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Quantum non–ergodicity: glasses and localization

Glass phases:   Frustration and disorder

Fragmentation of phase space: many low energy minima, 
separated by very high energy barriers 

     ↔ Replica symmetry breaking: many extremal pure states
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Quantum non–ergodicity: glasses and localization

Glass phases:   Frustration and disorder

Fragmentation of phase space: many low energy minima, 
separated by very high energy barriers 
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Quantum non–ergodicity: glasses and localization

Glass phases:   Frustration and disorder

Fragmentation of phase space: many low energy minima, 
separated by very high energy barriers 

     ↔ Replica symmetry breaking: many extremal pure states

Anderson & many-body localization:  Disorder + weak tunneling/interaction:  
  → local moves almost never resonant: 
     → no transport, no relaxation
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Interesting question:

How does a glass phase impact the quantum excitations?

Collective «spin waves» of a quantum glass? 
Is there localization?

State I State II
State III
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Localization? 
Usually: no - on the contrary!
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The Heisenberg spin glass

Motivation

• Ising glasses well understood (at mean field level):
      Classical Sherrington-Kirkpatrick (SK) model; 
       Quantum SK with transverse field 
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The Heisenberg spin glass

Motivation

• Ising glasses well understood (at mean field level):
       Classical Sherrington-Kirkpatrick (SK) model; 
       Quantum SK with transverse field 

• Much less known about vector spins, both classical and 
quantum
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(E.g.: local moments in randomly doped Mott insulators)
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Sachdev-Ye approach: Can the glass be avoided?

Can the quantum spins form a 
spin fluid that does not break time- 
reversal symmetry?

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

A. Georges, O. Parcollet, 
and S. Sachdev, 
PRL 85, 840 (2000); PRB 
63, 134406 (2001)
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Sachdev-Ye approach: Can the glass be avoided?

Can the quantum spins form a 
spin fluid that does not break time- 
reversal symmetry?

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

Random spin chains (D. Fisher ‘85), solvable in 1d: 

      Spin liquid: random singlet phase, strong disorder fixed point; 

What happens in the opposite limit of high connectivity?

A. Georges, O. Parcollet, 
and S. Sachdev, 
PRL 85, 840 (2000); PRB 
63, 134406 (2001)
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Sachdev-Ye approach: Can the glass be avoided?

Can the quantum spins form a 
spin fluid that does not break time- 
reversal symmetry?

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

A. Georges, O. Parcollet, 
and S. Sachdev, 
PRL 85, 840 (2000); PRB 
63, 134406 (2001)

What is the quantum dynamics in- and outside the glass phase? 

<latexit sha1_base64="WhUADr5qHaoT9xO20hNd35iW8mg="></latexit>

H =
X

i<j

Jij(S
z
i S

z
j + Sx

i S
x
j + Sy

i S
y
j )

Random spin chains (D. Fisher ‘85), solvable in 1d: 

      Spin liquid: random singlet phase, strong disorder fixed point; 

What happens in the opposite limit of high connectivity?



Page 13

Sachdev-Ye approach: Can the glass be avoided?

Can the quantum spins form a 
spin fluid that does not break time- 
reversal symmetry?

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

A. Georges, O. Parcollet, 
and S. Sachdev, 
PRL 85, 840 (2000); PRB 
63, 134406 (2001)

<latexit sha1_base64="WhUADr5qHaoT9xO20hNd35iW8mg="></latexit>

H =
X

i<j

Jij(S
z
i S

z
j + Sx

i S
x
j + Sy

i S
y
j )

Goal today: Understand physics of mean field limit & compare with Ising

Gaussian, all-to-all

Random spin chains (D. Fisher ‘85), solvable in 1d: 

      Spin liquid: random singlet phase, strong disorder fixed point; 

What happens in the opposite limit of high connectivity?

What is the quantum dynamics in- and outside the glass phase? 
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The Heisenberg spin glass

Mean field model
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The Heisenberg spin glass

Mean field model
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Classical model Quantum model 
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©
Continuous glass transition at Tg

Bray, Moore, JPC 14, 2629 (1981).

Gabay, Garel, De Dominicis, JPC 15, 7165 (1982)
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The Heisenberg spin glass

Mean field model
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Sachdev-Ye approach: Can the glass be avoided?

Challenge of quantum spins: Hard to deal with, even in mean field!

 Promote SU(2) spins to SU(M) spins 
 → solvable in the limit of large M!

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

A. Georges, O. Parcollet, 
and S. Sachdev, 
PRL 85, 840 (2000); 
PRB 63, 134406 (2001)
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Sachdev-Ye approach: Can the glass be avoided?

SU(2) → SU(M) spins
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1  ↵,�  M
<latexit sha1_base64="NAcSmbNY9U9WY8NtQVWOlLDWUQA=">AAACBnicdVDJSgNBEO2JW4zbqEc9NIaApzATQkwOQtCLx0jMApkQajo9SZOehe4eIQxz8eSneBIUxKv/4Mm/sbMIKvqg4PFeFVX13IgzqSzrw8isrK6tb2Q3c1vbO7t75v5BW4axILRFQh6KrguSchbQlmKK024kKPgupx13cjnzO7dUSBYGN2oa0b4Po4B5jIDS0sA8ThzXw830HDtJc5A4wKMxOC5VkDrpwMxbRUujUsEzYlctW5NarVoq1bA9tywrj5ZoDMx3ZxiS2KeBIhyk7NlWpPoJCMUIp2mu4MSSRkAmMKI9TQPwqewn8zdSXNDKEHuh0BUoPFdz3yYS8KWc+q7u9EGN5W9vJv7l9WLlVfsJC6JY0YAsFnkxxyrEs0zwkAlKFJ9qAkQwfSwmYxBAlE4up1P4ehX/T9qlol0plq/L+frFMo8sOkIn6BTZ6AzV0RVqoBYi6A49oCf0bNwbj8aL8bpozRjLmUP0A8bbJ/8YmNQ=</latexit>

S = {S↵�}

Solvability in the limit
 𝑀 → ∞ !
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Sachdev-Ye approach: Can the glass be avoided?

SU(2) → SU(M) spins
<latexit sha1_base64="OXnMB5dDWhmEzhlbC8PWk9M7X0I="></latexit>

H =
1p
NM

X

i<j

JijSi · Sj

©

©

Different representations of SU(M) = different models / loc Hilbert space

<latexit sha1_base64="c1ScXN9KtUIZqWE1iCyIrzaTlsc=">AAACA3icdVDJSgNBEO2JW4xb1JN4aQwBDxJmQojJLejFixDBLJAJoaZTSZr0LHb3CCEET36KJ0FBvPoVnvwbO4ugog8KHu9VUVXPiwRX2rY/rMTS8srqWnI9tbG5tb2T3t2rqzCWDGssFKFseqBQ8ABrmmuBzUgi+J7Ahjc8n/qNW5SKh8G1HkXY9qEf8B5noI3USR84rsAb6oKIBnDieqiBzpTLTjpj52yDYpFOiVOyHUPK5VI+X6bOzLLtDFmg2km/u92QxT4GmglQquXYkW6PQWrOBE5SWTdWGAEbQh9bhgbgo2qPZz9MaNYoXdoLpalA05ma+jYxBl+pke+ZTh/0QP32puJfXivWvVJ7zIMo1hiw+aJeLKgO6TQQ2uUSmRYjQ4BJbo6lbAASmDaxpUwKX6/S/0k9n3OKucJVIVM5W+SRJIfkiBwTh5ySCrkgVVIjjNyRB/JEnq1769F6sV7nrQlrMbNPfsB6+wRk45a2</latexit>

1  ↵,�  M
<latexit sha1_base64="NAcSmbNY9U9WY8NtQVWOlLDWUQA=">AAACBnicdVDJSgNBEO2JW4zbqEc9NIaApzATQkwOQtCLx0jMApkQajo9SZOehe4eIQxz8eSneBIUxKv/4Mm/sbMIKvqg4PFeFVX13IgzqSzrw8isrK6tb2Q3c1vbO7t75v5BW4axILRFQh6KrguSchbQlmKK024kKPgupx13cjnzO7dUSBYGN2oa0b4Po4B5jIDS0sA8ThzXw830HDtJc5A4wKMxOC5VkDrpwMxbRUujUsEzYlctW5NarVoq1bA9tywrj5ZoDMx3ZxiS2KeBIhyk7NlWpPoJCMUIp2mu4MSSRkAmMKI9TQPwqewn8zdSXNDKEHuh0BUoPFdz3yYS8KWc+q7u9EGN5W9vJv7l9WLlVfsJC6JY0YAsFnkxxyrEs0zwkAlKFJ9qAkQwfSwmYxBAlE4up1P4ehX/T9qlol0plq/L+frFMo8sOkIn6BTZ6AzV0RVqoBYi6A49oCf0bNwbj8aL8bpozRjLmUP0A8bbJ/8YmNQ=</latexit>

S = {S↵�}

Abrikosov fermions

S. Sachdev and J. Ye (1993)

Solvability in the limit
 𝑀 → ∞ !

<latexit sha1_base64="JdYCSbcU6AvXO2qwGHB1PtjWj/g=">AAAB6XicdVBNS8NAEN3Urxq/qh69LJaCp5KUUttb0YsXoQX7AW0om+2kXbrZhN2NUEJ/gSdBQbz6kzz5b9y0FVT0wcDjvRlm5vkxZ0o7zoeV29jc2t7J79p7+weHR4Xjk66KEkmhQyMeyb5PFHAmoKOZ5tCPJZDQ59DzZ9eZ37sHqVgk7vQ8Bi8kE8ECRok2Uvt2VCg6ZcegVsMZceuOa0ijUa9UGthdWo5TRGu0RoX34TiiSQhCU06UGrhOrL2USM0oh4VdGiYKYkJnZAIDQwUJQXnp8tIFLhlljINImhIaL1X720RKQqXmoW86Q6Kn6reXiX95g0QHdS9lIk40CLpaFCQc6whnb+Mxk0A1nxtCqGTmWEynRBKqTTi2SeHrVfw/6VbKbq1cbVeLzat1Hnl0hs7RBXLRJWqiG9RCHUQRoAf0hJ6tmfVovVivq9actZ45RT9gvX0CZIuNQg==</latexit>

M
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Sachdev-Ye approach: Can the glass be avoided?

SU(2) → SU(M) spins
<latexit sha1_base64="OXnMB5dDWhmEzhlbC8PWk9M7X0I="></latexit>

H =
1p
NM

X

i<j

JijSi · Sj

© ©

© ©

Different representations of SU(M) = different models / loc Hilbert space

<latexit sha1_base64="c1ScXN9KtUIZqWE1iCyIrzaTlsc=">AAACA3icdVDJSgNBEO2JW4xb1JN4aQwBDxJmQojJLejFixDBLJAJoaZTSZr0LHb3CCEET36KJ0FBvPoVnvwbO4ugog8KHu9VUVXPiwRX2rY/rMTS8srqWnI9tbG5tb2T3t2rqzCWDGssFKFseqBQ8ABrmmuBzUgi+J7Ahjc8n/qNW5SKh8G1HkXY9qEf8B5noI3USR84rsAb6oKIBnDieqiBzpTLTjpj52yDYpFOiVOyHUPK5VI+X6bOzLLtDFmg2km/u92QxT4GmglQquXYkW6PQWrOBE5SWTdWGAEbQh9bhgbgo2qPZz9MaNYoXdoLpalA05ma+jYxBl+pke+ZTh/0QP32puJfXivWvVJ7zIMo1hiw+aJeLKgO6TQQ2uUSmRYjQ4BJbo6lbAASmDaxpUwKX6/S/0k9n3OKucJVIVM5W+SRJIfkiBwTh5ySCrkgVVIjjNyRB/JEnq1769F6sV7nrQlrMbNPfsB6+wRk45a2</latexit>

1  ↵,�  M
<latexit sha1_base64="NAcSmbNY9U9WY8NtQVWOlLDWUQA=">AAACBnicdVDJSgNBEO2JW4zbqEc9NIaApzATQkwOQtCLx0jMApkQajo9SZOehe4eIQxz8eSneBIUxKv/4Mm/sbMIKvqg4PFeFVX13IgzqSzrw8isrK6tb2Q3c1vbO7t75v5BW4axILRFQh6KrguSchbQlmKK024kKPgupx13cjnzO7dUSBYGN2oa0b4Po4B5jIDS0sA8ThzXw830HDtJc5A4wKMxOC5VkDrpwMxbRUujUsEzYlctW5NarVoq1bA9tywrj5ZoDMx3ZxiS2KeBIhyk7NlWpPoJCMUIp2mu4MSSRkAmMKI9TQPwqewn8zdSXNDKEHuh0BUoPFdz3yYS8KWc+q7u9EGN5W9vJv7l9WLlVfsJC6JY0YAsFnkxxyrEs0zwkAlKFJ9qAkQwfSwmYxBAlE4up1P4ehX/T9qlol0plq/L+frFMo8sOkIn6BTZ6AzV0RVqoBYi6A49oCf0bNwbj8aL8bpozRjLmUP0A8bbJ/8YmNQ=</latexit>

S = {S↵�}

Schwinger bosons Abrikosov fermions

S. Sachdev and J. Ye (1993)A. Georges, O. Parcollet, 
and S. Sachdev (2000/01);

Solvability in the limit
 𝑀 → ∞ !

