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Edwards-Anderson order parameter qEA = hZii2
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Spin glass
order
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Related models describe numerous recent quantum simulators:
Ebadi et al., Rydberg atoms in optical tweezers, Science (2022)
King et al., Superconducting Qubits, D-Wave Systems, Nature (2023)
Maciejewski et al., Superconducting Qubits, Rigetti (2023)
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T

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

Spin glass
order

qEA 6= 0

<latexit sha1_base64="uYvYvWKSies3Jhnxj0pXTeobdEY=">AAACFXicdZBNS8NAEIY39fu76tHLYit4KommftxELx4rWltoi2y203TpZhN2J2oJ/Qle7a/xJl49+2MEt7WCig4MvDwzw8y8QSKFQdd9c3JT0zOzc/MLi0vLK6tr+fWNaxOnmkOVxzLW9YAZkEJBFQVKqCcaWBRIqAW9s1G9dgvaiFhdYT+BVsRCJTqCM7ToshgWb/IFt+Qfe+X9MnVL7jis8C2yxJuQAplE5Sb/3mzHPI1AIZfMmIbnJtjKmEbBJQwWm6mBhPEeC6FhpWIRmFY2PnVAdyxp006sbSqkY/p9ImORMf0osJ0Rw675XRvBv2qNFDtHrUyoJEVQ/HNRJ5UUYzr6m7aFBo6ybwXjWthbKe8yzThad35sCSL7gwFrpQqxmzUR7vFOtO3ezBdqYP36MoX+L673St5Byb/YK5ycTpybJ1tkm+wSjxySE3JOKqRKOAnJA3kkQ2foPDnPzstna86ZzGySH+G8fgBH+aAx</latexit>g<latexit sha1_base64="v5D91hMVzanG9G1GfKUCbYIicq0=">AAACF3icdZDJTgJBEIZ7cEPcUI9eOqKJJzKD4HIjevGIiYAJENLTFNCxp2fSXaOSCc/gVZ7Gm/Hq0YcxsVlMxGgllfz5qipV9fuRFAZd98NJLSwuLa+kVzNr6xubW9ntnZoJY82hykMZ6lufGZBCQRUFSriNNLDAl1D37y7H9fo9aCNCdYODCFoB6ynRFZyhRdWDXpsftLM5N18890rHJerm3UlYUbTIEm9GcmQWlXb2s9kJeRyAQi6ZMQ3PjbCVMI2CSxhmmrGBiPE71oOGlYoFYFrJ5NghPbSkQ7uhtqmQTujPiYQFxgwC33YGDPvmd20M/6o1YuyetRKhohhB8emibiwphnT8Oe0IDRzlwArGtbC3Ut5nmnG0/sxt8QP7gwFrpuphP2kiPOKD6Ni9SVGoofXr2xT6v6gV8t5JvnhdyJUvZs6lyR7ZJ0fEI6ekTK5IhVQJJ4I8kWcyckbOi/PqvE1bU85sZpfMhfP+BdsFoQc=</latexit>gc

<latexit sha1_base64="ShoOcHe141M317dH8kTRMfnBEw0="></latexit>

Related models describe numerous recent quantum simulators:
Ebadi et al., Rydberg atoms in optical tweezers, Science (2022)
King et al., Superconducting Qubits, D-Wave Systems, Nature (2023)
Maciejewski et al., Superconducting Qubits, Rigetti (2023)

<latexit sha1_base64="3Qga3kjJNxsevm9EkLp2C5w4JqM="></latexit>

RSB as in the
g = 0 classical model

with limited
quantum entanglement



<latexit sha1_base64="UWa++GSxzWkRnvRvfOVoNfPMBTE="></latexit>

Quantum Ising model

H =
1

2
p
N

NX

i,j=1

JijZiZj � g

NX

i=1

Xi

Z =
X

�i=±1

e
�H/T

Jij = 0, J
2
ij
= J

2
, Di↵erent Jij uncorrelated.

