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Abstract: We determine the low-energy spectrum and Parisi replica symmetry breaking function for the spin glass phase of the quantum Ising model
with infinite-range random exchange interactions and transverse and longitudina (h) fields. We show that, for al h, the spin glass state has full
replica symmetry breaking, and the local spin spectrum is gapless with a spectral density which vanishes linearly with frequency. These results are
obtained using an action functional - argued to yield exact results at low frequencies - that expands in powers of a spin glass order parameter, which
isbilocal in time, and a matrix in replica space. We also present the exact solution of the infinite-range spherical quantum p-rotor model at nonzero

h: here, the spin glass state has one-step replica symmetry breaking, and gaplessness only appears after imposition of an additional marginal stability
condition.
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Research summary

1. High energy theory (Steklov Mathematical Institute, Russia)
2. Sachdev-Ye, random t-J models and quantum chaos (Harvard)
3. Random quantum circuits (KITP)

4. Quantum spin glasses (Harvard)
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Outline

|. Introduction and motivation

Il. Overview of the method to obtain a solution

Ill. Results: quantum Ising and p=3 — rotor models

V. Conclusion and outlook
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Spin glass - definition

Spin glass — magnetic state with randomness and
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Spin glass - definition

Spin glass — magnetic state with randomness and
(free) energy frustration (mixture of non-magnetic host metal and

1 small fraction of magnetic atoms)
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Spin glass - definition

Spin glass — magnetic state with randomness and
frustration (mixture of non-magnetic host metal and
small fraction of magnetic atoms)

Low T: spins freeze in a complicated, random
configuration

configuration

e/ QAEm®O
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Slow dynamics: autocorrelation function (C(t,t’))
saturates to a constant value at sufficiently long
timescales
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Spin glass - definition
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Cugliandolo, Lozano, PRB 59,2 (1999) , U. Kamber et al, Science 368, 6494 (2020)

Spin glass — magnetic state with randomness and
frustration (mixture of non-magnetic host metal and
small fraction of magnetic atoms)

Low T: spins freeze in a complicated, random
configuration

Slow dynamics: autocorrelation function (C(t,t’))
saturates to a constant value at sufficiently long
timescales
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Spin glass - definition
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Why are spin glasses interesting?

* (Potential) region in the phase diagram of cuprates
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M. Frachet et al, Natérd BhSSks 16, 1064-1068 (2020)
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Why are spin glasses interesting?

* (Potential) region in the phase diagram of cuprates

» Key features due to disorder and frustration: long relaxation times, a
rough energy landscape

* Mechanism for spin glass order in finite dimension is poorly understood

k
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Why are spin glasses interesting?

* (Potential) region in the phase diagram of cuprates

» Key features due to disorder and frustration: long relaxation times, a
rough energy landscape

* Mechanism for spin glass order in finite dimension is poorly understood

* [t is an NP-hard problem —in a class of combinatorial optimization
problems
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Why are spin glasses interesting?

* (Potential) region in the phase diagram of cuprates

» Key features due to disorder and frustration: long relaxation times, a
rough energy landscape

* Mechanism for spin glasses in finite dimension is poorly understood

* It is an NP-hard problem —in a class of combinatorial optimization
problems

O/ QABNOO
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Why are spin glasses interesting?

* Tightly connected to the optimization problem

Interaction: —J,,;ngSj couplings are random

Find the ground state?
NP-hard problem
configurations of N spins === (very hard to solve on a classical
computer)

2N

Marc Mezard “Spin glasses and optimization in . )
complex systems” (2022) Is there a quantum algorithm that solves it faster?

O/ Aamnm®O
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Why are spin glasses interesting?

* Tightly connected to the optimization problem

Interaction: —J(,;jS?;Sj couplings are random

Find the ground state?

With current impressive capabilities of quantum simulators such as Rydberg platforms,
the solution of this problem becomes feasible!