<latexit sha1_base64="JdYCSbcU6AvXO2qwGHB1PtjWj/g=">AAAB6XicdVBNS8NAEN3Urxq/qh69LJaCp5KUUttb0YsXoQX7AW0om+2kXbrZhN2NUEJ/gSdBQbz6kzz5b9y0FVT0wcDjvRlm5vkxZ0o7zoeV29jc2t7J79p7+weHR4Xjk66KEkmhQyMeyb5PFHAmoKOZ5tCPJZDQ59DzZ9eZ37sHqVgk7vQ8Bi8kE8ECRok2Uvt2VCg6ZcegVsMZceuOa0ijUa9UGthdWo5TRGu0RoX34TiiSQhCU06UGrhOrL2USM0oh4VdGiYKYkJnZAIDQwUJQXnp8tIFLhlljINImhIaL1X720RKQqXmoW86Q6Kn6reXiX95g0QHdS9lIk40CLpaFCQc6whnb+Mxk0A1nxtCqGTmWEynRBKqTTi2SeHrVfw/6VbKbq1cbVeLzat1Hnl0hs7RBXLRJWqiG9RCHUQRoAf0hJ6tmfVovVivq9actZ45RT9gvX0CZIuNQg==</latexit>

M
<latexit sha1_base64="JdYCSbcU6AvXO2qwGHB1PtjWj/g=">AAAB6XicdVBNS8NAEN3Urxq/qh69LJaCp5KUUttb0YsXoQX7AW0om+2kXbrZhN2NUEJ/gSdBQbz6kzz5b9y0FVT0wcDjvRlm5vkxZ0o7zoeV29jc2t7J79p7+weHR4Xjk66KEkmhQyMeyb5PFHAmoKOZ5tCPJZDQ59DzZ9eZ37sHqVgk7vQ8Bi8kE8ECRok2Uvt2VCg6ZcegVsMZceuOa0ijUa9UGthdWo5TRGu0RoX34TiiSQhCU06UGrhOrL2USM0oh4VdGiYKYkJnZAIDQwUJQXnp8tIFLhlljINImhIaL1X720RKQqXmoW86Q6Kn6reXiX95g0QHdS9lIk40CLpaFCQc6whnb+Mxk0A1nxtCqGTmWEynRBKqTTi2SeHrVfw/6VbKbq1cbVeLzat1Hnl0hs7RBXLRJWqiG9RCHUQRoAf0hJ6tmfVovVivq9actZ45RT9gvX0CZIuNQg==</latexit>

M
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Sachdev-Ye approach: Can the glass be avoided?

SU(2) → SU(M) spins
<latexit sha1_base64="OXnMB5dDWhmEzhlbC8PWk9M7X0I="></latexit>

H =
1p
NM

X

i<j

JijSi · Sj

© ©

© ©

Different representations of SU(M) = different models / loc Hilbert space

<latexit sha1_base64="c1ScXN9KtUIZqWE1iCyIrzaTlsc=">AAACA3icdVDJSgNBEO2JW4xb1JN4aQwBDxJmQojJLejFixDBLJAJoaZTSZr0LHb3CCEET36KJ0FBvPoVnvwbO4ugog8KHu9VUVXPiwRX2rY/rMTS8srqWnI9tbG5tb2T3t2rqzCWDGssFKFseqBQ8ABrmmuBzUgi+J7Ahjc8n/qNW5SKh8G1HkXY9qEf8B5noI3USR84rsAb6oKIBnDieqiBzpTLTjpj52yDYpFOiVOyHUPK5VI+X6bOzLLtDFmg2km/u92QxT4GmglQquXYkW6PQWrOBE5SWTdWGAEbQh9bhgbgo2qPZz9MaNYoXdoLpalA05ma+jYxBl+pke+ZTh/0QP32puJfXivWvVJ7zIMo1hiw+aJeLKgO6TQQ2uUSmRYjQ4BJbo6lbAASmDaxpUwKX6/S/0k9n3OKucJVIVM5W+SRJIfkiBwTh5ySCrkgVVIjjNyRB/JEnq1769F6sV7nrQlrMbNPfsB6+wRk45a2</latexit>

1  ↵,�  M
<latexit sha1_base64="NAcSmbNY9U9WY8NtQVWOlLDWUQA=">AAACBnicdVDJSgNBEO2JW4zbqEc9NIaApzATQkwOQtCLx0jMApkQajo9SZOehe4eIQxz8eSneBIUxKv/4Mm/sbMIKvqg4PFeFVX13IgzqSzrw8isrK6tb2Q3c1vbO7t75v5BW4axILRFQh6KrguSchbQlmKK024kKPgupx13cjnzO7dUSBYGN2oa0b4Po4B5jIDS0sA8ThzXw830HDtJc5A4wKMxOC5VkDrpwMxbRUujUsEzYlctW5NarVoq1bA9tywrj5ZoDMx3ZxiS2KeBIhyk7NlWpPoJCMUIp2mu4MSSRkAmMKI9TQPwqewn8zdSXNDKEHuh0BUoPFdz3yYS8KWc+q7u9EGN5W9vJv7l9WLlVfsJC6JY0YAsFnkxxyrEs0zwkAlKFJ9qAkQwfSwmYxBAlE4up1P4ehX/T9qlol0plq/L+frFMo8sOkIn6BTZ6AzV0RVqoBYi6A49oCf0bNwbj8aL8bpozRjLmUP0A8bbJ/8YmNQ=</latexit>

S = {S↵�}

Schwinger bosons Abrikosov fermions

S. Sachdev and J. Ye (1993)A. Georges, O. Parcollet, 
and S. Sachdev (2000/01);

Solvability in the limit
 𝑀 → ∞ !

<latexit sha1_base64="JdYCSbcU6AvXO2qwGHB1PtjWj/g=">AAAB6XicdVBNS8NAEN3Urxq/qh69LJaCp5KUUttb0YsXoQX7AW0om+2kXbrZhN2NUEJ/gSdBQbz6kzz5b9y0FVT0wcDjvRlm5vkxZ0o7zoeV29jc2t7J79p7+weHR4Xjk66KEkmhQyMeyb5PFHAmoKOZ5tCPJZDQ59DzZ9eZ37sHqVgk7vQ8Bi8kE8ECRok2Uvt2VCg6ZcegVsMZceuOa0ijUa9UGthdWo5TRGu0RoX34TiiSQhCU06UGrhOrL2USM0oh4VdGiYKYkJnZAIDQwUJQXnp8tIFLhlljINImhIaL1X720RKQqXmoW86Q6Kn6reXiX95g0QHdS9lIk40CLpaFCQc6whnb+Mxk0A1nxtCqGTmWEynRBKqTTi2SeHrVfw/6VbKbq1cbVeLzat1Hnl0hs7RBXLRJWqiG9RCHUQRoAf0hJ6tmfVovVivq9actZ45RT9gvX0CZIuNQg==</latexit>

M
<latexit sha1_base64="JdYCSbcU6AvXO2qwGHB1PtjWj/g=">AAAB6XicdVBNS8NAEN3Urxq/qh69LJaCp5KUUttb0YsXoQX7AW0om+2kXbrZhN2NUEJ/gSdBQbz6kzz5b9y0FVT0wcDjvRlm5vkxZ0o7zoeV29jc2t7J79p7+weHR4Xjk66KEkmhQyMeyb5PFHAmoKOZ5tCPJZDQ59DzZ9eZ37sHqVgk7vQ8Bi8kE8ECRok2Uvt2VCg6ZcegVsMZceuOa0ijUa9UGthdWo5TRGu0RoX34TiiSQhCU06UGrhOrL2USM0oh4VdGiYKYkJnZAIDQwUJQXnp8tIFLhlljINImhIaL1X720RKQqXmoW86Q6Kn6reXiX95g0QHdS9lIk40CLpaFCQc6whnb+Mxk0A1nxtCqGTmWEynRBKqTTi2SeHrVfw/6VbKbq1cbVeLzat1Hnl0hs7RBXLRJWqiG9RCHUQRoAf0hJ6tmfVovVivq9actZ45RT9gvX0CZIuNQg==</latexit>

M

→ solvable equations for “parton” Green’s functions as M → ∞
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Sachdev-Ye approach

<latexit sha1_base64="OXnMB5dDWhmEzhlbC8PWk9M7X0I="></latexit>

H =
1p
NM

X

i<j

JijSi · Sj

Spin fluid region: (high T or low spin)

Solvability in the limit
 𝑀 → ∞ !

Parton Green’s function

Large-M Dyson equation
(almost identical for fermions)

SU(2) → SU(M) spins

B

B B

BBB

B
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Sachdev-Ye approach

<latexit sha1_base64="OXnMB5dDWhmEzhlbC8PWk9M7X0I="></latexit>

H =
1p
NM

X

i<j

JijSi · Sj

Spin fluid region: (high T or low spin)

Solvability in the limit
 𝑀 → ∞ !

Parton Green’s function

Large-M Dyson equation
(almost identical for fermions)

SU(2) → SU(M) spins

B

B B

BBB

B

B B
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Sachdev-Ye approach

<latexit sha1_base64="OXnMB5dDWhmEzhlbC8PWk9M7X0I="></latexit>

H =
1p
NM

X

i<j

JijSi · Sj

Spin fluid region: (high T or low spin)

Solvability in the limit
 𝑀 → ∞ !

Parton Green’s function

Large-M Dyson equation
(almost identical for fermions)

SU(2) → SU(M) spins

B

B B

BBB

B

B B

Very slow decay: Non-Fermi liquid of partons
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Sachdev-Ye approach

<latexit sha1_base64="OXnMB5dDWhmEzhlbC8PWk9M7X0I="></latexit>

H =
1p
NM

X

i<j

JijSi · Sj

Spin fluid region: (high T or low spin)

Solvability in the limit
 𝑀 → ∞ !

Parton Green’s function

Large-M Dyson equation
(almost identical for fermions)

SU(2) → SU(M) spins

B

B B

BBB

B

B B

<latexit sha1_base64="lFQt6lS5f+XM95rQw86Sb9m2MTM=">AAAB/HicdVBLS0JBFJ5rL7PXzZZthkRoEXKviOlOatPSIB+gInPHow7OfTRzriRiP6VVUBBt+yOt+jeNj6CivsOBj+87hznzeZEUGh3nw0qsrW9sbiW3Uzu7e/sH9mG6rsNYcajxUIaq6TENUgRQQ4ESmpEC5nsSGt7ocu43xqC0CIMbnETQ8dkgEH3BGRqpa6fd9pkpuI3FmLZxCMi6dsbJOQbFIp0Tt+S4hpTLpXy+TN2F5TgZskK1a7+3eyGPfQiQS6Z1y3Ui7EyZQsElzFLZdqwhYnzEBtAyNGA+6M50cfyMZo3So/1QmQ6QLtTUt40p87We+J6Z9BkO9W9vLv7ltWLslzpTEUQxQsCXD/VjSTGk8yRoTyjgKCeGMK6EOZbyIVOMo8krZVL4+ir9n9TzObeYK1wXMpWLVR5JckxOyClxyTmpkCtSJTXCyR15IE/k2bq3Hq0X63U5mrBWO0fkB6y3T7NMlCk=</latexit>

1 ⌘ ✓

Very slow decay: Non-Fermi liquid of partons
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Sachdev-Ye approach

<latexit sha1_base64="OXnMB5dDWhmEzhlbC8PWk9M7X0I="></latexit>

H =
1p
NM

X

i<j

JijSi · Sj

Solvability in the limit
 𝑀 → ∞ !

Model of (constrained) 4-parton interactions

SYK model: 

• Fast scrambler: saturating bound for 
chaos exponent  ~

• Holographically dual to a low dimensional black hole
• etc ...