EA order parameter qEA = lim⌧!1 hZi(⌧)Zi(0)i

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

Tsg

<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="uYvYvWKSies3Jhnxj0pXTeobdEY=">AAACFXicdZBNS8NAEIY39fu76tHLYit4KommftxELx4rWltoi2y203TpZhN2J2oJ/Qle7a/xJl49+2MEt7WCig4MvDwzw8y8QSKFQdd9c3JT0zOzc/MLi0vLK6tr+fWNaxOnmkOVxzLW9YAZkEJBFQVKqCcaWBRIqAW9s1G9dgvaiFhdYT+BVsRCJTqCM7ToshgWb/IFt+Qfe+X9MnVL7jis8C2yxJuQAplE5Sb/3mzHPI1AIZfMmIbnJtjKmEbBJQwWm6mBhPEeC6FhpWIRmFY2PnVAdyxp006sbSqkY/p9ImORMf0osJ0Rw675XRvBv2qNFDtHrUyoJEVQ/HNRJ5UUYzr6m7aFBo6ybwXjWthbKe8yzThad35sCSL7gwFrpQqxmzUR7vFOtO3ezBdqYP36MoX+L673St5Byb/YK5ycTpybJ1tkm+wSjxySE3JOKqRKOAnJA3kkQ2foPDnPzstna86ZzGySH+G8fgBH+aAx</latexit>g<latexit sha1_base64="v5D91hMVzanG9G1GfKUCbYIicq0=">AAACF3icdZDJTgJBEIZ7cEPcUI9eOqKJJzKD4HIjevGIiYAJENLTFNCxp2fSXaOSCc/gVZ7Gm/Hq0YcxsVlMxGgllfz5qipV9fuRFAZd98NJLSwuLa+kVzNr6xubW9ntnZoJY82hykMZ6lufGZBCQRUFSriNNLDAl1D37y7H9fo9aCNCdYODCFoB6ynRFZyhRdWDXpsftLM5N18890rHJerm3UlYUbTIEm9GcmQWlXb2s9kJeRyAQi6ZMQ3PjbCVMI2CSxhmmrGBiPE71oOGlYoFYFrJ5NghPbSkQ7uhtqmQTujPiYQFxgwC33YGDPvmd20M/6o1YuyetRKhohhB8emibiwphnT8Oe0IDRzlwArGtbC3Ut5nmnG0/sxt8QP7gwFrpuphP2kiPOKD6Ni9SVGoofXr2xT6v6gV8t5JvnhdyJUvZs6lyR7ZJ0fEI6ekTK5IhVQJJ4I8kWcyckbOi/PqvE1bU85sZpfMhfP+BdsFoQc=</latexit>gc

<latexit sha1_base64="ShoOcHe141M317dH8kTRMfnBEw0="></latexit>

Related models describe numerous recent quantum simulators:
Ebadi et al., Rydberg atoms in optical tweezers, Science (2022)
King et al., Superconducting Qubits, D-Wave Systems, Nature (2023)
Maciejewski et al., Superconducting Qubits, Rigetti (2023)

<latexit sha1_base64="C+P5J9yaqzEURIhtEeibcGb+KJY="></latexit>

Time reparameterization
invariance in long-time
aging dynamics at N = 1
C(t1, t2) !
[f 0(t1)f 0(t2)]

� C(f(t1), C(f(t2))
Time translational invariance
spontaneously broken



<latexit sha1_base64="4orli1qHP06WepW//mF5jIg1g5A="></latexit>

Quantum Heisenberg model

H =
1

2
p
N

NX

i,j=1

Jij (XiXj + YiYj + ZiZj)

Jij = 0, J
2
ij = J

2
, Di↵erent Jij uncorrelated.

• No trivial ground state—2-fold degenerate

state on each site (LSM theorem, anomalies...)

• Can be generalized to SU(M) symmetry, with

M
2 � 1 ‘Pauli’ operators.

<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="umu3qEqgZvCl5lxy0BwN+j9mIsw="></latexit>

Tsg ⇠ J exp(�
p
M⇡)

<latexit sha1_base64="1V+hi+8XtfoTSOnho6U37GqANYQ="></latexit>

Related models describe underdoped cuprates,
atoms in optical cavities (Schleier-Smith, Esslinger, Lev)



<latexit sha1_base64="4orli1qHP06WepW//mF5jIg1g5A="></latexit>

Quantum Heisenberg model

H =
1

2
p
N

NX

i,j=1

Jij (XiXj + YiYj + ZiZj)

Jij = 0, J
2
ij = J

2
, Di↵erent Jij uncorrelated.

• No trivial ground state—2-fold degenerate

state on each site (LSM theorem, anomalies...)