S. Ebadi, A. Keesling, M. Cain et al, Science 376, 1209 (2022)
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Approaches to study spin glasses

* Deep learning [e.g. Andriushchenko et al, Entropy (Basel). 2022 May;
24(5): 697]

* Monte Carlo method [the most used one, although inefficient since
one needs to generate many states to achieve equilibrium]

* Theory: large-N expansion, Schwinger-Keldysh (out-of-equilibrium),
replica symmetry breaking (equilibrium), droplet model etc

irsa: 23110088 Page 17/55



T
Replica trick

Replica symmetry breaking (RSB) and the order parameter

: [ 1 .
Used to evaluat'e free energy of a system with quenched log Z = lim = log Z"
and annealed disorder: n—0 1
n -> promote to be an integer number, then 7n — /fol ...Dao, e—BH(01,J)-—BH (on,J)

We replicated the system n times = take n->0 limit

Evaluating this free energy is much simpler than the original expression. However, replica trick does not always work...
(one, in principle, needs to check whether the obtained solution is stable)

Review: arXiv: 0505032 [cond-mat]
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T
Replica trick

Replica symmetry breaking (RSB) and the order parameter

Used to evaluate free energy of a system with quenched W e l log 7n
and annealed disorder: n—0 7

Order parameter for disordered magnetic systems — Edward-Anderson (EA) order parameter

Review: arXiv: 0505032 [cond-mat]
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Example: p-rotor model

Model of p spins interacting with each other according to
N

N
H = — Z Jz'l...ipgég o2 Oj p > i with constraint Z Uz'g =N

’Z'1>"'>(E'p:]- ’i:].

Average over disorder (annealed):

— NP
Z = /DO‘ / H dJijk €exXp [—J%kF + J?;jkﬂO'iO'jO'k:| —

i<j<k

[ oo s (27) |-

exp [Nﬁ:] Q,

O/ QAN O
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Example: p-rotor model

Model of p spins interacting with each other according to

H=- Z Ju..5,08 - O3, p>3 with constraint Z gi=N

i1>...>ip:1
Average over disorder (quenched):

Zn —/Da r /djﬁjk exp[ mk —!—Jwﬂza ] =
82})' - a b a b
/Da Hexp 4NP 120 akak

17k

[ Dot exp |4Np 12(20 ) ]
ccmuien
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Example: p-rotor model

p
7 a /62 & = a s 1 b
" = /DU%- exp !4N’P—1 Z Zai Jf Overlap Qab = N Zafori

ab 7 i
Introduce: 1= /anb 0 (NQa,b — Zofo'?)

ﬁ: fDQGbDAabDU? .
B°N

Obtain: © €Xp [ 4 Zng +NZ)\aanb - ZZO_?AGIJU:'J] =
ab ab

') ab

[= /DQab DAy, exp [-N S(Q, \)] ]

O/ AEmBmOO
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Example: p-rotor model

Obtained: Zn :fDQab DAgp exp [—N S(Qa)\)]

3 1
where S(Q: )\) = —Z g sz — ; Aap&lan + 5 log det@)‘ab)

Use saddle point (steepest descent) method to solve!

. L |5 _q _
F=lim ——— [2§Qib+ log detQab] and () = = = gb + (Q 1)ab

n—0 20n
/7

Set of self-consistent equations to determine Q

O/ AEmBmOO

irsa: 23110088 Page 23/55



e
Outline

|. Introduction and motivation

Il. Overview of the method to obtain a solution

[ lll. Results: quantum Ising and p=3 — rotor models }

V. Conclusion and outlook

C/QAmEPO
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Spin glass - definition
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saturates to a constant value at sufficiently long
timescales

"uglip."ldﬁln lnzsﬂ’: PRB 52 2 (1999) , U. Kamber et al, Science 368, 6494 (2020)
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Spin glass - definition
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Example: p-rotor model

Model of p spins interacting with each other according to
N

: : 2
H=- Z Jz-l___?;pail o O p>3 with constraint Z o;°=N

11>...>1p=1 §=1
Average over disorder (quenched):

NP
Zn—/Da r /dJ%,k exp[ J”kp —I—J@JkﬂZa ] —
2l B
/Da Hexp 4}5\/5120(1 Ot bakak

17k

[ Dot exp [W 12(20 ) ]
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Example: p-rotor model

7n 1 a b
7n — /Dai exp [4N — Z (Za o‘b) ] Overlap L) = N Zai o;
Introduce: 1= fdQ“b ) (NQab - Zo—ggf)

Zn = fDQab DA,y Doy -

Obtain: © €Xp [_Qj'\i Z Q ab = NZ )\aanb - Z Z O-a)\abo- ] =

1 ab

[= /DQab Dy, exp[—N S(Q, \)] ]
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Example: p-rotor model

Model of p spins interacting with each other according to
N

N
H=— Z Jz-l___z-paz-l o 8 P23 with constraint Z 0',32 =N

zl>--->@p:1 ,i:]_

Average over disorder (annealed):

— NP
7z = /DO‘ / H dJijk €exXp [—Jékg + J?;jkﬂO'inO‘k:| —

i<j<k

foronli ()] -

exp [Nig] 2
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Example: p-rotor model

