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Gapless spin-fluid ground state in a random quantum Heisenberg magnet
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Abstract We examine the spin-S quantum Heisenberg magnet with Gaussian-random,
infinite-range exchange interactions. The quantum-disordered phase is accessed by
generalizing to SU (M) symmetry and studying the large M limit. For large S the ground state
is a spin glass, while quantum fluctuations produce a spin-fluid state for small S. The spin-
fluid phase is found to be generically gapless—the average. zero temperature, local
dynamic spin susceptibility obeys x (w)- In (1/l wl)+ i {12} sgn (w) at low frequencies.
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The Sachdev-Ye-Kitaev (SYK) model
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Pick a set of random sites/orbitals
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Place electrons randomly on some sites/orbitals



The SYK model

Entangle electrons pairwise randomly
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The SYK model
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This describes both a strange metal and a black hole!



The SYK model

(See also: the “2-Body Random Ensemble” in nuclear physics; did not obtain the large N limit;
T.A. Brody, ). Flores, |.B. French, PA. Mello, A. Pandey, and S.S.M.Wong, Rev. Mod. Phys. 53, 385 (1981))
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U;;.xe are independent random variables with U;.xe = 0 and |U;;.5e|? = U?
N — oo yields critical strange metal.

S.Sachdev and |.Ye, PRL 70, 3339 (1993)
A. Kitaey, unpublished; S. Sachdev, PRX 5,041025 (2015)



Creating and probing the Sachdev-Ye-Kitaev model
with ultracold gases:

Towards experimental studies of quantum gravity
Prog. Theor. Exp. Phys.2017,083I101

Ippei Danshita'*, Masanori Hanada!?3, and Masaki Tezuka®
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A simple model of a metal with quasiparticles
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A simple model of a metal with quasiparticles
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A simple model of a metal with quasiparticles

Electrons move one-by-one randomly
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A simple model of a metal with quasiparticles

H = 1/2 Z twczcﬁ

1,7=1

cici +cjc; =0 | C.CT- + ch-cZ- = 04
r -

t;; are independent random variables with ¢;; = 0 and |t;;]% = t°

Fermions occupying the eigenstates of a
N x N random matrix



A simple model of a metal with quasiparticles

Let £, be the eigenvalues of the matrix ¢;; /v N.
The fermions will occupy the lowest N Q eigen-
values, upto the Fermi energy Er. The density

of states is p(w) = (1/N) > o(w —€q).

p(w)




A simple model of a metal with quasiparticles

There are 2% many
body levels with energy
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The SYK model

(See also: the “2-Body Random Ensemble” in nuclear physics; did not obtain the large N limit;
T.A. Brody, ). Flores, |.B. French, PA. Mello, A. Pandey, and S.S.M.Wong, Rev. Mod. Phys. 53, 385 (1981))
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The SYK model

There are 2% many body levels
with energy E, which do not
admit a quasiparticle
decomposition. Shown are all
values of E for a single cluster ot
8 Many-body ) size N = 12. The T' — 0 state
has an entropy Saps = Nsg

level spacing ~
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where G is Catalan’s constant,
rNon—quaSipartiClQ for the half-filled case Q = 1/2.

excltations le\}le GPS: A. Georges, O. Parcollet, and S. Sachdey,
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W. Fu and S. Sachdev, PRB 94, 035135 (2016)
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The SYK model

e Low energy, many-body density of states
p(E) ~ eNSO Sinh(\/Q(E — E())N’Y) D. Stanford and E.Witten, 1703.04612

A. M. Garica-Garcia, J..M.Verbaarschot, 1701.06593
D. Bagrets,A.Altland, and A. Kameney, 1607.00694

A. Georges, O. Parcollet, and S. Sachdev, PRB 63, 134406 (2001)

e Low temperature entropy S = Nsg + NI+ ....

A. Kitaev, unpublished
J- Maldacena and D. Stanford, 1604.07818

e T = 0 fermion Green’s function G(7) ~ 77 1/2 at

large 7. (Fermi liquids with quasiparticles have G(1) ~
1/,7_) S.Sachdev and ).Ye, PRL 70, 3339 (1993)

e 7' > 0 Green’s function has conformal invariance
. 1/2
G ~ (T/ Sln(ﬁkBTT/h)) / A. Georges and O. Parcollet PRB 59, 5341 (1999)



The SYK model

e Low energy, many-body density of states
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e Low temperature entropy S = Nsg + NI+ ....

A. Kitaev, unpublished
J- Maldacena and D. Stanford, 1604.07818

—1/2

e ' = 0 fermion Green’s function G(7) ~ T at
large 7. (Fermi liquids with quasiparticles have G(1) ~
1/,7_) S.Sachdev and ).Ye, PRL 70, 3339 (1993)

o 7' > (0 Green’s function has conformal invariance

G ™~ (T/ Sln(ﬂ-kB TT/h) ) 1/2 A. Georges and O. Parcollet PRB 59, 5341 (1999)
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Study of non-equilibrium quench )

dynamics shows 7o ~ h/(kpT).

A. Eberlein,V. Kasper, S. Sachdev, and J. Steinberg, arXiv:1706.07803




See also A. Georges and O. Parcollet PRB 59, 5341 (1999)
arX1v:1705.00117

Title: A strongly correlated metal built from Sachdev-Ye-Kitaev models
Authors: Xue-Yang Song, Chao-Ming Jian, Leon Balents
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See also A. Georges and O. Parcollet PRB 59,5341 (1999)

arX1v:1705.00117
Title: A strongly correlated metal built from Sachdev-Ye-Kitaev models

Authors: Xue-Yang Song, Chao-Ming Jian, Leon Balents
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See also A. Georges and O. Parcollet PRB 59,5341 (1999)
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See also A. Georges and O. Parcollet PRB 59,5341 (1999)
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Authors: Xue-Yang Song, Chao-Ming Jian, Leon Balents
Low ‘coherence’ scale

_T/n/'(T/n)sat

E,~ 10
U

For T < E,, the

P/psat

W t /U,=0.001

@0 t,/U,=0.005

V7 t,/YU,=0.0
A C .
.g DY resistivity, p, and
o | entropy density, s, are
[ 2
n T
' ' p = —|lcgt+ca| =
30 40 e E.
T
S ~ SO -
\_ Ee Y




(Quantum matter without quasiparticles)

e No quasiparticle
decomposition of low-lying states:

E# >  Nea
+ 20 Fapnansg + ...

e Thermalization and many-body chaos in
the shortest possible time of order h/(kgT).

e These are also characteristics of black holes
In quantum gravity.



e Black holes have an entropy
and a temperature, 1.

Black

e The entropy is proportional

holes to their surftace area.

e They relax to thermal equi-
librium in a time ~ A/ (kT ).
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e The Hawking temperature, Ty influences the radiation from the
black hole at the very last stages of the ring-down (not observed
so far). The ring-down (approach to thermal equilibrium) hap-

pens very rapidly in a time ~

M
f — oG ~ & milliseconds.
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SYK and black holes

" Black hole
horizon

v,

charge
density O

AdSQ X TQ
ds? = (d¢?* — dt?) /(2 |+ dz?
Gauge field: A = (£/()dt

@uantum ravity on the |+| dimensional spacetime AdS)
8 Y 2

(when embedded in AdS4) is holographically matched

. to the 0+ 1| dimensional SYK model W,

S.Sachdey, PRL 105, 151602 (2010); A. Kitaev (unpublished); J. Maldacena, D. Stanford, and Zhenbin Yang, arXiv:1606.01857