SU(2) → SU(M) spins

<latexit sha1_base64="455fYC0sUpLwnKJ5m+zMq6r/KB0=">AAAB83icdVDLSgMxFM34rOOr6tJNsBRc1Uwptd2VunFZoS+YDiWTpm1oJhmSjFCGfoYrQUHc+jWu/BszbQUVPXDhcM693HtPGHOmDUIfzsbm1vbObm7P3T84PDrOn5x2tUwUoR0iuVT9EGvKmaAdwwyn/VhRHIWc9sLZTeb37qnSTIq2mcc0iPBEsDEj2FjJnw2bsH01mIZYDfMFVEIW1SrMiFdDniX1eq1crkNvaSFUAGu0hvn3wUiSJKLCEI619j0UmyDFyjDC6cItDhJNY0xmeEJ9SwWOqA7S5c0LWLTKCI6lsiUMXKrut4kUR1rPo9B2RthM9W8vE//y/MSMa0HKRJwYKshq0Tjh0EiYBQBHTFFi+NwSTBSzx0IyxQoTY2NybQpfr8L/Sbdc8qqlyl2l0Giu88iBc3ABLoEHrkED3IIW6AACJHgAT+DZSZxH58V5XbVuOOuZM/ADztsnAKyRAQ==</latexit>

kBT/~

Kitaev (2015): Generalize to random 4-Majorana interactions!
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Bosonic SU(M)

Phase diagram (large M): Is there a glass transition?

in mean field ↔ replica symmetry breaking
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Bosonic SU(M)

Phase diagram (large M) for bosonic representation

Glass transition: bosons condense

<latexit sha1_base64="+cieCROQVsOwxtrrVU2YBmEQ02E="></latexit>

qEA =
1

N

X

i

hSii2
Order parameter

SYK
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Bosonic SU(M)

Phase diagram (large M) for bosonic representation

Glass transition:
one-step RSB
(dynamic transition 
due to phase space 
clustering)

Equilibrium states: 
gapped; inaccessible

Marginal states: 
gapless

Glass transition: bosons condense

<latexit sha1_base64="+cieCROQVsOwxtrrVU2YBmEQ02E="></latexit>

qEA =
1

N

X

i

hSii2
Order parameter

SYK
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Bosonic SU(M)

Phase diagram (large M) for bosonic representation

Glass transition:
one-step RSB
(dynamic transition 
due to phase space 
clustering)

Equilibrium states: 
gapped; inaccessible

Marginal states: 
gapless

Glass transition: bosons condense
Crossover in dynamics (in gapless marginal states)

<latexit sha1_base64="+cieCROQVsOwxtrrVU2YBmEQ02E="></latexit>

qEA =
1

N

X

i

hSii2
Order parameter

SYK
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Bosonic SU(M)

Phase diagram (large M) for bosonic representation

Glass transition:
one-step RSB
(dynamic transition 
due to phase space 
clustering)

Equilibrium states: 
gapped; inaccessible

Marginal states: 
gapless

Glass transition: bosons condense
Crossover in dynamics (in gapless marginal states) Faster decay

typical of MF 
glasses

<latexit sha1_base64="+cieCROQVsOwxtrrVU2YBmEQ02E="></latexit>

qEA =
1

N

X

i

hSii2
Order parameter

SYK

<latexit sha1_base64="cDksAD4GMSyCZyt4ZvtYoCsaeG4=">AAAB9HicdVDLSgMxFM3UVx1fVZdugqUgLkqmlNpupOjGZQX7gM5YMmmmDc1khiRTKEN/w5WgIG79GVf+jZm2gooeuJfDOfeSm+PHnCmN0IeVW1vf2NzKb9s7u3v7B4XDo46KEklom0Q8kj0fK8qZoG3NNKe9WFIc+px2/cl15nenVCoWiTs9i6kX4pFgASNYG8l1NU4uYdbvzweFIiojg1oNZsSpI8eQRqNeqTSgs7AQKoIVWoPCuzuMSBJSoQnHSvUdFGsvxVIzwuncLrmJojEmEzyifUMFDqny0sXRc1gyyhAGkTQlNFyo9reNFIdKzULfTIZYj9VvLxP/8vqJDupeykScaCrI8qEg4VBHMEsADpmkRPOZIZhIZo6FZIwlJtrkZJsUvr4K/yedStmplau31WLzapVHHpyAU3AGHHABmuAGtEAbEBCDB/AEnq2p9Wi9WK/L0Zy12jkGP2C9fQL+OJGV</latexit>

⌧ > ⌧⇤
<latexit sha1_base64="t1yQNcGLS74W7Pbzl8B2+VmSlBo=">AAAB+3icdVBNS0JBFJ1nX2ZfWss2QyK0CHlPxHQntWlpkCb4HjJvvOrgvI9m7jNE/CmtgoJo2y9p1b9p/Agq6lwuHM65l7lz/FgKjbb9YaXW1jc2t9LbmZ3dvf2DbO6wpaNEcWjySEaq7TMNUoTQRIES2rECFvgSbv3R5dy/HYPSIgpvcBKDF7BBKPqCMzRSN5tzz0zBXSLG1MUhIOtm83bRNqhU6Jw4VdsxpFarlko16iws286TFRrd7Lvbi3gSQIhcMq07jh2jN2UKBZcwyxTcREPM+IgNoGNoyALQ3nRx+4wWjNKj/UiZDpEu1My3jSkLtJ4EvpkMGA71b28u/uV1EuxXvakI4wQh5MuH+omkGNF5ELQnFHCUE0MYV8IcS/mQKcbRxJUxKXx9lf5PWqWiUymWr8v5+sUqjzQ5JifklDjknNTJFWmQJuHknjyQJ/JszaxH68V6XY6mrNXOEfkB6+0TQHKT7g==</latexit>

⌘ ✓
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Bosonic SU(M)

Phase diagram (large M) for bosonic representation

No glass at all for fermionic representation: too strong 
quantum fluctuations for 𝑀 → ∞! 

<latexit sha1_base64="+cieCROQVsOwxtrrVU2YBmEQ02E="></latexit>

qEA =
1

N

X

i

hSii2
Order parameter

SYK

Glass transition:
one-step RSB
(dynamic transition 
due to phase space 
clustering)

Equilibrium states: 
gapped; inaccessible

Marginal states: 
gapless
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Fermionic SU(M)

Phase diagram (large M) for fermionic representation

No glass at all for fermionic representation: too strong 
quantum fluctuations for 𝑀 → ∞! 

Christos, Haehl, Sachdev, 
PRB 105, 085120 (2022)

1/M expansion for 
fermions:

Glass phase appears at 

but with rather different 
properties! 

<latexit sha1_base64="QTKSkNBmTGopKnxnThHhC4JGquQ=">AAACBHicdVDLSsNAFJ3UV42vqDvdDJaCG0tSSm13RTduhAp9QRPCZDpph04ezkzEEgqu/BRXgoK49Sdc+TdO2goqeuDCmXPuZe49XsyokKb5oeWWlldW1/Lr+sbm1vaOsbvXEVHCMWnjiEW85yFBGA1JW1LJSC/mBAUeI11vfJ753RvCBY3ClpzExAnQMKQ+xUgqyTUOWu4Q2oIG0Ca3cf8Eq8c1l+nl1HGNglkyFapVmBGrZlqK1Ou1crkOrZllmgWwQNM13u1BhJOAhBIzJETfMmPppIhLihmZ6kU7ESRGeIyGpK9oiAIinHR2xBQWlTKAfsRVhRLOVP3bRIoCISaBpzoDJEfit5eJf3n9RPo1J6VhnEgS4vlHfsKgjGCWCBxQTrBkE0UQ5lQtC/EIcYSlyk1XKXydCv8nnXLJqpYqV5VC42yRRx4cgiNwDCxwChrgAjRBG2BwBx7AE3jW7rVH7UV7nbfmtMXMPvgB7e0T3/CXmw==</latexit>

Tg ⇠ exp[�c
p
M ]
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Fermionic SU(M)

Phase diagram (large M) for fermionic representation

No glass at all for fermionic representation: too strong 
quantum fluctuations for 𝑀 → ∞! 

Glass transition:
Full RSB instability
(continuous freezing,
no extensive set of 
local minima)

Even equilibrium 
states are marginal 
and thus gapless

→ Quantum glass is     
     a critical phase

Christos, Haehl, Sachdev, 
PRB 105, 085120 (2022)

1/M expansion for 
fermions:

Glass phase appears at 

but with rather different 
properties! 

<latexit sha1_base64="QTKSkNBmTGopKnxnThHhC4JGquQ=">AAACBHicdVDLSsNAFJ3UV42vqDvdDJaCG0tSSm13RTduhAp9QRPCZDpph04ezkzEEgqu/BRXgoK49Sdc+TdO2goqeuDCmXPuZe49XsyokKb5oeWWlldW1/Lr+sbm1vaOsbvXEVHCMWnjiEW85yFBGA1JW1LJSC/mBAUeI11vfJ753RvCBY3ClpzExAnQMKQ+xUgqyTUOWu4Q2oIG0Ca3cf8Eq8c1l+nl1HGNglkyFapVmBGrZlqK1Ou1crkOrZllmgWwQNM13u1BhJOAhBIzJETfMmPppIhLihmZ6kU7ESRGeIyGpK9oiAIinHR2xBQWlTKAfsRVhRLOVP3bRIoCISaBpzoDJEfit5eJf3n9RPo1J6VhnEgS4vlHfsKgjGCWCBxQTrBkE0UQ5lQtC/EIcYSlyk1XKXydCv8nnXLJqpYqV5VC42yRRx4cgiNwDCxwChrgAjRBG2BwBx7AE3jW7rVH7UV7nbfmtMXMPvgB7e0T3/CXmw==</latexit>

Tg ⇠ exp[�c
p
M ]
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Open questions

• Does any of the large M descriptions capture SU(2)? 
 And if so, how?

• Is SYK dynamics found for M = 2? (especially            )

• Dynamics in the glassy phase?
 
 - Nature of its collective modes / spin waves? 
 
 - Difference from Ising case 
     (where interactions commute)?

<latexit sha1_base64="aSto4I8jKvJ2MUW+ppH13w7w/+M=">AAAB8HicdVDLSgNBEJz1GddX1KOXwRDwFGZDiMlBCHrxGME8IFnC7GQ2GTI7u8z0CmHJT3gSFMSrv+PJv3HyEFS0oKGo6qa7K0ikMEDIh7O2vrG5tZ3bcXf39g8O80fHbROnmvEWi2WsuwE1XArFWyBA8m6iOY0CyTvB5Hrud+65NiJWdzBNuB/RkRKhYBSs1O3DmAO99Ab5AikRi2oVz4lXI54l9XqtXK5jb2ERUkArNAf59/4wZmnEFTBJjel5JAE/oxoEk3zmFvup4QllEzriPUsVjbjxs8XBM1y0yhCHsbalAC9U99tERiNjplFgOyMKY/Pbm4t/eb0UwpqfCZWkwBVbLgpTiSHG8+/xUGjOQE4toUwLeyxmY6opA5uRa1P4ehX/T9rlklctVW4rhcbVKo8cOkVn6Bx56AI10A1qohZiSKIH9ISeHe08Oi/O67J1zVnNnKAfcN4+AVvVkBs=</latexit>

✓ = 1
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Recent progress

New answers due to:

• Advanced numerical tools for quantum impurity problems 
for SU(2) spins 

    (cont. time quantum Monte Carlo without sign problem)

• High precision solver for replica symmetry breaking

 

N. Kavokine, MM, A. Georges, O. Parcollet, 
PRL 133, 016501 (2024)
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Self-consistent solution of the MF equations

Classical glass 
 

Ultrametric
<latexit sha1_base64="ynv+FbSVBhEg+PG55qDPQCCPobk=">AAACCXicdVDLSgMxFM3UV62vUZcuDJaCqzJTSm0XQtGNyxbtA9oy3EnTNjSTGZKMUIYuXfkprgQFcesnuPJvTB+Cih64cHLOvdzc40ecKe04H1ZqZXVtfSO9mdna3tnds/cPmiqMJaENEvJQtn1QlDNBG5ppTtuRpBD4nLb88eXMb91SqVgobvQkor0AhoINGAFtJM8+rnsJ+NNz3OUghpziaw9M+V25eHp21sk7BqUSnhG37LiGVCrlQqGC3bnlOFm0RM2z37v9kMQBFZpwUKrjOpHuJSA1I5xOM7lurGgEZAxD2jFUQEBVL5lfMsU5o/TxIJSmhMZzNfNtIoFAqUngm84A9Ej99mbiX14n1oNyL2EiijUVZLFoEHOsQzyLBfeZpETziSFAJDOfxWQEEog24WVMCl+n4v9Js5B3S/livZitXizzSKMjdIJOkYvOUBVdoRpqIILu0AN6Qs/WvfVovVivi9aUtZw5RD9gvX0CCg2ZRQ==</latexit>

Qab = hSaSbi

Replicas
+ disorder average

Giorgio Parisi, Nobel 2021



Page 38

©©

© ©

©

©
©

©
©

© © ©©

©
©© ©

©

Magnetization response to a frozen field 
Self-consistent solution of the MF equations

