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The universal dynamic and static propertics of two-dimensional antifcrromagnets in the vicinity of a
zero-temperature phase transition from long-range magnetic order to a quantum-disordered phase are
studied. Random antiferromagnets with both Neel and spin-glass long-range magnetic order are con-
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loop level for certain nonrandom, frustrated square-lattice antiferromagnets. Implications for neutron
scatiering experiments on the doped cuprates are noted.

PACS numbers: 75.10.0m, 05.30.Fk. 75.50 Fe

... discovery of conformal symmetries



Sachdev-Ye-Kitaev Model (15)

A model of N randomly interacting Majorana fermions

N
H = Z Jijkl XiXiXkXL, {Xir X5} = 204
ij Kl

SYK model

where the interaction constants are static and random,

(1 ijwt|*) = <75

Three perspectives:

= random matrix theory
= strong correlation physics
= holography



gquantum chaos



random matrix correlations:

Verbaarschot, Garcia-Garcia, 16

—t

(B

0.5

0 A L L 20 ' L A 40
L

Note: depending on the value of N mod 8 the model realizes different symmetries

Cotler et al. 17
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strong correlations



Strong interactions:

N
H =Y Jiji XiXjXkXi
ijkl

‘infinite range’, strong, chaotic: amenable to large N mean field methods

diagrammatic expansion of Majorana propagator

] : disorder average

 structureless
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Solutions of mean field equation

For 0, < J : numerical factor
29 sgn(t — 7')
I __
G(T,T)_ J1/2 ‘7__7./‘1/2
S(r. 1) = b> sgn(r — 7)

JU/2 |1 — 7/]3/2

Non Fermi liquid mean field Green functions



Symmetries

Hamiltonian action (neglecting time f
derivatives) invariant under
reparameterization of time

N[

f:8" =8t r— f(r),
f € Diff(S*)

S(r, ) = f1(0)PUS(f(r) = f() £ (7))

Elements of the diffeomorphism manifold describe reparameterizations of time.
Infinitesimally: generated by Virasoro algebra. Weakly broken by time derivatives
— problem has NCFT1symmetry (Maldacena and Stanford, 15).




Symmetry of the mean field

sgn(t — 7')

G(1,7") ~
Y
|7_ _ 7_/‘1/2
. | at + b
invariance under conformal transformations 7 — Z
T+ c

each f : S* = S*,7— f(1), f € Diff(S)/SL(2, R) generates new solution

G(r,7") = Gy(r,7) = f(O)V () G(f(r), f()

\ G emergence of infinite dimensional
SL(2, R) Goldstone mode manifold

Diff (S*)/SL(2, R)
/ Diff (S')




Quantum fluctuations & ergodicity
in the SYK model

Wurzburg, Aug. 2nd 2018
Alexander Altland, Dmitry Bagrets (Cologne), Alex Kamenev (Minnesota)

conformal symmetry breaking, chaos and short
time dynamics

quantum ergodicity and long time dynamics

Nucl. Phys. B 911, 191 (2016)
Nucl. Phys. B 921, 727 (2017)
Nucl. Phys. B 930, 45 (2018)



stages of SYK dynamics



SYK timeline

L - e

time

ll: large collective IV: ergodic
quantum fluctuations (RMT) regime

|: semiclassical short
time regime

lll: quantum chaotic
relaxation dynamics




lO lN N

conformal symmetry &
Liouville guantum mechanics



Conformal Goldstone mode action

z- | Dpexp(-Sig)).  Slpl=M [ ar (%w + zew)

: flat measure : action of Liouville QM

aa, Bagrets, Kameneyv, 16

effect of low energy Goldstone mode fluctuations
encapsulated in Liouville QM. Universal feature
(Shelton, Tsvelik 98): all operator correlation
functions decay as

(O(N)O()) ~ |r — 7|7



chaos and OTO
correlation functions



OTO correlation function

Out of time order (OTO) correlation function: a tool for diagnosing early stages of
quantum chaotic dynamics (Larkin, Ovchinikov 69):

F(t) = tr (e—ﬂff X?(t)f(f/(t))

X, Y one-body operators in many body context.

Interpretation: quantum butterfly effect

----------------------------------------------------------

VY

X




Short time OTO: stationary phase

At short times stationary phase analysis leads to (Maldacena 16)

6627#/5
647 M

F(t) =1 - O(e™P /M)

Result can be trusted up to effective Ehrenfest time (chaos bound maxed out!)
In(MT)

t~1tp =

At intermediate timesty <t < M !

