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Z; lattice gauge theory

(Wegner, 1971
Onsager Prize, 2015)
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Z; lattice gauge theory eumer 1971
Onsager Prize, 2015)

We = HTZ
C

Deconfined phase. Confined phase.
‘Perimeter law’ for ‘Area law’ for
Wegner-Wilson loops Wegner-Wilson loops




Z; lattice gauge theory

Deconfined phase. (B) Confined phase.
7 flux expelled. Topological 7. Aux proliferates
Zo (toric code) phase N2 lp ical ord .

topological order. [ transition o topologicat order

H — _ZTszTsz _gZT:B

E. Fradkin and S. H. Shenker, PRD 19, 3682 (1979); N. Read and S. Sachdev, PRL 66, 1773 (1991);
X.-G.Wen, PRB 44,2664 (1991); A.Y. Kitaev,Annals of Physics 303,2 (2003)
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Z; or U(1) topological order.
Reconstructed Fermi surface.

SDW SRO
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No topological order

Metallic states with non-Luttinger volume
Fermi surfaces must have topological order

T. Senthil, M.Vojta, and S. Sachdev, PRB 69,0351 11 (2004)
S. Sachdey, M. A. Metlitski, Y. Qi,and C. Xu, PRB 80, 155129 (2009)
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Can model the doping dependence of the Hall
effect in the hole-doped cuprates

S. Chatterjee, A. Eberlein, and S. Sachdev, PRB 96,075103 (2017)
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electron Green'’s function computed by multi-site DMFT

F13.00008: Mathias Scheurer R04.00005: Antoine Georges, Thu 10:24 AM

SDW SRO
Large Fermi surface
with Luttinger volume.
No topological order

M. S. Scheurer, S. Chatterjee, Wei Wu, M. Ferrero,A. Georges, and S. Sachdev, arXiv:1711.09925
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Odd Z; lattice gauge theory
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R. Jalabert and S. Sachdev, PRB 44,686 (1991)
T. Senthil, L. Balents, S. Sachdev, A.Vishwanath, and M. P A. Fisher, PRB 70, 144407 (2004)
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Odd Z; lattice gauge theory
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emergent Electric field lines lead
U(1) gauge field to symmetry breaking and

valence bond solid (VBS) order

Similar phases and transitions in frustrated square lattice 9
antiferromagnets with spin S=1/2

R. Jalabert and S. Sachdev, PRB 44,686 (1991)
N. Read and S. Sachdev, PRL 66, 1773 (1991)
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Quantum phases of a S=1/2 square lattice antiferromagnet

|
(D)
Symmetry-
breaking
to
symmetry-
breaking
transition

Antiferromagnet
with broken spin VBS
rotation symmetry

with broken lattice
rotation symmetry

N. Read and S. Sachdev, PRL 62, 1694 (1989)
T. Senthil, A.Vishwanath, L. Balents, S. Sachdev, and M. P.A. Fisher, Science 303, 1490 (2004)



Quantum phases of a S=1/2 square lattice antiferromagnet
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transition;
phases of a
theory with an
Antiferromagnet emergent
with broken spin  |U(1) gauge field VBS
rotation symmetry

with broken lattice
rotation symmetry

Phases described by Higgs/confining phases of a U(1)
gauge theory, which is deconfined only at criticality

N. Read and S. Sachdev, PRL 62, 1694 (1989)
T. Senthil, A.Vishwanath, L. Balents, S. Sachdev, and M. P.A. Fisher, Science 303, 1490 (2004)



4-spin plaquette singlet state in the
Shastry-Sutherland compound SrCu,(BO3),

M. E. Zayed"?3*, Ch. Riiegg®*>, J. Larrea J."®, A. M. Lauchli’, C. Panagopoulos®®, S. S. Saxena?,

M. Ellerby®, D. F. McMorrow?, Th. Strissle?, S. Klotz'°, G. Hamel'®, R. A. Sadykov'"'?, V. Pomjakushin?,
M. Boehm'™, M. Jiménez-Ruiz", A. Schneidewind'®, E. Pomjakushina'™, M. Stingaciu™, K. Conder®
and H. M. Rgnnow'

Nature Physics 13, 962-966 (2017)
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Strongly-coupled quantum criticality

States of quantum matter with:
e No quasiparticle excitations.

e Strong interactions are at a universal RG fixed point,
and this leads so fastest possible ‘dephasing’ and ‘local
thermalization’ in a time of order h/(kgT).

S.Sachdev, Quantum Phase Transitions, 199
J. Zaanen, Nature 430,512 (2004)
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Strongly-coupled quantum criticality

States of quantum matter with:

e No quasiparticle excitations.

e Strong interactions are at a universal RG fixed point,

and this leads so fastest possible ‘dep!

nasing’ and ‘local

thermalization’ in a time of order h/(kgT).

S.Sachd
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ev, Quantum Phase Transitions, 1991

J. Zaanen, Nature 430, 512 (2004)

¢ Many-body quantum chaos (as measured by out-of-
time-order correlations) in a time of order h/(kpT).