Classical glass 
 <latexit sha1_base64="/rzXF4XcbAsThW0pzCivsoEgyw4=">AAACBnicdVDLSgMxFM3UVx1foy51ESwFV2WmlNouhKIblxVtK3RKyaSZNjTzILkjlKEbV36KK0FB3PoPrvwbM20FFT1w4eSce8m9x4sFV2DbH0ZuaXlldS2/bm5sbm3vWLt7bRUlkrIWjUQkbzyimOAhawEHwW5iyUjgCdbxxueZ37llUvEovIZJzHoBGYbc55SAlvrW4Sl2PQYEp67n49HUpYMI5o+rad8q2CVbo1rFGXFqtqNJvV4rl+vYmVm2XUALNPvWuzuIaBKwEKggSnUdO4ZeSiRwKtjULLqJYjGhYzJkXU1DEjDVS2dnTHFRKwPsR1JXCHimmt8mUhIoNQk83RkQGKnfXib+5XUT8Gu9lIdxAiyk84/8RGCIcJYJHnDJKIiJJoRKrpfFdEQkoaCTM3UKX6fi/0m7XHKqpcplpdA4W+SRRwfoCB0jB52gBrpATdRCFN2hB/SEno1749F4MV7nrTljMbOPfsB4+wS3k5gC</latexit>

= �h · S

Ultrametric
<latexit sha1_base64="ynv+FbSVBhEg+PG55qDPQCCPobk=">AAACCXicdVDLSgMxFM3UV62vUZcuDJaCqzJTSm0XQtGNyxbtA9oy3EnTNjSTGZKMUIYuXfkprgQFcesnuPJvTB+Cih64cHLOvdzc40ecKe04H1ZqZXVtfSO9mdna3tnds/cPmiqMJaENEvJQtn1QlDNBG5ppTtuRpBD4nLb88eXMb91SqVgobvQkor0AhoINGAFtJM8+rnsJ+NNz3OUghpziaw9M+V25eHp21sk7BqUSnhG37LiGVCrlQqGC3bnlOFm0RM2z37v9kMQBFZpwUKrjOpHuJSA1I5xOM7lurGgEZAxD2jFUQEBVL5lfMsU5o/TxIJSmhMZzNfNtIoFAqUngm84A9Ej99mbiX14n1oNyL2EiijUVZLFoEHOsQzyLBfeZpETziSFAJDOfxWQEEog24WVMCl+n4v9Js5B3S/livZitXizzSKMjdIJOkYvOUBVdoRpqIILu0AN6Qs/WvfVovVivi9aUtZw5RD9gvX0CCg2ZRQ==</latexit>

Qab = hSaSbi

<latexit sha1_base64="WLInwkPsv+eNa/GnA68u4n+tQZQ=">AAAB+XicdVDLSgMxFL1TX3V8dNSlm2ApuCqZUmq7K7pxWcG2QjuUTJppQzMPk4xYhn6JK0FB3Poprvwb04egogcu93DOveTm+IngSmP8YeXW1jc2t/Lb9s7u3n7BOTjsqDiVlLVpLGJ54xPFBI9YW3Mt2E0iGQl9wbr+5GLud++YVDyOrvU0YV5IRhEPOCXaSAOngFFfsFt0v2zuwCniMjao1dCcuHXsGtJo1CuVBnIXFsZFWKE1cN77w5imIYs0FUSpnosT7WVEak4Fm9mlfqpYQuiEjFjP0IiETHnZ4vIZKhlliIJYmoo0Wqj2t42MhEpNQ99MhkSP1W9vLv7l9VId1L2MR0mqWUSXDwWpQDpG8xjQkEtGtZgaQqjk5lhEx0QSqk1Ytknh66vof9KplN1auXpVLTbPV3nk4RhO4BRcOIMmXEIL2kAhhQd4gmcrsx6tF+t1OZqzVjtH8APW2yeDXpJH</latexit>

0  x  1

Replicas
+ disorder average
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©

©
©

© © ©©

©
©© ©

©

Magnetization response to a frozen field 
Self-consistent solution of the MF equations

Classical glass 
 

Distribution of frozen fields 

<latexit sha1_base64="/rzXF4XcbAsThW0pzCivsoEgyw4=">AAACBnicdVDLSgMxFM3UVx1foy51ESwFV2WmlNouhKIblxVtK3RKyaSZNjTzILkjlKEbV36KK0FB3PoPrvwbM20FFT1w4eSce8m9x4sFV2DbH0ZuaXlldS2/bm5sbm3vWLt7bRUlkrIWjUQkbzyimOAhawEHwW5iyUjgCdbxxueZ37llUvEovIZJzHoBGYbc55SAlvrW4Sl2PQYEp67n49HUpYMI5o+rad8q2CVbo1rFGXFqtqNJvV4rl+vYmVm2XUALNPvWuzuIaBKwEKggSnUdO4ZeSiRwKtjULLqJYjGhYzJkXU1DEjDVS2dnTHFRKwPsR1JXCHimmt8mUhIoNQk83RkQGKnfXib+5XUT8Gu9lIdxAiyk84/8RGCIcJYJHnDJKIiJJoRKrpfFdEQkoaCTM3UKX6fi/0m7XHKqpcplpdA4W+SRRwfoCB0jB52gBrpATdRCFN2hB/SEno1749F4MV7nrTljMbOPfsB4+wS3k5gC</latexit>

= �h · S

Ultrametric
<latexit sha1_base64="ynv+FbSVBhEg+PG55qDPQCCPobk=">AAACCXicdVDLSgMxFM3UV62vUZcuDJaCqzJTSm0XQtGNyxbtA9oy3EnTNjSTGZKMUIYuXfkprgQFcesnuPJvTB+Cih64cHLOvdzc40ecKe04H1ZqZXVtfSO9mdna3tnds/cPmiqMJaENEvJQtn1QlDNBG5ppTtuRpBD4nLb88eXMb91SqVgobvQkor0AhoINGAFtJM8+rnsJ+NNz3OUghpziaw9M+V25eHp21sk7BqUSnhG37LiGVCrlQqGC3bnlOFm0RM2z37v9kMQBFZpwUKrjOpHuJSA1I5xOM7lurGgEZAxD2jFUQEBVL5lfMsU5o/TxIJSmhMZzNfNtIoFAqUngm84A9Ej99mbiX14n1oNyL2EiijUVZLFoEHOsQzyLBfeZpETziSFAJDOfxWQEEog24WVMCl+n4v9Js5B3S/livZitXizzSKMjdIJOkYvOUBVdoRpqIILu0AN6Qs/WvfVovVivi9aUtZw5RD9gvX0CCg2ZRQ==</latexit>

Qab = hSaSbi

<latexit sha1_base64="WLInwkPsv+eNa/GnA68u4n+tQZQ=">AAAB+XicdVDLSgMxFL1TX3V8dNSlm2ApuCqZUmq7K7pxWcG2QjuUTJppQzMPk4xYhn6JK0FB3Poprvwb04egogcu93DOveTm+IngSmP8YeXW1jc2t/Lb9s7u3n7BOTjsqDiVlLVpLGJ54xPFBI9YW3Mt2E0iGQl9wbr+5GLud++YVDyOrvU0YV5IRhEPOCXaSAOngFFfsFt0v2zuwCniMjao1dCcuHXsGtJo1CuVBnIXFsZFWKE1cN77w5imIYs0FUSpnosT7WVEak4Fm9mlfqpYQuiEjFjP0IiETHnZ4vIZKhlliIJYmoo0Wqj2t42MhEpNQ99MhkSP1W9vLv7l9VId1L2MR0mqWUSXDwWpQDpG8xjQkEtGtZgaQqjk5lhEx0QSqk1Ytknh66vof9KplN1auXpVLTbPV3nk4RhO4BRcOIMmXEIL2kAhhQd4gmcrsx6tF+t1OZqzVjtH8APW2yeDXpJH</latexit>

0  x  1

Replicas
+ disorder average
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Self-consistent solution of the MF equations

Observables 
computed with 
continuous time 
Quantum Monte 
Carlo (CT-QMC)

Quantum glass 
 Extra complication: self-consistent dynamic 

susceptibility 𝜒 𝜏 within every metastable state

<latexit sha1_base64="bx5MU98uiMRV4AT/FOHeJljWFps=">AAAB+XicdVDLSsNAFJ3UV42PRl26GSyFClImpdR2V3TjsoJ9QBPKZDpphk4ezEyEEvolrgQFceunuPJvnLQVVPTAhcM593LvPV7CmVQIfRiFjc2t7Z3irrm3f3BYso6O+zJOBaE9EvNYDD0sKWcR7SmmOB0mguLQ43Tgza5zf3BPhWRxdKfmCXVDPI2YzwhWWhpbpWrmeD4MFhfQIQE7H1tlVEMazSbMid1Ctibtdqteb0N7aSFUBmt0x9a7M4lJGtJIEY6lHNkoUW6GhWKE04VZcVJJE0xmeEpHmkY4pNLNlpcvYEUrE+jHQlek4FI1v01kOJRyHnq6M8QqkL+9XPzLG6XKb7kZi5JU0YisFvkphyqGeQxwwgQlis81wUQwfSwkARaYKB2WqVP4ehX+T/r1mt2sNW4b5c7VOo8iOAVnoApscAk64AZ0QQ8QkIIH8ASejcx4NF6M11VrwVjPnIAfMN4+AeDskoM=</latexit>

(h,�)

<latexit sha1_base64="bx5MU98uiMRV4AT/FOHeJljWFps=">AAAB+XicdVDLSsNAFJ3UV42PRl26GSyFClImpdR2V3TjsoJ9QBPKZDpphk4ezEyEEvolrgQFceunuPJvnLQVVPTAhcM593LvPV7CmVQIfRiFjc2t7Z3irrm3f3BYso6O+zJOBaE9EvNYDD0sKWcR7SmmOB0mguLQ43Tgza5zf3BPhWRxdKfmCXVDPI2YzwhWWhpbpWrmeD4MFhfQIQE7H1tlVEMazSbMid1Ctibtdqteb0N7aSFUBmt0x9a7M4lJGtJIEY6lHNkoUW6GhWKE04VZcVJJE0xmeEpHmkY4pNLNlpcvYEUrE+jHQlek4FI1v01kOJRyHnq6M8QqkL+9XPzLG6XKb7kZi5JU0YisFvkphyqGeQxwwgQlis81wUQwfSwkARaYKB2WqVP4ehX+T/r1mt2sNW4b5c7VOo8iOAVnoApscAk64AZ0QQ8QkIIH8ASejcx4NF6M11VrwVjPnIAfMN4+AeDskoM=</latexit>

(h,�)
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Self-consistent solution of the MF equations

Observables 
computed with 
continuous time 
Quantum Monte 
Carlo (CT-QMC)

Quantum glass 
 Extra complication: self-consistent dynamic 

susceptibility 𝜒 𝜏 within every metastable state

<latexit sha1_base64="bx5MU98uiMRV4AT/FOHeJljWFps=">AAAB+XicdVDLSsNAFJ3UV42PRl26GSyFClImpdR2V3TjsoJ9QBPKZDpphk4ezEyEEvolrgQFceunuPJvnLQVVPTAhcM593LvPV7CmVQIfRiFjc2t7Z3irrm3f3BYso6O+zJOBaE9EvNYDD0sKWcR7SmmOB0mguLQ43Tgza5zf3BPhWRxdKfmCXVDPI2YzwhWWhpbpWrmeD4MFhfQIQE7H1tlVEMazSbMid1Ctibtdqteb0N7aSFUBmt0x9a7M4lJGtJIEY6lHNkoUW6GhWKE04VZcVJJE0xmeEpHmkY4pNLNlpcvYEUrE+jHQlek4FI1v01kOJRyHnq6M8QqkL+9XPzLG6XKb7kZi5JU0YisFvkphyqGeQxwwgQlis81wUQwfSwkARaYKB2WqVP4ehX+T/r1mt2sNW4b5c7VOo8iOAVnoApscAk64AZ0QQ8QkIIH8ASejcx4NF6M11VrwVjPnIAfMN4+AeDskoM=</latexit>

(h,�)

<latexit sha1_base64="bx5MU98uiMRV4AT/FOHeJljWFps=">AAAB+XicdVDLSsNAFJ3UV42PRl26GSyFClImpdR2V3TjsoJ9QBPKZDpphk4ezEyEEvolrgQFceunuPJvnLQVVPTAhcM593LvPV7CmVQIfRiFjc2t7Z3irrm3f3BYso6O+zJOBaE9EvNYDD0sKWcR7SmmOB0mguLQ43Tgza5zf3BPhWRxdKfmCXVDPI2YzwhWWhpbpWrmeD4MFhfQIQE7H1tlVEMazSbMid1Ctibtdqteb0N7aSFUBmt0x9a7M4lJGtJIEY6lHNkoUW6GhWKE04VZcVJJE0xmeEpHmkY4pNLNlpcvYEUrE+jHQlek4FI1v01kOJRyHnq6M8QqkL+9XPzLG6XKb7kZi5JU0YisFvkphyqGeQxwwgQlis81wUQwfSwkARaYKB2WqVP4ehX+T/r1mt2sNW4b5c7VOo8iOAVnoApscAk64AZ0QQ8QkIIH8ASejcx4NF6M11VrwVjPnIAfMN4+AeDskoM=</latexit>