Model of p spins interacting with each other according to
N

: ; 2
H=-— Z Jz-l___,;pail e O p>3 with constraint Z o;°"=N

B =1 ' i=1
Average over disorder (quenched):

Zn —/Da r ,/djﬁjk exp[ zjk —I—J@JkﬂZa ] =
52}3' - a b a b
/Da Hexp 4NP 120 akak

17k

[ Dot exp [W lz(za ) ]
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Example: p-rotor model

7n 1 a_b
AL /Dai exp !4N = Z (Z gagb) ] Overlap Qab = N ZU%. o;
Introduce: 1= ]anb ) (NQab — Zoﬁ"qf)

ﬁ: /-DQa,b D)\a,b .DO'? ’

4NZQ +NZ)\aanb_ZZUG)\abU] =
ab

i ab

Obtain: . exp [ﬁ

[: / DQub DAgy exp[—N S(Q,N)] ]
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Example: p-rotor model

Obtained: Zn :/DQab DAup exp [—N S(Qa)\)]
2
1
where S(Q: )\) = —Z ; sz - ; Aab@ab + 5 log det(Q)‘ab)

Use saddle point (steepest descent) method to solve!

, 1 | g2 = .
F =1lim ——— |:2 ;Qib + log detQab] and 0 — — — gb = (Q )a,b

n—0 20n
/7

Set of self-consistent equations to determine Q

O/ QAEBmOO
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Outline

|. Introduction and motivation

1l. Overview of the method to obtain a solution

[ lll. Results: quantum Ising and p=3 — rotor models }

V. Conclusion and outlook
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Quantum Ising spin glass in a field

The model: H = Z Jz’sz'Zj — g X; — hZZZ'

71

N JZ ; " :
J -
P(Jij) X exp [_ > T2 Laser-induced Rabi flipping Laser detuning

C/QAmIEPO
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Quantum Ising spin glass in a field

The model: H = Z JijZiZj — (g X; — hZZZ

71

2
P(Jij) X exp [_ E ﬁ] Laser-induced Rabi flipping Laser detuning

2 J?

Not that many results with finite field

e/ AEmEmOO
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Quantum Ising spin glass in a field

The model: H = Z Jijdidj — QZ X; — hZ Z;
1 2

1<J

1
Bilocal field: Qup(T1,72) = — ZZm(ﬁ)Z?:b(Tz)

Equilibrium: Qgy(71,72) = E Qap (i) e (11— 72)
Assume ; Qr(?:un,) + BqE A0y, 0, a =
i) = .
ansatz: Qat(i7n) { BGap0u,, 0, a#b

arXiv: 2309.03255
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Quantum Ising spin glassinafield Rk #0

. _ QT‘(ZVH) T BQEA(sun 09
Qav(ivn) = { BGabdu,, 0,

L

Structure of the order parameter
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Quantum Ising spin glass in a field

Phase diagram
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Quantum Ising spin glass in a field

. _ Q'r (ZVn) g /GQEAaun,Oa
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Structure of the order parameter
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Quantum Ising spin glass in a field

Phase diagram
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Landau theory. r-parameter that tunes across the SG phase transition
N. Read, S. Sachdev, and J. Ye, Phys. Rev. B 52, 384 (1995)
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p=3 — rotor model

e/ QAN O
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Quantum p>2-rotor model in a field

] The model: ]
B
Z0.,) = [ Doir) e |- [ ar (iq(ﬂd@-(r)f > Jil...ipoh(fr)...oip(r)—hZ_aﬁ-(fr))

29 11 << <%p 1
N T . -1.J2
Spherical Distribution P(Ji i) ex NP=2Ji, i,
. , = B4 vat P |-
constraint Zl oi(7) oi(7) = N of couplings o ot J?
1=

Use replica trick

O/ QAEN® O
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Quantum p>2-rotor model in a field

The model:

— .
Z[Jil___ip]:/Doi('r) exp —/0 dr (%0 (1)o Z T a0y (T) — hZo ]

g 11 <...<ip
N o 1.J2 .
Spherical Distribution  p; o exp | N Ty
- : = i1 p
constraint Z oi(r) oi(r) = N of couplings (i) pl  J?