• Can be generalized to SU(M) symmetry, with

M
2 � 1 ‘Pauli’ operators.

<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="umu3qEqgZvCl5lxy0BwN+j9mIsw="></latexit>

Tsg ⇠ J exp(�
p
M⇡)

<latexit sha1_base64="1V+hi+8XtfoTSOnho6U37GqANYQ="></latexit>

Related models describe underdoped cuprates,
atoms in optical cavities (Schleier-Smith, Esslinger, Lev)

<latexit sha1_base64="mxDe2gQXkJj3EfybXLQP/v2FW0M="></latexit>

Time reparameterization invariance
in long-time aging dynamics at N = 1.
Time translational invariance
spontaneously broken.
Limited quantum entanglement.



<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="umu3qEqgZvCl5lxy0BwN+j9mIsw="></latexit>

Tsg ⇠ J exp(�
p
M⇡)

<latexit sha1_base64="KC9lG6c1OXlxLqLHXd7WY1G0JOg=">AAACFXicdVDLSgNBEJyNr/iOevQyGAVPYTcbNd6CXsSTojFCEmR20kmGzM4uM71qWPIJXs3XeBOvnv0YwUmMoKINDUVVN9VdQSyFQdd9czJT0zOzc9n5hcWl5ZXV3Nr6lYkSzaHKIxnp64AZkEJBFQVKuI41sDCQUAt6xyO9dgvaiEhdYj+GZsg6SrQFZ2ipi+3T7Ztc3i2UfN8vF6lbcMdlgV/2/MMy9SZMnkzq7Cb33mhFPAlBIZfMmLrnxthMmUbBJQwWGomBmPEe60DdQsVCMM10fOqA7limRduRtq2QjtnvGykLjemHgZ0MGXbNb21E/qXVE2yXm6lQcYKg+KdRO5EUIzr6m7aEBo6ybwHjWthbKe8yzTjadH64BKH9wYCNUnWwmzYQ7vFOtKxvWhJqYPP6CoX+D66KBW+/sHdezFeOJsllySbZIrvEIwekQk7IGakSTjrkgTySoTN0npxn5+VzNONMdjbIj3JePwAaI6AX</latexit>

J

<latexit sha1_base64="2x55j4pmcIwLB3bbjjeT1wY/q+A="></latexit>

Good numerical evidence
for SYK spin liquid
even for M = 2.

<latexit sha1_base64="4orli1qHP06WepW//mF5jIg1g5A="></latexit>

Quantum Heisenberg model

H =
1

2
p
N

NX

i,j=1

Jij (XiXj + YiYj + ZiZj)

Jij = 0, J
2
ij = J

2
, Di↵erent Jij uncorrelated.

• No trivial ground state—2-fold degenerate

state on each site (LSM theorem, anomalies...)

• Can be generalized to SU(M) symmetry, with

M
2 � 1 ‘Pauli’ operators.

<latexit sha1_base64="1V+hi+8XtfoTSOnho6U37GqANYQ="></latexit>

Related models describe underdoped cuprates,
atoms in optical cavities (Schleier-Smith, Esslinger, Lev)

<latexit sha1_base64="l0waUM9m4riH+xM9gNaWglO000E="></latexit>

SYK spin liquid
Xi = c†i"ci# + c†i#ci"

qEA = 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="umu3qEqgZvCl5lxy0BwN+j9mIsw="></latexit>

Tsg ⇠ J exp(�
p
M⇡)
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J

<latexit sha1_base64="2x55j4pmcIwLB3bbjjeT1wY/q+A="></latexit>

Good numerical evidence
for SYK spin liquid
even for M = 2.

<latexit sha1_base64="1V+hi+8XtfoTSOnho6U37GqANYQ="></latexit>

Related models describe underdoped cuprates,
atoms in optical cavities (Schleier-Smith, Esslinger, Lev)

<latexit sha1_base64="4orli1qHP06WepW//mF5jIg1g5A="></latexit>

Quantum Heisenberg model

H =
1

2
p
N

NX

i,j=1

Jij (XiXj + YiYj + ZiZj)

Jij = 0, J
2
ij = J

2
, Di↵erent Jij uncorrelated.

• No trivial ground state—2-fold degenerate

state on each site (LSM theorem, anomalies...)

• Can be generalized to SU(M) symmetry, with

M
2 � 1 ‘Pauli’ operators.