(h,�)

Power law 
interactions in time!

cf. Grempel and 
Rozenberg, PRL 80, 
389 (1998) for 
paramagnetic regime
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Self-consistent solution of the MF equations

Observables 
computed with 
continuous time 
Quantum Monte 
Carlo (CT-QMC)

Quantum glass 
 Extra complication: self-consistent dynamic 

susceptibility 𝜒 𝜏 within every metastable state

<latexit sha1_base64="bx5MU98uiMRV4AT/FOHeJljWFps=">AAAB+XicdVDLSsNAFJ3UV42PRl26GSyFClImpdR2V3TjsoJ9QBPKZDpphk4ezEyEEvolrgQFceunuPJvnLQVVPTAhcM593LvPV7CmVQIfRiFjc2t7Z3irrm3f3BYso6O+zJOBaE9EvNYDD0sKWcR7SmmOB0mguLQ43Tgza5zf3BPhWRxdKfmCXVDPI2YzwhWWhpbpWrmeD4MFhfQIQE7H1tlVEMazSbMid1Ctibtdqteb0N7aSFUBmt0x9a7M4lJGtJIEY6lHNkoUW6GhWKE04VZcVJJE0xmeEpHmkY4pNLNlpcvYEUrE+jHQlek4FI1v01kOJRyHnq6M8QqkL+9XPzLG6XKb7kZi5JU0YisFvkphyqGeQxwwgQlis81wUQwfSwkARaYKB2WqVP4ehX+T/r1mt2sNW4b5c7VOo8iOAVnoApscAk64AZ0QQ8QkIIH8ASejcx4NF6M11VrwVjPnIAfMN4+AeDskoM=</latexit>

(h,�)

<latexit sha1_base64="bx5MU98uiMRV4AT/FOHeJljWFps=">AAAB+XicdVDLSsNAFJ3UV42PRl26GSyFClImpdR2V3TjsoJ9QBPKZDpphk4ezEyEEvolrgQFceunuPJvnLQVVPTAhcM593LvPV7CmVQIfRiFjc2t7Z3irrm3f3BYso6O+zJOBaE9EvNYDD0sKWcR7SmmOB0mguLQ43Tgza5zf3BPhWRxdKfmCXVDPI2YzwhWWhpbpWrmeD4MFhfQIQE7H1tlVEMazSbMid1Ctibtdqteb0N7aSFUBmt0x9a7M4lJGtJIEY6lHNkoUW6GhWKE04VZcVJJE0xmeEpHmkY4pNLNlpcvYEUrE+jHQlek4FI1v01kOJRyHnq6M8QqkL+9XPzLG6XKb7kZi5JU0YisFvkphyqGeQxwwgQlis81wUQwfSwkARaYKB2WqVP4ehX+T/r1mt2sNW4b5c7VOo8iOAVnoApscAk64AZ0QQ8QkIIH8ASejcx4NF6M11VrwVjPnIAfMN4+AeDskoM=</latexit>

(h,�)

Similar technique developped previously for other quantum glasses:  
• Bethe lattice quantum Coulomb glass I. Lovas et al., Phys. Rev. Res. 4, 023067, 2022

• Transverse field Ising model, A. Kiss, et al., Phys. Rev. B 109, 024431, 2024

Power law 
interactions in time!

cf. Grempel and 
Rozenberg, PRL 80, 
389 (1998) for 
paramagnetic regime
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1. Glass transition and Edwards-Anderson order parameter 
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©
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Continuous transition, with continuous replica symmetry breaking

<latexit sha1_base64="+cieCROQVsOwxtrrVU2YBmEQ02E="></latexit>

qEA =
1

N

X

i

hSii2



Results

©

2. Structure of replica symmetry breaking:

©

© ©

©

©

Approach to the plateau

Heisenberg
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↵ ⇡ 3(= n)
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2. Structure of replica symmetry breaking:
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Approach to the plateau

Heisenberg
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↵ = 2 (forn = 1) Ising SK
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2. Structure of replica symmetry breaking:
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Approach to the plateau

captures distribution of low energy 
states, and hence controls jumps 
Δ𝑚	of magnetization in a field ramp

Le Doussal, MM, Wiese ‘10

Heisenberg
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2. Structure of replica symmetry breaking:
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Ising SK

Heisenberg

Vector spins (n = α > 2 ): jumps dominated by large avalanches
Ising spins (α = 2 ): the jumps have a critical power law

Approach to the plateau

captures distribution of low energy 
states, and hence controls jumps 
Δ𝑚	of magnetization in a field ramp
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Heisenberg

Vector spins (n = α > 2 ): jumps dominated by large avalanches
Ising spins (α = 2 ): the jumps have a critical power law

Approach to the plateau

captures distribution of low energy 
states, and hence controls jumps 
Δ𝑚	of magnetization in a field ramp
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↵ = 2 (forn = 1)

Avalanche statistics in field ramps at T=0 : Ising spins differ from vector spins!
Pazmandi, Zarand, Zimanyi ’99

Andreanov, Sharma, MM ’14
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3. Thermodynamics: internal energy U and specific heat CV
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Classical: intrastate specific heat: CV ≈ 1 (Du-Long Petit)
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3. Thermodynamics: internal energy U and specific heat CV
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Quantum fluctuations harden the spin waves

Compatible with: CV	~T3
Like in marginal states of solvable 
one-step RSB glasses (G. Schehr ‘04,’05)
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4. Dynamic susceptibility 
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• Power law at low energy / long time 𝜏, 

cut off at  !
"
	~	𝑇

• Fit to conformal form:
(T)
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4. Dynamic susceptibility 
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• Fit to conformal form:

• Expect for insulating glasses 𝜃#$% = 2
Read, Sachdev, Ye (‘95) [Landau exp] 
Christos, Haehl, Sachdev (’22) [M≫1] 
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Very slow creep toward 𝜃!"# = 2
Similar as in the Quantum Ising SK!
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4. Dynamic susceptibility 
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© ©Compatible with	𝜒′′ 𝜔 ~𝜔 Like in marginal states of solvable 1-
step RSB glasses (G. Schehr ‘04,’05)
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4. Dynamic susceptibility 
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• Power law at low energy / long time 𝜏, 

cut off at  !
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• Fit to conformal form:

• Expect for insulating glasses 𝜃#$% = 2
Read, Sachdev, Ye (‘95) [Landau exp] 
Christos, Haehl, Sachdev (’22) [M≫1] 

(T)
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Very slow creep toward 𝜃!"# = 2
Similar as in the Quantum Ising SK!

Note: no trace of the SY-K dynamics	(𝜃 = 1) above 𝑇$~0.14𝐽
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• What are the collective modes/spin waves of a quantum spin glass?
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A wide open question in finite dimensions!

Mean field: some physical insight is possible
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• What are the collective modes/spin waves of a quantum spin glass?
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𝜒′′ 𝜔 ~𝜔
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(Ohmic spectral function)

• What hides behind the super-universal forms of dynamics 

and the specific heat scaling 
  CV	~T

3

found in so many (marginal) states of mean field glasses?
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• What are the collective modes/spin waves of a quantum spin glass?
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𝜒′′ 𝜔 ~𝜔
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(Ohmic spectral function)

• What hides behind the super-universal forms of dynamics 

and the specific heat scaling 
  CV	~T

3

found in so many (marginal) states of mean field glasses?

For concreteness and non-trivial predictions: 
Consider transverse field Ising SK model
as representative of insulating (non-metallic) spin glasses
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How does marginal stability affect
quantum dynamics?
Collective modes?
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How does marginal stability affect
quantum dynamics?
Collective modes?

Glass

Para-
magnet

H = ��
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Spectral gap closes (Miller, Huse

PRL 1993)

& remains closed in the glass 
phase!
Read, Sachdev, Ye, PRL (1993)
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How does marginal stability affect
quantum dynamics?
Collective modes?

Glass

Para-
magnet

states are gapped and are thus very different from the states
obtained in the Ising limit N ! 1 analyzed here.

The main objective of our study, spectral function, is
encoded in the Fourier transform R! of the average spin-
spin correlator R!, which we analyze following Miller and
Huse [22]. Representing the action SðyÞ with fermions, we
can expand the spin correlator into a formally exact power
series in R!

h"z
#!"

z
!iSðyÞ $ #!ðyÞ ¼

!!ðyÞ
1# R!!!ðyÞ

; (6)

where !!ðyÞ is the proper polarizability [33]. It is itself a
functional of R!, with the important feature that it remains
analytic at small!,!! &!0 # a!2, even when R! turns
nonanalytic in the glass phase [22], which is a direct
consequence of the marginal stability

Z $

0
dyPðy; 1Þðm0ðy; 1ÞÞ2 ¼ 1; (7)

implied by Eq. (3). Indeed, with the small-frequency ex-
pansion R! ¼ R0 þ %R!, and noting that m0ðy; 1Þ ¼
#!!0ðyÞ as well as #!ðyÞ ¼ #0ðyÞ þ #2

0ðyÞ%R! þOð!2Þ,
Eqs. (5)–(7) require that %R2

! &!2. This implies the non-
analytic form R!!0 ¼ R0 # Bj!j of the low-frequency
correlator. Upon analytic continuation, the spin spectral
function

Að! ! 0Þ $ 1

&N

X

i

Imhszi ð!Þszi ð#!Þij!!!#i% ¼ B!

&
;

(8)

is found to be always gapless and Ohmic, even deep in the
Ising glass phase. Remarkably, as we will derive below, B
becomes "-independent as " ! 0. Thus, the low-energy
spectral function is universal in the sense that it is inde-
pendent of the strength of quantum fluctuations.

Marginal stability Eq. (7) and the related gaplessness
Eq. (8) are natural by-products of full replica symmetry
breaking in mean-field glasses. They are pendants of the
Goldstone modes in systems with a broken continuous
symmetry and arise from the particular softness of the
free-energy landscape, which results from the competition
of many nearly degenerate states.

Deep glass phase.—To obtain quantitative results, we
solve the self-consistency problem [Eqs. (3)–(5)] in detail,
focusing on the deep quantum glass phase, where
J ( " ( T ! 0. The limit T ! 0 is taken by replacing
the variable x 2 ½0; 1*with $eff $ $x 2 ½0;1*, which has
the interpretation of an inverse effective temperature in the
aging dynamics [34]. In the limit " + J, the flow of Eq. (3)
is attracted to a scaling regime [35], where dq=d$eff ¼
cð$effÞ=$3

eff , mðx; yÞ ! ~mð$effyÞ, and Pðx; yÞ !
$eff ~pð$effyÞ, which holds for 1=J + $eff + 1=" and
y + J. Here, cð$effÞ ! 0:411, and ~m and ~p are the same
fixed-point functions that appear in the classical low-T
limit [35]. In particular,

~pð$effyÞ ,
!
'j$effyj 1 + j$effyj;
const j$effyj & 1;

(9)

which displays a linear pseudogap with slope ' ¼ 0:301 in
the distribution of frozen fields, smeared on the scale
y& 1=$eff .
For $eff * 1=", the overlap ceases to scale and

dq=d$eff drops [cð$effÞ ! 0, cf. Fig. 2]. At that point,
qð$effÞ reaches the constant value qEA, and P and m freeze
to the form describing short times (response within the
metastable states). From this, it follows that the frozen field
distribution Pðy; 1Þ has a pseudogap, smeared on the scale
", as expected from stability arguments [36]. The evolution
of the pseudogap deeper and deeper in the quantum glass is
shown in Fig. 3.
In the limit " + J, " is the only relevant dynamic

energy scale, while J merely determines the width of the
distribution of frozen fields. We prove this by showing
that the following scaling ansatz solves the problem in
this limit: (i) for $eff ( 1=J, cð$effÞ ¼ ĉðuÞ is only a
function of u ¼ $eff=ð$eff þ 1="Þ; (ii) Rð!Þ ¼ "r̂ð!="Þ;
(iii) Pðy; 1Þ ¼ "p̂ðy="Þ [and P ¼ ð"=uÞp̂ðyu="; uÞ, m ¼
m̂ðyu="; uÞ]. One then verifies that ĉ, r̂, p̂, and m̂ satisfy
self-consistent equations, which are independent of
" + "c. Figures 2 and 3 illustrate that their solution is
indeed the limit of the full solutions of Eqs. (3)–(5) as
" ! 0. The scaling of the solution implies a nontrivial
scaling of the dynamic properties of the glass. This entails
the remarkable result that the coefficient B of the Ohmic
spectral function Eq. (8) tends to a constant B , 0:59=J2

as " ! 0. Note that the Ohmic regime describes quantum

FIG. 2 (color online). Rescaled derivative of the overlap func-
tion c ¼ $3

effdq=d$eff as a function of u $ $eff=ð$eff þ 1="Þ,
extracted from the full solution for finite " (solid curves). The
dashed curve is the solution of the asymptotically exact scaling
ansatz for "="c ! 0 [40]. " takes values (bottom to top)
"="c ¼ 0:05, 0.08, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6. Numerical insta-
bilities are more pronounced for lower values of ", " & 0:1"c,
which is responsible for the rougher curves [35,40]. Scaling
obtains for $eff + 1=" (c ! 0:411), and reflects the ultrametric,
self-similar properties of the phase space [35]; qðxÞ reaches its
plateau value qEA at $c

eff ¼ xc=T , 0:5=" where c ! 0.
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Quantum SK model

Physical interpretation: [applies to ALL insulating meanfield glasses]

Marginally stable energy landscape 
Minima: gapless semicircular spectrum of Hessian
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dynamics at low frequencies !< ! and disappears in the
classical limit.