1= % Z Qaa(wn):

Self-consistent 72
equations Bab(r) = o Qa7

L3

QQ;bl (wn) = 5ab(w121 + X) — Xgp(wn) — ﬁhzgéwn,(l:
/AN O
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Quantum Ising spin glassinafield Rk #0

. . QT(?{Vn) T BQEA(sun 09
Qav(ivn) = { BGab0u,, 0,

Structure of the order parameter
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Quantum Ising spin glassinafield Rk #0

. . QT(?{Vn) T BQEA(sun 09
Qav(ivn) = { BGab0u,, 0,

Structure of the order parameter
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Quantum Ising spin glass in a field

Phase diagram
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Landau theory. r-parameter that tunes across the SG phase transition
N. Read, S. Sachdev, and J. Ye, Phys. Rev. B 52, 384 (1995)
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Quantum p>2-rotor model in a field

The model:

=

p -
Z[Jil___ip]:fDoi(T) exp —/0 dr (zlo (1)o Z i1.ip 0y (T) -0y (T) — hZa ]

g 11<...<ip
N « 4o . 1 J2 .
Spherical Distribution P(Ji ) ex NPTy
: . — i1...8 P
constraint Z ai(r)oilT) =N of couplings B pl  J?

1= % Z Qaa(wn):

Self-consistent 72
equations Bab(r) = o= Qa7

L

QQ;bl (wn) = 5ab(w121 + X) — gp(wn) — 5h295wm03
/AN O
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Replica-symmetric solution .,

Take replica symmetric ansatz:

Qab(wn) = ﬁqéwn,ﬂ + Qr(wn)éab

Equations in real time:
g Z(w)
™ (28(w))? + (—w? + X — Zh(w))?’

p(w) =

$(w) = 3rg. (qp(w) 42 /0 " gl

400 " _ "
() = 2 / dv V5 (v) — w3y (w)
0

T v2 — )2 ;

+00
= q+/ duwp(w),
e/ @m0

)
3
g

QU

w1)) ;

0.2

I

"5 -4 -3 —2 -1 0
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Replica-symmetric solution .-

Take replica symmetric ansatz:

Qab(wn) _— ﬁqéwn,{) i i Qr(wn)(sab

Equations in real time:
EH
g r@)
™ (Z8(w))? + (—w? + X — Z(w))?

z%w:&mﬂ(gm»+§ﬂﬂwmmMMw—mQ,

-5 -4-3-2-10 1 2 3 4 5

p(w) =

T g AL S RS

sy =2 [ A0 )
' 0 T v? —w? 0.1
3 —~ .
0= 3977, N
go + g2h2 ~0.1
TR-Zw=0PF 02

+oo —03} . -

1:q+/ dwp(w), 5 -4-3-2-10 1 2 3 4 5

0
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Replica symmetry breaking solution

Structure of the order parameter Spectral function

Wi

A : : I _
Q'1 ____________ {u: //\
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. . /
: . | /
q0 : —0.1} | /
; ; 02} 9=1
. . y —_ g — 2
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4 0.3 o
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~ 2 |
h # 0 40 gapless in the RSB phase!
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Replica symmetry breaking solution

Structure of the order parameter Spectral function
h—
A : : | g
- - A
’ - 0.1} _ 1
q(u) : : - , L

: . —0.1}
qo ; : _ - /
: " 0.2} ' g=1
. . 5 —g=2
£ - — o

> 0.3 —
O L u ]_ i =3 -1 0 1 2 3 4 5 i
~ h? |
h # 0 40 gapless in the RSB phase!
Qo 7/ 'TBEQ O
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Phase diagram

RSB solution occupies a large region of the phase diagram

1 , ' ;
- 1 1 L
0.8+ = h =0.96
+ h = 0.69 08
0.6 h =046 |1 d
& T s h=0.2 ==
0.4+ | _
0.6+
0.2
0.4}
0k .
0 1 2 3
g 0 1 5 3
(k
e/ QA:mm®O g
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Conclusion

* The quantum Ising spin glass in an external longitudinal field has a spin
glass phase

* Inside the spin glass phase, the spectral functions are gapless

e p-rotor model in a field exhibit RSB phase and occupies a large region of
the phase diagram
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Future directions

1. Study out-of-equilibrium dynamics of spin glasses (quantum and
classical) to find relation to order parameter structure

2. Find parameter regimes and study specific models for experimental
setups

3. Other glassy models: explore dynamics and relevance to quantum
simulators

Pirsa: 23110088 Page 54/55



Future directions

1. Study out-of-equilibrium dynamics of spin glasses (quantum and
classical) to find relation to order parameter structure

2. Find parameter regimes and study specific models for experimental
setups

3. Other glassy models: explore dynamics and relevance to quantum
simulators

Thank you!
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