNEMSiwSka6E1IDgCkrIUUAl1kBlKKAcds4yv/wA2vBI3WA3hpqkLcWbnFG00l0QSWjRncv7enp+0qvnC17RG8D9S/whKZAhrur5r6ARsUSCQiaoMVXfi7GWUo2cCejNB4mBmLIObUHVUkUlmFo6uLrnblml4TYjbZ9Cd6D+3kipNKYrQzspKbbNuJeJ/3nVBJtHtZSrOEFQ7CeomQgXIzerwG1wDQxF1xLKNLe3uqxNNWVoixpJCaX9gwHbqmphOw0QnvCRN2xuus9V1pc/3s5fcrtb9A+Ke9d7hePTYXM5skE2yTbxySE5JhfkipQII5o8kxfSd/rOq/PmvP+MTjjDnXUyAufzGzwTpOo=</latexit>

!/JqEA M. Christos, F. M. Haehl, and S. Sachdev, PRB 105, 085120 (2022)

Random J model (insulator): SU(M) symmetry



<latexit sha1_base64="waeIaUAtmdNxAj3pAPiE8tE8FOo="></latexit>

Dope the quantum Sherrington-Kirkpatrick model

with mobile electrons

H =

X

i<j

h
�tijc

†
i↵cj↵ +H.c. + JijSi · Sj

i

Si =
1

2
c
†
i↵�↵�ci�

[ci↵, c
†
j� ]+ = �ij�↵� ,

X

↵

c
†
i↵ci↵  1

1

N

X

i↵

c
†
i↵ci↵ = 1� p

Jij = 0, J
2
ij = J

2
, Di↵erent Jij uncorrelated.

tij = 0, t
2
ij = t

2
, Di↵erent tij uncorrelated.

Review: D. Chowdhury, A. Georges, O. Parcollet, S. Sachdev, arXiv:2109.05037



Each site has 3 states which we map to the space of a boson b
(the holon) and a fermion f↵ (the spinon):

|0i ) b† |vi , c†↵ |0i ) f†
↵ |vi

c↵ = f↵b
† , f†

↵f↵ + b†b = 1

To obtain a large M limit, let ↵ = 1 . . .M , endow the boson with

an ‘orbital’ index a = 1 . . .M 0
and send M ! 1 at fixed k = M 0/M .

Then

ca↵ = f↵b
†
a , f†

↵f↵ + b†aba =
M

2

Assuming the bosons are not condensed, we obtain SYK-like

equations for the boson and fermion Green’s functions:

Gb(i!n) =
1

i!n + µb � ⌃b(i!n)

⌃b(⌧) = �t2Gf (⌧)Gf (�⌧)Gb(⌧)

Gf (i!n) =
1

i!n + µf � ⌃f (i!n)

⌃f (⌧) = �J2G2
f (⌧)Gf (�⌧) + k t2Gf (⌧)Gb(⌧)Gb(�⌧)

Here µf and µb are chemical potentials chosen to satisfy

⌦
f†f

↵
=

1

2
� kp ,

⌦
b†b

↵
= p .

These equations have critical solutions with

Gf (z) = Cf
e�i(⇡�f+✓f )

z1�2�f
, Gb(z) = Cb

e�i(⇡�b+✓b)

z1�2�b
, Im(z) > 0

�f +�b =
1

2

✓f
⇡

+

✓
1

2
��f

◆
sin(2✓f )

sin(2⇡�f )
= kp

✓b
⇡

+

✓
1

2
��b

◆
sin(2✓b)

sin(2⇡�b)
=

1

2
+ p .

The last two are analogs of ‘Luttinger’ relations, which follow from

an anomaly matching argument (Yingei Gu, A. Kitaev, S. Sachdev,

G. Tarnopolsky arXiv:1910.14099).
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Random t-J model: SU(M) symmetry
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• Ancilla theory of FL* for the pseudogap metal of the cuprates:
Don’t fractionalize the mobile electron, but fractionalize the
‘paramagnon rotor’ into ‘ancilla qubits’. Predicts electronic
spectra in good agreement with observations in both nodal
and anti-nodal regions.

• Theory of spin liquid to confinement transition in the random
t-J model: Spin glass order at small p, and a critical non-
Fermi liquid metal at larger p.
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