Physical interpretation.—We now interpret the exact
replica results with an effective potential approach [28].
Using the methods of Refs. [25,37], we construct the Gibbs
potentialG½m; C!" describing the free energy of the system
constrained to have a magnetization pattern fmig and
global autocorrelation function C! ¼ 1=N

P
ih"z

i ð!Þ"z
i ð0Þi

(at T ¼ 0):

G½m; C!" ¼
X

i

G0½mi; C!" &
X

i<j

Jijmimj

& 1

4
NJ2

Z 1

0
d!ðC! & qEAÞ2: (10)

Here qEA ¼ 1=N
P

im
2
i , and G0 is the free energy of a

single, constrained spin. The magnetization of the local
minima mi ¼ h"z

i i is computed self-consistently via
#G=#mi ¼ 0:

@G0

@mi

!!!!!!!!C
&
X

j

Jijmj þ J2mi$
0 ¼ 0; (11)

where $0 ¼ R1
0 d!ðC! & qEAÞ ¼ 1=N

P
i$i is the static

susceptibility. However, for the quantum problems,
Eq. (11) is not closed, since G0 depends on the global
autocorrelation function Cð!Þ, which has to be evaluated
self-consistently [25]. Since this exact formalism is too
involved to yield direct physical insight, we approximate
the static susceptibilities $i and the local functional G0

by those of single spins, whose magnetization mi is con-
strained by an auxiliary static field:

G0½mi" ¼ &!ð1&m2
i Þ1=2; "$i ¼

ð1&m2
i Þ3=2

!
: (12)

This approximation is similar but not identical to the
‘‘static approximation’’ employed in replica approaches

to quantum spin glasses [21]. It overestimates the suscep-
tibility to longitudinal fields, enhancing the stability of the
glass. However, this reproduces qualitatively the results of
the rigorous replica theory, furnishing a useful comple-
mentary physical picture.
Collective excitations in a local minimum are governed

by the curvature of the energy landscape, i.e., by the
Hessian

H ij ¼
#2G

#mi#mj
¼ &Jij þ

"
1

$i
þ J2h "$i

#
#ij;

where h "$ki ¼ 1=N
P

i "$
k
i The replica theory assures that the

glass phase is marginal. Here, this translates into a gapless
spectrum of eigenvalues of H ij, which requires that [38]

J2h "$2i ¼ 1: (13)

This is the natural analog of Eq. (7). Under this condition,
the density of eigenvalues of the Hessian % starts as a
semicircle

&ð%Þ ¼
ffiffiffiffi
%

p

'J3
ffiffiffiffiffiffiffiffiffi
h "$3i

p (
ffiffiffiffiffiffiffi
%!

p

J2
; for % & ! ) J:

To establish the link with the spin spectral density
Eq. (8), we interpret the low-energy normal modes of H
as weakly interacting [39] harmonic oscillators with spring
constants %, and the effective mass scaling as M( 1=!;

thus, the eigenfrequency !ð%Þ ¼
ffiffiffiffiffiffiffiffiffiffiffi
%=M

p
. Hence, the den-

sity of modes is

&ð!Þ ¼
Z

d%&ð%Þ#ð!&!ð%ÞÞ( !2

!J2
; for ! ) J:

With the mean square displacement hx2i! ¼ 1=M!(
!=!, one predicts the spectral function to scale as
Að!Þ * &ð!Þhx2i! (!=J2 for ! & !. Thus, these quali-
tative arguments are seen to reproduce correctly the Ohmic
spectrum, its frequency range, and the !-independent
coefficient of the replica solution Eq. (8). This agreement
is rather nontrivial, given that both the mode density and
the kinetic energy of the soft modes do depend on !. We
are thus confident that the physical picture of a set of
gapless, underdamped collective harmonic oscillators is
indeed the correct interpretation of the low-energy excita-
tions in this quantum spin glass. It is interesting to note that
an analogous reasoning for spin glasses with metallic
background leads to a similar picture, although with over-
damped oscillators, and the spectral function growing as
Að!Þ ( j!j1=2, again in agreement with replica theory
[24,40]. This insight may serve as a starting point to
describe collective excitations in long but finite-range in-
teracting quantum Ising glasses [41].
Implications and conclusion.—The collective excita-

tions act as a bath with which local (single site) excitations
exchange energy. Such coupling to a bath of collective
modes is of particular importance for conduction or

FIG. 3 (color online). Opening of the linear pseudogap in the
distribution of frozen fields Pðy; 1Þ at T ¼ 0, progressively
deeper in the quantum glass (!=!c ! 0 from top to bottom;
values as in Fig. 2). The inset shows the rescaled distribution
Pðy ¼ z!Þ=! (solid lines), and the asymptotic scaling function
p̂ðzÞ (dashed line).
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Physical interpretation: [applies to ALL insulating meanfield glasses]

Marginally stable energy landscape 
Minima: gapless semicircular spectrum of Hessian
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dynamics at low frequencies !< ! and disappears in the
classical limit.

Physical interpretation.—We now interpret the exact
replica results with an effective potential approach [28].
Using the methods of Refs. [25,37], we construct the Gibbs
potentialG½m; C!" describing the free energy of the system
constrained to have a magnetization pattern fmig and
global autocorrelation function C! ¼ 1=N

P
ih"z

i ð!Þ"z
i ð0Þi

(at T ¼ 0):

G½m; C!" ¼
X

i

G0½mi; C!" &
X

i<j

Jijmimj

& 1

4
NJ2

Z 1

0
d!ðC! & qEAÞ2: (10)

Here qEA ¼ 1=N
P

im
2
i , and G0 is the free energy of a

single, constrained spin. The magnetization of the local
minima mi ¼ h"z

i i is computed self-consistently via
#G=#mi ¼ 0:

@G0

@mi

!!!!!!!!C
&
X

j

Jijmj þ J2mi$
0 ¼ 0; (11)

where $0 ¼ R1
0 d!ðC! & qEAÞ ¼ 1=N

P
i$i is the static

susceptibility. However, for the quantum problems,
Eq. (11) is not closed, since G0 depends on the global
autocorrelation function Cð!Þ, which has to be evaluated
self-consistently [25]. Since this exact formalism is too
involved to yield direct physical insight, we approximate
the static susceptibilities $i and the local functional G0

by those of single spins, whose magnetization mi is con-
strained by an auxiliary static field:

G0½mi" ¼ &!ð1&m2
i Þ1=2; "$i ¼

ð1&m2
i Þ3=2

!
: (12)

This approximation is similar but not identical to the
‘‘static approximation’’ employed in replica approaches

to quantum spin glasses [21]. It overestimates the suscep-
tibility to longitudinal fields, enhancing the stability of the
glass. However, this reproduces qualitatively the results of
the rigorous replica theory, furnishing a useful comple-
mentary physical picture.
Collective excitations in a local minimum are governed

by the curvature of the energy landscape, i.e., by the
Hessian

H ij ¼
#2G

#mi#mj
¼ &Jij þ

"
1

$i
þ J2h "$i

#
#ij;

where h "$ki ¼ 1=N
P

i "$
k
i The replica theory assures that the

glass phase is marginal. Here, this translates into a gapless
spectrum of eigenvalues of H ij, which requires that [38]

J2h "$2i ¼ 1: (13)

This is the natural analog of Eq. (7). Under this condition,
the density of eigenvalues of the Hessian % starts as a
semicircle

&ð%Þ ¼
ffiffiffiffi
%

p

'J3
ffiffiffiffiffiffiffiffiffi
h "$3i

p (
ffiffiffiffiffiffiffi
%!

p

J2
; for % & ! ) J:

To establish the link with the spin spectral density
Eq. (8), we interpret the low-energy normal modes of H
as weakly interacting [39] harmonic oscillators with spring
constants %, and the effective mass scaling as M( 1=!;

thus, the eigenfrequency !ð%Þ ¼
ffiffiffiffiffiffiffiffiffiffiffi
%=M

p
. Hence, the den-

sity of modes is

&ð!Þ ¼
Z

d%&ð%Þ#ð!&!ð%ÞÞ( !2

!J2
; for ! ) J:

With the mean square displacement hx2i! ¼ 1=M!(
!=!, one predicts the spectral function to scale as
Að!Þ * &ð!Þhx2i! (!=J2 for ! & !. Thus, these quali-
tative arguments are seen to reproduce correctly the Ohmic
spectrum, its frequency range, and the !-independent
coefficient of the replica solution Eq. (8). This agreement
is rather nontrivial, given that both the mode density and
the kinetic energy of the soft modes do depend on !. We
are thus confident that the physical picture of a set of
gapless, underdamped collective harmonic oscillators is
indeed the correct interpretation of the low-energy excita-
tions in this quantum spin glass. It is interesting to note that
an analogous reasoning for spin glasses with metallic
background leads to a similar picture, although with over-
damped oscillators, and the spectral function growing as
Að!Þ ( j!j1=2, again in agreement with replica theory
[24,40]. This insight may serve as a starting point to
describe collective excitations in long but finite-range in-
teracting quantum Ising glasses [41].
Implications and conclusion.—The collective excita-

tions act as a bath with which local (single site) excitations
exchange energy. Such coupling to a bath of collective
modes is of particular importance for conduction or

FIG. 3 (color online). Opening of the linear pseudogap in the
distribution of frozen fields Pðy; 1Þ at T ¼ 0, progressively
deeper in the quantum glass (!=!c ! 0 from top to bottom;
values as in Fig. 2). The inset shows the rescaled distribution
Pðy ¼ z!Þ=! (solid lines), and the asymptotic scaling function
p̂ðzÞ (dashed line).
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dynamics at low frequencies !< ! and disappears in the
classical limit.

Physical interpretation.—We now interpret the exact
replica results with an effective potential approach [28].
Using the methods of Refs. [25,37], we construct the Gibbs
potentialG½m; C!" describing the free energy of the system
constrained to have a magnetization pattern fmig and
global autocorrelation function C! ¼ 1=N

P
ih"z

i ð!Þ"z
i ð0Þi

(at T ¼ 0):

G½m; C!" ¼
X

i

G0½mi; C!" &
X

i<j

Jijmimj

& 1

4
NJ2

Z 1

0
d!ðC! & qEAÞ2: (10)

Here qEA ¼ 1=N
P

im
2
i , and G0 is the free energy of a

single, constrained spin. The magnetization of the local
minima mi ¼ h"z

i i is computed self-consistently via
#G=#mi ¼ 0:

@G0

@mi

!!!!!!!!C
&
X

j

Jijmj þ J2mi$
0 ¼ 0; (11)

where $0 ¼ R1
0 d!ðC! & qEAÞ ¼ 1=N

P
i$i is the static

susceptibility. However, for the quantum problems,
Eq. (11) is not closed, since G0 depends on the global
autocorrelation function Cð!Þ, which has to be evaluated
self-consistently [25]. Since this exact formalism is too
involved to yield direct physical insight, we approximate
the static susceptibilities $i and the local functional G0

by those of single spins, whose magnetization mi is con-
strained by an auxiliary static field:

G0½mi" ¼ &!ð1&m2
i Þ1=2; "$i ¼

ð1&m2
i Þ3=2

!
: (12)

This approximation is similar but not identical to the
‘‘static approximation’’ employed in replica approaches

to quantum spin glasses [21]. It overestimates the suscep-
tibility to longitudinal fields, enhancing the stability of the
glass. However, this reproduces qualitatively the results of
the rigorous replica theory, furnishing a useful comple-
mentary physical picture.
Collective excitations in a local minimum are governed

by the curvature of the energy landscape, i.e., by the
Hessian

H ij ¼
#2G

#mi#mj
¼ &Jij þ

"
1

$i
þ J2h "$i

#
#ij;

where h "$ki ¼ 1=N
P

i "$
k
i The replica theory assures that the

glass phase is marginal. Here, this translates into a gapless
spectrum of eigenvalues of H ij, which requires that [38]