J. Maldacena, S. H. Shenker, and D. Stanford, JHEP 08, 106 (2016)

Onsager’s Ising criticality, other critical states in one spatial dimension,
and quantum impurity models, do not have these properties



Strongly-coupled quantum criticality

States of quantum matter with:
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“Solvable’ models with these properties:

the SYK models



The Sachdev-Ye-Kitaev (SYK) model

= S S U fI 1 uf, - n DI,

ik f=1 O
O SERNG
© O
O
O O
O O
Oo ® O O
O O O

Pick a set of random positions

S.Sachdev and |.Ye, Phys. Rev. Lett. 70, 3339 (1993); A. Kitaev (2015)



The SYK model
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Place electrons randomly on some sites

O

S.Sachdev and |.Ye, Phys. Rev. Lett. 70, 3339 (1993); A. Kitaev (2015)



The SYK model

= SR S U £, - DI
1,7,k =1 ‘

Entangle electrons pairwise randomly
S.Sachdev and |.Ye, Phys. Rev. Lett. 70, 3339 (1993); A. Kitaev (2015)
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Entangle electrons pairwise randomly
S.Sachdev and |.Ye, Phys. Rev. Lett. 70, 3339 (1993); A. Kitaev (2015)




The SYK model

= S S U £, - DI
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This describes both a strange metal and a black hole!
S.Sachdev and |.Ye, Phys. Rev. Lett. 70, 3339 (1993); A. Kitaev (2015)




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 ~

;———————— A/LQ_N — ¢~ Nln ZJ with

————— G In(2

= Sog = | n(2) = 0.464848 . ..
T 4

< In2

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

excitations with GPS: A. Georges, O. Parcollet, and S. Sachdey,
—Nsop PRB 63, 134406 (2001)

— Aspacing ~ € )

W. Fu and S. Sachdev, PRB 94, 035135 (2016)




The SYK model

Low energy, many-body density of states
IO(E) ™~ 6NSO Slnh(\/Q(E o EO)N/Y> D. Stanford and E.Witten, 1703.04612

A. M. Garica-Garcia, J.J.M.Verbaarschot, 1 701.06593
D. Bagrets,A.Altland, and A. Kameney, 1607.00694

Low temperature entropy S = Nsg + NY1T + .. ..

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

large 7. (Fermi liquids with quasiparticles have G(1) ~

1/7)

S.Sachdev and |.Ye, Phys. Rev. Lett. 70, 3339 (1993)

T' > 0 Green’s function has conformal invariance

: 1/2
G - (T/ Slﬂ(ﬂ'kBTT/h)) / A. Georges and O. Parcollet PRB 59, 5341 (1999)
The last property indicates 7oq ~ h/(kgT'), and this

has been found in a recent numerical study.
A. Eberlein,V. Kasper, S. Sachdeyv, and |. Steinberg, arXiv:1706.07803



Black holes share the properties of
strongly-coupled quantum criticality

e Black holes have an entropy and a temperature, Iy =
hcg/(Sﬂ'GMkB).

e Black holes relax to thermal equilibrium in a time

~ h/(kpTy) = 8nGM/c".




Black holes share the properties of
strongly-coupled quantum criticality

e Black holes have an entropy and a temperature, Iy =
hcg/(Sﬂ'GMkB).

e Black holes relax to thermal equilibrium in a time
~ h/(kpTy) = 8nGM/c".

e The entropy of black holes is proportional to their
surface area. So they can only be equivalent to quantum-
critical systems in one lower dimension.




The SYK model
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SYK and black holes

i Black hole\
horizon

v,

/" Black holes with a near-horizon AdS; geometrﬂ

(described by quantum gravity in |+1| spacetime
dimensions) match the properties of

the 0+ dimensional SYK model in the previous

\_ slide: Nso is the Bekenstein-Hawking entropy

S.Sachdev, PRL 105, 151602 (2010); A. Kitaev (2015); J. Maldacena, D. Stanford, and Zhenbin Yang, arXiv:1606.01857



SYK and black holes

i Black hole\
horizon

v,

” Both the SYK model and the black hole |

saturate the lower bound on the Lyapunov
Ktime to quantum chaos: 77, = A/ (2nkpgT) 3

A. Kitaev (2015); ). Maldacena and D. Stanford, arXiv:1604.07818



SYK building blocks for strange metals
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Yields solvable models with linear-in-1' resistivity
(possibly ‘bad metals’ with p > h/e?) and
linear-in-B magnetoresistance with B /T scaling.

A. Georges and O. Parcollet PRB 59,5341 (1999); Xue-Yang Song, Chao-Ming Jian, L. Balents, PRL 119,216601 (2017); A.A.
Patel, . McGreevy, D. P. Arovas, S. Sachdey, arXiv:1712.05026; D. Chowdhury,Y.Werman, E. Berg, T. Senthil, arXiv:1801.06 178



Looking ahead:

e Experimental and theoretical stud-
ies of metals with bulk topological
order and Fermi surfaces, possibly
with non-Luttinger volumes.

e Experimental and theoretical stud-
ies of ‘strange’, ‘bad’, ‘incoherent’,
‘ultra-quantum’ metals: microscopic
basis for SYK building blocks.