<latexit sha1_base64="6xEZt2oH7GXUjMAABXaZ3Coakps="></latexit>

Complex quantum entanglement
Maximal quantum chaos
Planckian dynamics
Relaxation time ⇠ ~/(kBT )

<latexit sha1_base64="l0waUM9m4riH+xM9gNaWglO000E="></latexit>

SYK spin liquid
Xi = c†i"ci# + c†i#ci"

qEA = 0
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<latexit sha1_base64="dID7q8F/Pv6xuhoAnyz25qMFPBI="></latexit>

Spin glass
order

qEA 6= 0

<latexit sha1_base64="umu3qEqgZvCl5lxy0BwN+j9mIsw="></latexit>

Tsg ⇠ J exp(�
p
M⇡)
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Good numerical evidence
for SYK spin liquid
even for M = 2.
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Related models describe underdoped cuprates,
atoms in optical cavities (Schleier-Smith, Esslinger, Lev)
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Quantum Heisenberg model

H =
1

2
p
N

NX

i,j=1

Jij (XiXj + YiYj + ZiZj)

Jij = 0, J
2
ij = J

2
, Di↵erent Jij uncorrelated.

• No trivial ground state—2-fold degenerate

state on each site (LSM theorem, anomalies...)

• Can be generalized to SU(M) symmetry, with

M
2 � 1 ‘Pauli’ operators.
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Time reparameterization invariance in low-
frequency dynamics: plays no role at
N = 1, but is crucial for finite N
quantum gravity theory.
Time translational invariance preserved.
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SYK spin liquid
Xi = c†i"ci# + c†i#ci"

qEA = 0
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tij are independent random variables with tij = 0 and |tij |2 = t2

H =
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(N)1/2

NX

i,j=1

tijc
†
i cj � µ

X

i

c
†
i ci
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†
j + c

†
jci = �ij

1

N

X

i

c
†
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level spacing ⇠ 1/N
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For random
matrix model:

E0 + Ei =P
↵ n↵"↵

n↵ = 0, 1,
occupation

number
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D(E) =
X

i

�(E � Ei); E0 + Ei ) Many body eigenvalue
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S(T ! 0) = N�T

Fermions with random and all-to-all hopping



(See also: the “2-Body Random Ensemble” in nuclear physics; did not obtain the large N limit;
Brody et al. Rev. Mod. Phys. 53, 385 (1981))

U↵�;�� are independent random variables with U↵�;�� = 0 and |U↵�;��|2 = U2

N ! 1 yields critical strange metal.
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↵c

†
�c�c� � µ

X

↵

c†↵c↵

c↵c� + c�c↵ = 0 , c↵c
†
� + c†�c↵ = �↵�
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N

X

↵

c†↵c↵ ; [H,Q] = 0 ; 0  Q  1

The SYK model: fermions with random and all-to-all interactions
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Proposed realizations involving Majorana zero modes (Chew 2017, Pikulin 2017),
quantum processors (Garcia-Alvarez 2016, Babbush 2018), ultracold gases (Dan-
shita 2017, Tigran 2021, Uhrich 2023) and disordered graphene flakes (Chen 2018,
Brzezinska 2022). Simulations of the SYK model have been achieved on quantum
processors (Ja↵eris 2022) and controllable nuclear-spin-chain simulators (Luo 2019),
and thermoelectric transport in graphene flakes is consistent with SYK behavior
(Anderson 2023).

Has no spin glass phase!
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Place electrons randomly on some sites

The SYK model
Sachdev, Ye (1993); Kitaev (2015)
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The SYK model
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Entangle electrons pairwise randomly

The SYK model
Sachdev, Ye (1993); Kitaev (2015)
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Entangle electrons pairwise randomly

Sachdev, Ye (1993); Kitaev (2015)

1
2

3

4

5

6 7
8

9

10
11

12
13 14

15
16

17
18

19

<latexit sha1_base64="IKWLBVaOopL04SJMr/BCf3dhiuA="></latexit>

U4,5;11,18



The SYK model

Entangle electrons pairwise randomly

Sachdev, Ye (1993); Kitaev (2015)

1
2

3

4

5

6 7
8

9

10
11

12
13 14

15
16

17
18

19

<latexit sha1_base64="IKWLBVaOopL04SJMr/BCf3dhiuA="></latexit>

U4,5;11,18



The SYK model

Entangle electrons pairwise randomly

Sachdev, Ye (1993); Kitaev (2015)