F(t)=In(MT)e ™0te) | 77




Long time OTO: conformal Goldstone modes

At long times large Goldstone mode fluctuations generate power law tail

F
1 — e2(t=te) T>M"
1
' o~ T(t—tE)
2\ _______ 3 o2 MT 4—6 3
tE 2 M v
E T <M
1
(1+ (16T)2)3 1
T >




lO lN N

chaos and
spectral correlation functions



Ergodic long time regime ?l tg ~ eNL
>

Ergodic long time dynamics diagnosed in universal correlations of many body spectra

Level spacing distribution o
1 /\ o N=36
N =34
o N=28

— GUE

D — GSE

05 /
00 ./I !' 1 2

o N=28

Level number fluctuations

8 " " . = " ) L *

L
. 10° = SYK_. N, =34, 90 samples: ﬁ-sl, glt) I
Spectral form factor (Fourier trafo of energy
level correlation function) |
104 /M

Verbaarschot,

Cotleretal. 17

Garcia-Garcia, 16

Verbaarschot,
Garcia-Garcia, 16



Pre ergodic regime ?l

For times shorter than an ergodic time ¢, universal deviations from RMT behavior are
observed.

e —— nOt RMT B
o N=22 . .
o N=34 (still universal) 10"
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Compare to the physics of dirty metals

1

Interested in fluctuations of p(E) = — /d:v Im(G*(E,z,x))
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Momentum g difference conserved in scattering.

Idea: (i) basis change |z){y| — [p+ £)(p — 3]

(i) interpret this as a basis change in the
space of Hilbert space operators.



dirty metals cont’d

Modes characterized by

27T

(i) ‘discrete quantum numbers’ g & TZB

(i) decay constants Dq? + iw

(i) physical interpretation as irreversible relaxation modes



Dirty metals cont’d

\
\\\\‘ % Q

Ro(w) =R ()+1éQRZ !
2\W) = fig, RMTIW) T 5 eq;é() (iw — Dg?)?

Altshuler & Shklovskii, 86
Kravtsov & Mirlin, 94



relaxation dynamics in Fock space



The setting

N
H = Z Jz‘jleinXle — Z JaXaa a4 = (i7j7 kal)

ij Kl

SYK

dirty metal

Hilbert space
dimension

basis states

scattering vertex

scattering states

basis of

conserved states

Fock space of N/2 fermions
oN/2

m = (1,0,0,1,...)

n Xa ’I”L/ Xb n//

| / | !/
m X, m X, m

n) ® (m
XM = Xpr Xpz « -+ X s
o= (pa, oy - oy k)

function space

)




setting cont’d

SYK dirty metal
n Ao n’ Xo n” V(y) p+ 4
conserved modes ' ' y ez — )  p O
m Xa m/ Xb m' V.(x) | p— 1 |
eigenvalues Dq? — iw

e(lul) — iw
# of Majoranas in state

e(k) ~ 2NV2A x k

JNI/Q
AN /2

many body level spacing

A\ ~




SYK spectral correlation function

Ry (w) = Ro rmT (W) + =

1
2

k#0,even

(

k

)

1

(iw — €(k))?

comparison to numerical data |: number variance
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SYK spectral correlation function

comparison to numerical data ll: spectral form factor
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Cotler et al. 17

all in all: very good parameter free agreement with numerical data.



summary

conformal Goldstone modes cause strong quantum
fluctuations at intermediate time scales

identified a high density set of complementary modes
dominate fluctuations beyond a non-universal
“Thouless energy”

a case study of chaotic relaxation in a strongly nonlinear
many body environment

connection between these fluctutations? Ramifications
in holography?



Holographic interpretation (Maldacena & Stanford, 16; Aimheiri & Polchinksi, 16)
Consider 2d Einstein-Hilbert action

:also constant : positive cosmological
: iconstant

> = 167SG/\/§(R+A)

Sgravitational constant

action invariant under conformal deformations of 2d space (because it is topological)

T :boundary
e B i (where SYK lives)

écompactified space

AdS metric (spontaneously) breaks symmetry to SL(2,R). Reparameterization
Goldstone modes without action.



Holographic interpretation (continued)

Improve situation by upgrading pure gravity action to dilaton action

inow a field

1§;G/\@(R+A) >163TG/\/§$5(R+A)+...

Jackiw Teitelboim gravity

g —

This action (i) is non-topological, (ii) fluctuations of the dilaton field weakly break
conformal symmetry and (iii) afford physical interpretation if AdS2 action is seen as
boundary theory of higher dimensional extremal black hole.

Combination (i-iii) motivates boundary with conformal invariance breaking and
signatures of quantum chaos.