J2h "$2i ¼ 1: (13)

This is the natural analog of Eq. (7). Under this condition,
the density of eigenvalues of the Hessian % starts as a
semicircle
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'J3
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J2
; for % & ! ) J:

To establish the link with the spin spectral density
Eq. (8), we interpret the low-energy normal modes of H
as weakly interacting [39] harmonic oscillators with spring
constants %, and the effective mass scaling as M( 1=!;

thus, the eigenfrequency !ð%Þ ¼
ffiffiffiffiffiffiffiffiffiffiffi
%=M

p
. Hence, the den-

sity of modes is

&ð!Þ ¼
Z

d%&ð%Þ#ð!&!ð%ÞÞ( !2

!J2
; for ! ) J:

With the mean square displacement hx2i! ¼ 1=M!(
!=!, one predicts the spectral function to scale as
Að!Þ * &ð!Þhx2i! (!=J2 for ! & !. Thus, these quali-
tative arguments are seen to reproduce correctly the Ohmic
spectrum, its frequency range, and the !-independent
coefficient of the replica solution Eq. (8). This agreement
is rather nontrivial, given that both the mode density and
the kinetic energy of the soft modes do depend on !. We
are thus confident that the physical picture of a set of
gapless, underdamped collective harmonic oscillators is
indeed the correct interpretation of the low-energy excita-
tions in this quantum spin glass. It is interesting to note that
an analogous reasoning for spin glasses with metallic
background leads to a similar picture, although with over-
damped oscillators, and the spectral function growing as
Að!Þ ( j!j1=2, again in agreement with replica theory
[24,40]. This insight may serve as a starting point to
describe collective excitations in long but finite-range in-
teracting quantum Ising glasses [41].
Implications and conclusion.—The collective excita-

tions act as a bath with which local (single site) excitations
exchange energy. Such coupling to a bath of collective
modes is of particular importance for conduction or

FIG. 3 (color online). Opening of the linear pseudogap in the
distribution of frozen fields Pðy; 1Þ at T ¼ 0, progressively
deeper in the quantum glass (!=!c ! 0 from top to bottom;
values as in Fig. 2). The inset shows the rescaled distribution
Pðy ¼ z!Þ=! (solid lines), and the asymptotic scaling function
p̂ðzÞ (dashed line).
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Physical interpretation: [applies to ALL insulating meanfield glasses]

Marginally stable energy landscape 
Minima: gapless semicircular spectrum of Hessian
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dynamics at low frequencies !< ! and disappears in the
classical limit.

Physical interpretation.—We now interpret the exact
replica results with an effective potential approach [28].
Using the methods of Refs. [25,37], we construct the Gibbs
potentialG½m; C!" describing the free energy of the system
constrained to have a magnetization pattern fmig and
global autocorrelation function C! ¼ 1=N

P
ih"z

i ð!Þ"z
i ð0Þi

(at T ¼ 0):

G½m; C!" ¼
X

i

G0½mi; C!" &
X

i<j

Jijmimj

& 1

4
NJ2

Z 1

0
d!ðC! & qEAÞ2: (10)

Here qEA ¼ 1=N
P

im
2
i , and G0 is the free energy of a

single, constrained spin. The magnetization of the local
minima mi ¼ h"z

i i is computed self-consistently via
#G=#mi ¼ 0:

@G0

@mi

!!!!!!!!C
&
X

j

Jijmj þ J2mi$
0 ¼ 0; (11)

where $0 ¼ R1
0 d!ðC! & qEAÞ ¼ 1=N

P
i$i is the static

susceptibility. However, for the quantum problems,
Eq. (11) is not closed, since G0 depends on the global
autocorrelation function Cð!Þ, which has to be evaluated
self-consistently [25]. Since this exact formalism is too
involved to yield direct physical insight, we approximate
the static susceptibilities $i and the local functional G0

by those of single spins, whose magnetization mi is con-
strained by an auxiliary static field:

G0½mi" ¼ &!ð1&m2
i Þ1=2; "$i ¼

ð1&m2
i Þ3=2

!
: (12)

This approximation is similar but not identical to the
‘‘static approximation’’ employed in replica approaches

to quantum spin glasses [21]. It overestimates the suscep-
tibility to longitudinal fields, enhancing the stability of the
glass. However, this reproduces qualitatively the results of
the rigorous replica theory, furnishing a useful comple-
mentary physical picture.
Collective excitations in a local minimum are governed

by the curvature of the energy landscape, i.e., by the
Hessian

H ij ¼
#2G

#mi#mj
¼ &Jij þ

"
1

$i
þ J2h "$i

#
#ij;

where h "$ki ¼ 1=N
P

i "$
k
i The replica theory assures that the

glass phase is marginal. Here, this translates into a gapless
spectrum of eigenvalues of H ij, which requires that [38]

J2h "$2i ¼ 1: (13)

This is the natural analog of Eq. (7). Under this condition,
the density of eigenvalues of the Hessian % starts as a
semicircle

&ð%Þ ¼
ffiffiffiffi
%

p

'J3
ffiffiffiffiffiffiffiffiffi
h "$3i

p (
ffiffiffiffiffiffiffi
%!

p

J2
; for % & ! ) J:

To establish the link with the spin spectral density
Eq. (8), we interpret the low-energy normal modes of H
as weakly interacting [39] harmonic oscillators with spring
constants %, and the effective mass scaling as M( 1=!;

thus, the eigenfrequency !ð%Þ ¼
ffiffiffiffiffiffiffiffiffiffiffi
%=M

p
. Hence, the den-

sity of modes is

&ð!Þ ¼
Z

d%&ð%Þ#ð!&!ð%ÞÞ( !2

!J2
; for ! ) J:

With the mean square displacement hx2i! ¼ 1=M!(
!=!, one predicts the spectral function to scale as
Að!Þ * &ð!Þhx2i! (!=J2 for ! & !. Thus, these quali-
tative arguments are seen to reproduce correctly the Ohmic
spectrum, its frequency range, and the !-independent
coefficient of the replica solution Eq. (8). This agreement
is rather nontrivial, given that both the mode density and
the kinetic energy of the soft modes do depend on !. We
are thus confident that the physical picture of a set of
gapless, underdamped collective harmonic oscillators is
indeed the correct interpretation of the low-energy excita-
tions in this quantum spin glass. It is interesting to note that
an analogous reasoning for spin glasses with metallic
background leads to a similar picture, although with over-
damped oscillators, and the spectral function growing as
Að!Þ ( j!j1=2, again in agreement with replica theory
[24,40]. This insight may serve as a starting point to
describe collective excitations in long but finite-range in-
teracting quantum Ising glasses [41].
Implications and conclusion.—The collective excita-

tions act as a bath with which local (single site) excitations
exchange energy. Such coupling to a bath of collective
modes is of particular importance for conduction or

FIG. 3 (color online). Opening of the linear pseudogap in the
distribution of frozen fields Pðy; 1Þ at T ¼ 0, progressively
deeper in the quantum glass (!=!c ! 0 from top to bottom;
values as in Fig. 2). The inset shows the rescaled distribution
Pðy ¼ z!Þ=! (solid lines), and the asymptotic scaling function
p̂ðzÞ (dashed line).
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dynamics at low frequencies !< ! and disappears in the
classical limit.

Physical interpretation.—We now interpret the exact
replica results with an effective potential approach [28].
Using the methods of Refs. [25,37], we construct the Gibbs
potentialG½m; C!" describing the free energy of the system
constrained to have a magnetization pattern fmig and
global autocorrelation function C! ¼ 1=N

P
ih"z

i ð!Þ"z
i ð0Þi

(at T ¼ 0):

G½m; C!" ¼
X

i

G0½mi; C!" &
X

i<j

Jijmimj

& 1

4
NJ2

Z 1

0
d!ðC! & qEAÞ2: (10)

Here qEA ¼ 1=N
P

im
2
i , and G0 is the free energy of a

single, constrained spin. The magnetization of the local
minima mi ¼ h"z

i i is computed self-consistently via
#G=#mi ¼ 0:

@G0

@mi

!!!!!!!!C
&
X

j

Jijmj þ J2mi$
0 ¼ 0; (11)

where $0 ¼ R1
0 d!ðC! & qEAÞ ¼ 1=N

P
i$i is the static

susceptibility. However, for the quantum problems,
Eq. (11) is not closed, since G0 depends on the global
autocorrelation function Cð!Þ, which has to be evaluated
self-consistently [25]. Since this exact formalism is too
involved to yield direct physical insight, we approximate
the static susceptibilities $i and the local functional G0

by those of single spins, whose magnetization mi is con-
strained by an auxiliary static field:

G0½mi" ¼ &!ð1&m2
i Þ1=2; "$i ¼

ð1&m2
i Þ3=2

!
: (12)

This approximation is similar but not identical to the
‘‘static approximation’’ employed in replica approaches

to quantum spin glasses [21]. It overestimates the suscep-
tibility to longitudinal fields, enhancing the stability of the
glass. However, this reproduces qualitatively the results of
the rigorous replica theory, furnishing a useful comple-
mentary physical picture.
Collective excitations in a local minimum are governed

by the curvature of the energy landscape, i.e., by the
Hessian

H ij ¼
#2G

#mi#mj
¼ &Jij þ

"
1

$i
þ J2h "$i

#
#ij;

where h "$ki ¼ 1=N
P

i "$
k
i The replica theory assures that the

glass phase is marginal. Here, this translates into a gapless
spectrum of eigenvalues of H ij, which requires that [38]

J2h "$2i ¼ 1: (13)

This is the natural analog of Eq. (7). Under this condition,
the density of eigenvalues of the Hessian % starts as a
semicircle

&ð%Þ ¼
ffiffiffiffi
%

p

'J3
ffiffiffiffiffiffiffiffiffi
h "$3i

p (
ffiffiffiffiffiffiffi
%!

p

J2
; for % & ! ) J:

To establish the link with the spin spectral density
Eq. (8), we interpret the low-energy normal modes of H
as weakly interacting [39] harmonic oscillators with spring
constants %, and the effective mass scaling as M( 1=!;

thus, the eigenfrequency !ð%Þ ¼
ffiffiffiffiffiffiffiffiffiffiffi
%=M

p
. Hence, the den-

sity of modes is

&ð!Þ ¼
Z

d%&ð%Þ#ð!&!ð%ÞÞ( !2

!J2
; for ! ) J:

With the mean square displacement hx2i! ¼ 1=M!(
!=!, one predicts the spectral function to scale as
Að!Þ * &ð!Þhx2i! (!=J2 for ! & !. Thus, these quali-
tative arguments are seen to reproduce correctly the Ohmic
spectrum, its frequency range, and the !-independent
coefficient of the replica solution Eq. (8). This agreement
is rather nontrivial, given that both the mode density and
the kinetic energy of the soft modes do depend on !. We
are thus confident that the physical picture of a set of
gapless, underdamped collective harmonic oscillators is
indeed the correct interpretation of the low-energy excita-
tions in this quantum spin glass. It is interesting to note that
an analogous reasoning for spin glasses with metallic
background leads to a similar picture, although with over-
damped oscillators, and the spectral function growing as
Að!Þ ( j!j1=2, again in agreement with replica theory
[24,40]. This insight may serve as a starting point to
describe collective excitations in long but finite-range in-
teracting quantum Ising glasses [41].
Implications and conclusion.—The collective excita-

tions act as a bath with which local (single site) excitations
exchange energy. Such coupling to a bath of collective
modes is of particular importance for conduction or

FIG. 3 (color online). Opening of the linear pseudogap in the
distribution of frozen fields Pðy; 1Þ at T ¼ 0, progressively
deeper in the quantum glass (!=!c ! 0 from top to bottom;
values as in Fig. 2). The inset shows the rescaled distribution
Pðy ¼ z!Þ=! (solid lines), and the asymptotic scaling function
p̂ðzÞ (dashed line).
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dynamics at low frequencies !< ! and disappears in the
classical limit.