1
2

3

4

5

6 7
8

9

10
11

12
13 14

15
16

17
18

19

<latexit sha1_base64="rsJF7k7so/HPd5gsUXHjJYWvZ8A="></latexit>

U14,19;1,13



The SYK model

Entangle electrons pairwise randomly

Sachdev, Ye (1993); Kitaev (2015)

1
2

3

4

5

6 7
8

9

10
11

12
13 14

15
16

17
18

19

<latexit sha1_base64="rsJF7k7so/HPd5gsUXHjJYWvZ8A="></latexit>

U14,19;1,13



The SYK model
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The SYK model
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The SYK model

Entangle electrons pairwise randomly

Sachdev, Ye (1993); Kitaev (2015)
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Complex SYK model
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D(E) =
X

i

�(E � Ei); E0 + Ei ) Many body eigenvalue

(Numerics: G. Tarnopolsky)

The SYK model: fermions with random and all-to-all interactions
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D(E) =
X

i
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<latexit sha1_base64="VCVhvgkfJ0V9EihjZeuwQtRq9A0="></latexit>

S(T ! 0) = N(s0 + �T )

D(E) ⇠ eS(E)

= eNs0+
p
2N�E

(Numerics: G. Tarnopolsky)
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At Q = 1/2

s0 =
Catalan

⇡
+

ln 2

4
= 0.46484769917 . . . .

Georges, Parcollet and Sachdev 
Phys. Rev. B 63, 134406 (2001)

The SYK model: fermions with random and all-to-all interactions



Complex SYK model

<latexit sha1_base64="hnF8BWWJU++PtXLYNmY/RsCB0kA="></latexit>

D(E) =
X

i

�(E � Ei); E0 + Ei ) Many body eigenvalue

<latexit sha1_base64="VCVhvgkfJ0V9EihjZeuwQtRq9A0="></latexit>

S(T ! 0) = N(s0 + �T )

D(E) ⇠ eS(E)

= eNs0+
p
2N�E
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At Q = 1/2
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Energy level
spacing ⇠ e�Ns0 !
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No exponentially large
degeneracy, but exponentially
small level spacing!
No quasiparticle decomposition:
wavefunctions change chaotically
from one state to the next.

Georges, Parcollet and Sachdev 
Phys. Rev. B 63, 134406 (2001)

The SYK model: fermions with random and all-to-all interactions



Complex SYK model
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(Numerics: G. Tarnopolsky)

<latexit sha1_base64="NZXCK7NnpDw2ihzadMTIbsaaJgY="></latexit>

At Q = 1/2

s0 =
Catalan

⇡
+

ln 2

4
= 0.46484769917 . . . .

<latexit sha1_base64="vWgqR4x8IbTARO4Q0j5rEJbszHY="></latexit>

D(E) ⇠

N�1 exp (Ns0) sinh(
p

2N�E)

Georges, Parcollet and Sachdev 
Phys. Rev. B 63, 134406 (2001)

Cotler et al. J. High 
Energ. Phys. 118 (2017) 

Gu, Kitaev, Sachdev and Tarnopolsky 
J. High Energ. Phys. 157 (2020)
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The SYK model: fermions with random and all-to-all interactions
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The (averaged) partition function can be written as path integral over the

bilocal fermion Green’s function G(⌧1, ⌧2) ⇠ 1
N

P
↵ c↵(⌧1)c†↵(⌧2)

Z =

Z
DG(⌧1, ⌧2) exp (�NSe↵ [G])

The large N saddle point equation �Se↵/�G = 0 for G(⌧1, ⌧2) = Gs(⌧1 � ⌧2) is

Gs(i!) =
1

i! + µ� ⌃s(i!)
, ⌃s(⌧) = �U2G2

s(⌧)Gs(�⌧)

Time reparameterization symmetry:
At frequencies ⌧ U , the path integral for is invariant under time

reparametrization f(�)

⌧ = f(�)

G(⌧1, ⌧2) = [f 0
(�1)f

0
(�2)]

�1/4 eG(�1,�2)

There is also an emergent U(1) gauge symmetry. Hints that the low energy

theory is quantum gravity+electromagnetism!
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Yukawa-SYK model
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Yukawa couplings gij` are independent random numbers
coupling fermions  i to oscillators �`.

Esterlis and Schmalian 
Phys. Rev. B 100, 115132 (2019) 

Wang Phys. Rev, Lett. 124, 
017002 (2020)
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• Yields a critical state, similar to that of the SYK model

• Model in d = 2 with dispersing bosons and fermions and spatially random
Yukawa interactions yields a universal theory of strange metals, consistent
with numerous observations.

• Strong disorder (non-self-averaging) e↵ects at low T similar to random
transverse-field Ising model.

• Superconductivity is possible at low T .

• The scalar field � can represent either a symmetry-breaking order param-
eter, or a fractionalized particle.
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• Yields a critical state, similar to that of the SYK model

• Model in d = 2 with dispersing bosons and fermions and spatially random
Yukawa interactions yields a universal theory of strange metals, consistent
with numerous observations.

• Strong disorder (non-self-averaging) e↵ects at low T similar to random
transverse-field Ising model.

• Superconductivity is possible at low T .

• The scalar field � can represent either a symmetry-breaking order param-
eter, or a fractionalized particle.
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• Yields a critical state, similar to that of the SYK model

• Model in d = 2 with dispersing bosons and fermions and spatially random
Yukawa interactions yields a universal theory of strange metals, consistent
with numerous observations.

• Strong disorder (non-self-averaging) e↵ects at low T similar to random
transverse-field Ising model.

• Superconductivity is possible at low T .

• The scalar field � can represent either a symmetry-breaking order param-
eter, or a fractionalized particle.



Anomalous Criticality in the Electrical Resistivity of La2–xSrxCuO4 
R. A. Cooper, Y. Wang, B. Vignolle, O. J. Lipscombe, S. M. Hayden, Y. Tanabe, T. Adachi, Y. Koike, M. Nohara,  
H. Takagi, Cyril Proust, N. E. Hussey, Science 323, 603 (2009) 



Reissner-Nordstrom black hole of 
Einstein-Maxwell theory

⇣

Horizon
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Boundary
graviton
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Dimensional reduction from 3+1 dimensions
to 1+1 dimensions (AdS2) at low energies!
The isometry group of AdS2 is the 0+1 dimensional conformal group SL(2,R).

Faulkner et al. Phys. Rev. D 83, 125002 (2011); Cubrovic et al. Science 325, 439 (2009); Sachdev Phys. Rev. Lett. 105, 151602 (2010)
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Thermodynamics of quantum black holes with charge Q:

Z(Q, T ) =

Z
Dgµ⌫DAµ exp

✓
�1

~ I(3+1)
Einstein gravity+Maxwell EM[gµ⌫ , Aµ]

◆

= exp
⇣
SBH

⌘
⇥
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=

Z
Df(⌧)D�(⌧) exp
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�1

~ISYK[time reparameterizations f(⌧), phase rotations �(⌧)]

◆

Saddle-point:
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⇡ exp

✓
A0c3

4~G

◆Z
Dgµ⌫DAµ exp

✓
�1

~ I(1+1)
JT gravity of AdS2+boundary graviton[gµ⌫ , Aµ]

◆
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SBH(T ! 0,Q) =
A(T )c3

4G~ =
A0c3

4G~

✓
1 +

2(⇡A0)1/2T

~c + . . .

◆

A0 = 2GQ2/c4 is the area of the
charged black hole horizon at T = 0.

Maldacena, Stanford and Yang PTEP 2016, 12C104 (2016)
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Thermodynamics of quantum black holes with charge Q
from Euclidean path integral outside horizon
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D(E) =
X

i

�(E � Ei)

= exp (S/kB) �(E) + . . .
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• For generic charged black holes in 3+1
dimensions, the SYK model yields, in
terms of A0 = 2GQ2/c4 the horizon
area at T = 0:

D(E) ⇠
✓
A0c3

~G

◆�347/90

exp

✓
A0c3

4~G

◆
sinh

0

@
"p

⇡A3/2
0 c2

~2G E

#1/2
1

A

There is no degeneracy, but an expo-
nentially small level spacing down to
the ground state.

Developments from the SYK model

Iliesiu, Murthy, Turiaci 
arXiv:2209.13608 (2022) Bekenstein-Hawking

Quantum simulation of charged black holes 
by the SYK model

Chowdhury, Georges, Parcollet and Sachdev Rev. Mod. Phys. 94, 035004 (2022)