Physical interpretation.—We now interpret the exact
replica results with an effective potential approach [28].
Using the methods of Refs. [25,37], we construct the Gibbs
potentialG½m; C!" describing the free energy of the system
constrained to have a magnetization pattern fmig and
global autocorrelation function C! ¼ 1=N

P
ih"z

i ð!Þ"z
i ð0Þi

(at T ¼ 0):

G½m; C!" ¼
X

i

G0½mi; C!" &
X

i<j

Jijmimj

& 1

4
NJ2

Z 1

0
d!ðC! & qEAÞ2: (10)

Here qEA ¼ 1=N
P

im
2
i , and G0 is the free energy of a

single, constrained spin. The magnetization of the local
minima mi ¼ h"z

i i is computed self-consistently via
#G=#mi ¼ 0:

@G0

@mi

!!!!!!!!C
&
X

j

Jijmj þ J2mi$
0 ¼ 0; (11)

where $0 ¼ R1
0 d!ðC! & qEAÞ ¼ 1=N

P
i$i is the static

susceptibility. However, for the quantum problems,
Eq. (11) is not closed, since G0 depends on the global
autocorrelation function Cð!Þ, which has to be evaluated
self-consistently [25]. Since this exact formalism is too
involved to yield direct physical insight, we approximate
the static susceptibilities $i and the local functional G0

by those of single spins, whose magnetization mi is con-
strained by an auxiliary static field:

G0½mi" ¼ &!ð1&m2
i Þ1=2; "$i ¼

ð1&m2
i Þ3=2

!
: (12)

This approximation is similar but not identical to the
‘‘static approximation’’ employed in replica approaches

to quantum spin glasses [21]. It overestimates the suscep-
tibility to longitudinal fields, enhancing the stability of the
glass. However, this reproduces qualitatively the results of
the rigorous replica theory, furnishing a useful comple-
mentary physical picture.
Collective excitations in a local minimum are governed

by the curvature of the energy landscape, i.e., by the
Hessian

H ij ¼
#2G

#mi#mj
¼ &Jij þ

"
1

$i
þ J2h "$i

#
#ij;

where h "$ki ¼ 1=N
P

i "$
k
i The replica theory assures that the

glass phase is marginal. Here, this translates into a gapless
spectrum of eigenvalues of H ij, which requires that [38]

J2h "$2i ¼ 1: (13)

This is the natural analog of Eq. (7). Under this condition,
the density of eigenvalues of the Hessian % starts as a
semicircle

&ð%Þ ¼
ffiffiffiffi
%

p

'J3
ffiffiffiffiffiffiffiffiffi
h "$3i

p (
ffiffiffiffiffiffiffi
%!

p

J2
; for % & ! ) J:

To establish the link with the spin spectral density
Eq. (8), we interpret the low-energy normal modes of H
as weakly interacting [39] harmonic oscillators with spring
constants %, and the effective mass scaling as M( 1=!;

thus, the eigenfrequency !ð%Þ ¼
ffiffiffiffiffiffiffiffiffiffiffi
%=M

p
. Hence, the den-

sity of modes is

&ð!Þ ¼
Z

d%&ð%Þ#ð!&!ð%ÞÞ( !2

!J2
; for ! ) J:

With the mean square displacement hx2i! ¼ 1=M!(
!=!, one predicts the spectral function to scale as
Að!Þ * &ð!Þhx2i! (!=J2 for ! & !. Thus, these quali-
tative arguments are seen to reproduce correctly the Ohmic
spectrum, its frequency range, and the !-independent
coefficient of the replica solution Eq. (8). This agreement
is rather nontrivial, given that both the mode density and
the kinetic energy of the soft modes do depend on !. We
are thus confident that the physical picture of a set of
gapless, underdamped collective harmonic oscillators is
indeed the correct interpretation of the low-energy excita-
tions in this quantum spin glass. It is interesting to note that
an analogous reasoning for spin glasses with metallic
background leads to a similar picture, although with over-
damped oscillators, and the spectral function growing as
Að!Þ ( j!j1=2, again in agreement with replica theory
[24,40]. This insight may serve as a starting point to
describe collective excitations in long but finite-range in-
teracting quantum Ising glasses [41].
Implications and conclusion.—The collective excita-

tions act as a bath with which local (single site) excitations
exchange energy. Such coupling to a bath of collective
modes is of particular importance for conduction or

FIG. 3 (color online). Opening of the linear pseudogap in the
distribution of frozen fields Pðy; 1Þ at T ¼ 0, progressively
deeper in the quantum glass (!=!c ! 0 from top to bottom;
values as in Fig. 2). The inset shows the rescaled distribution
Pðy ¼ z!Þ=! (solid lines), and the asymptotic scaling function
p̂ðzÞ (dashed line).
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dynamics at low frequencies !< ! and disappears in the
classical limit.

Physical interpretation.—We now interpret the exact
replica results with an effective potential approach [28].
Using the methods of Refs. [25,37], we construct the Gibbs
potentialG½m; C!" describing the free energy of the system
constrained to have a magnetization pattern fmig and
global autocorrelation function C! ¼ 1=N

P
ih"z

i ð!Þ"z
i ð0Þi

(at T ¼ 0):

G½m; C!" ¼
X

i

G0½mi; C!" &
X

i<j

Jijmimj

& 1

4
NJ2

Z 1

0
d!ðC! & qEAÞ2: (10)

Here qEA ¼ 1=N
P

im
2
i , and G0 is the free energy of a

single, constrained spin. The magnetization of the local
minima mi ¼ h"z

i i is computed self-consistently via
#G=#mi ¼ 0:

@G0

@mi

!!!!!!!!C
&
X

j

Jijmj þ J2mi$
0 ¼ 0; (11)

where $0 ¼ R1
0 d!ðC! & qEAÞ ¼ 1=N

P
i$i is the static

susceptibility. However, for the quantum problems,
Eq. (11) is not closed, since G0 depends on the global
autocorrelation function Cð!Þ, which has to be evaluated
self-consistently [25]. Since this exact formalism is too
involved to yield direct physical insight, we approximate
the static susceptibilities $i and the local functional G0

by those of single spins, whose magnetization mi is con-
strained by an auxiliary static field:

G0½mi" ¼ &!ð1&m2
i Þ1=2; "$i ¼

ð1&m2
i Þ3=2

!
: (12)

This approximation is similar but not identical to the
‘‘static approximation’’ employed in replica approaches

to quantum spin glasses [21]. It overestimates the suscep-
tibility to longitudinal fields, enhancing the stability of the
glass. However, this reproduces qualitatively the results of
the rigorous replica theory, furnishing a useful comple-
mentary physical picture.
Collective excitations in a local minimum are governed

by the curvature of the energy landscape, i.e., by the
Hessian

H ij ¼
#2G

#mi#mj
¼ &Jij þ

"
1

$i
þ J2h "$i

#
#ij;

where h "$ki ¼ 1=N
P

i "$
k
i The replica theory assures that the

glass phase is marginal. Here, this translates into a gapless
spectrum of eigenvalues of H ij, which requires that [38]

J2h "$2i ¼ 1: (13)

This is the natural analog of Eq. (7). Under this condition,
the density of eigenvalues of the Hessian % starts as a
semicircle

&ð%Þ ¼
ffiffiffiffi
%

p

'J3
ffiffiffiffiffiffiffiffiffi
h "$3i

p (
ffiffiffiffiffiffiffi
%!

p

J2
; for % & ! ) J:

To establish the link with the spin spectral density
Eq. (8), we interpret the low-energy normal modes of H
as weakly interacting [39] harmonic oscillators with spring
constants %, and the effective mass scaling as M( 1=!;

thus, the eigenfrequency !ð%Þ ¼
ffiffiffiffiffiffiffiffiffiffiffi
%=M

p
. Hence, the den-

sity of modes is

&ð!Þ ¼
Z

d%&ð%Þ#ð!&!ð%ÞÞ( !2

!J2
; for ! ) J:

With the mean square displacement hx2i! ¼ 1=M!(
!=!, one predicts the spectral function to scale as
Að!Þ * &ð!Þhx2i! (!=J2 for ! & !. Thus, these quali-
tative arguments are seen to reproduce correctly the Ohmic
spectrum, its frequency range, and the !-independent
coefficient of the replica solution Eq. (8). This agreement
is rather nontrivial, given that both the mode density and
the kinetic energy of the soft modes do depend on !. We
are thus confident that the physical picture of a set of
gapless, underdamped collective harmonic oscillators is
indeed the correct interpretation of the low-energy excita-
tions in this quantum spin glass. It is interesting to note that
an analogous reasoning for spin glasses with metallic
background leads to a similar picture, although with over-
damped oscillators, and the spectral function growing as
Að!Þ ( j!j1=2, again in agreement with replica theory
[24,40]. This insight may serve as a starting point to
describe collective excitations in long but finite-range in-
teracting quantum Ising glasses [41].
Implications and conclusion.—The collective excita-

tions act as a bath with which local (single site) excitations
exchange energy. Such coupling to a bath of collective
modes is of particular importance for conduction or

FIG. 3 (color online). Opening of the linear pseudogap in the
distribution of frozen fields Pðy; 1Þ at T ¼ 0, progressively
deeper in the quantum glass (!=!c ! 0 from top to bottom;
values as in Fig. 2). The inset shows the rescaled distribution
Pðy ¼ z!Þ=! (solid lines), and the asymptotic scaling function
p̂ðzÞ (dashed line).
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A. Kiss, G.Zarand, I. Lovas, PRB 109, 024431 (‘24)

• Spectral function independent of small ℎ% ≡ Γ

Solution combining RSB and DMFT



Quantum Ising spin glass: spectral function, soft modes

Page 81

• Spectral function independent of small ℎ% ≡ Γ
• Paramagnet ℎ% > ℎ$ : gap!
• Glass phase : marginal → everywhere gapless

Substantial spectral transfer to low 𝜔

Solution combining RSB and DMFT
A. Kiss, G.Zarand, I. Lovas, PRB 109, 024431 (‘24)
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at equal couplings Jij



Open challenge
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Slow T-dependence of dynamics?

©©

©

© ©

• Mode coupling and dissipation?? 

• Effective friction induced by finite 
mode occupation??

(T)

©

Very slow creep toward 𝜃!"# = 2

Similar as in the quantum Ising (SK)
mean field glass!

??



Melting the quantum spin glass at T = 0 ? 
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SYK’s marginal Fermi liquid from 
comes back -

but via a different mechanism



Melting the quantum spin glass: doping 

Page 86

Doped Mott insulator:

Explicit spin-spin interaction 
added (on top of exchange)

Solve again with selfconsistent mean field method + RSB.

Previous work in the paramagnet:  non Fermi liquid, 
Planckian relaxation and           close to Q-glass transition!  
Dumitrescu, Wentzell, Georges, Parcollet PRB ‘22
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Doped Mott insulator:

• Doping p>pc= 0.19 melts the glass



Melting the quantum spin glass: doping 
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Doped Mott insulator:

• Doping p>pc= 0.19 melts the glass
• p>0 introduces a Fermi surface →

metallic spin glass



Melting the quantum spin glass: doping 
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Doped Mott insulator:

• Doping p>pc= 0.19 melts the glass
• p>0 introduces a Fermi surface →

metallic spin glass
• Landau theory // picture of 

Ohmically overdamped random 
spin waves both would suggest

i.e.,  𝜃 = 3/2.
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Melting the quantum spin glass: doping 
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Doped Mott insulator:

• Doping p>pc= 0.19 melts the glass
• p>0 introduces a Fermi surface →

metallic spin glass
• Landau theory // picture of 

Ohmically overdamped random 
spin waves both would suggest

i.e.,  𝜃 = 3/2.
• Instead, we find ! 

Yet slower dynamics!
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→ Non-Ohmic friction from a 
non-Fermi liquid ??
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Self-consistent super-Ohmic bath of oscillators
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Could spin waves constitute a dissipative bath for themselves?
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Effective friction of bath of oscillators on given 
oscillator  (coupling prop. to doping p [?])

Conjectured scenario for entire metallic glass phase: 
MM, unpublished
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<latexit sha1_base64="vPMuj1rY4ut8j05W4DLQYtsejgk="></latexit>

⌘! ⌘ �00(!)

!
⇠ !✓�2

<latexit sha1_base64="YvOSVUKf0DIFCRqm/Fmi2SWEAV4="></latexit>

⇢(�) ⇠ �1/2 ! ⇢(!) ⇠ !3/2(✓�1)�1

<latexit sha1_base64="ziEkiVVwga99z2hKhybu6PXGSNc="></latexit>

�!hx2i!,typ ⇠ ~! ! hx2i!,typ ⇠ 1

!✓�2

Typical frequency

Mode density

Typical displacement

<latexit sha1_base64="Y679FLkQ31b9qBQIqUwQcqMKT/k="></latexit>
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Effective friction of bath of oscillators on given 
oscillator  (coupling prop. to doping p [?])
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Open questions

Page 95

Already at mean field level open questions remain:

• origin of finite T spectral function, creeping of
• verification of self-consistently overdamped 

oscillators 

Even more so in real space:

Collective spin waves:
• Spectral density and spatial structure
• Effect on conductivity (R(T) linear in T?)
... 
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Wir schaffen Wissen – heute für morgen

Summary

• Solution of MF Heisenberg glass:
    high precision RSB + CT-QMC
• Rougher landscape than Ising

glasses: vector spins feature large 
avalanches upon perturbation

• Dynamics and CV evolve slowly 
(with T→0) to super-universal 
independent random spin waves

• Doping toward quantum melting:
unexpectedly slow dynamics;
fermions become non-Fermi liquid


