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Quantum condensed matter physics before the 1980s:
The ground state of metals and insulators is adiabatically
connected to the free electron state
Excitations are electron-like quasiparticles
Pairing of electrons into Cooper pairs, and their
condensation leads to superconductivity
Breaking of symmetry describes superconductivity,
ferromagnetism, antiferromagnetism, and other ordered states
Hints of physics beyond quasiparticles: the Wilson-Fisher
theory of the Ising transition at finite temperature, the theory
of dynamic critical phenomena, Nozieres-Blandin multichannel Kondo critical point
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In this paper we report a new, potentially highaccuracy method for determining the fine-structure constant, n. The new approach is based on
the fact that the degenerate electron gas in the inversion layer of a MOSFET (metal-oxide-semiconductor field-effect transistor) is fully cluantized when the transistor is operated at helium
temperatures and in a strong magnetic field of
order 15 T.' The inset in Fig. 1 shows a schematic diagram of a typical MOSFET device used in
this work. The electric field perpendicular to the
surface (gate field) produces subbands for the mo20
25
tion normal
to the semiconductor-oxide interface,
n=2
and the magnetic field produces Landau quantiza= Vg/V
tion of motion parallel to the interface. The den-
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The fractional quantum Hall effect
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quantized
was observed
1.0 Hall plateau of p»
Q
at &O& 5 K in magnetotransport of high-mobility, bvo-dimensional electrons, when the low~
4
est-energy, spin-polarized Landau level is 3 filled. The formation of a Wigner solid or
charge-density-wave
state with triangular symmetry is suggested as a possible explanation.
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lower T. For v & —,
expected to form a Wigner solexponential increase with inverse T. The
(2D) electrons is
Cg
id' at low temperatures (T). In the infinite-B
resistivity p„„on the other hand, approac
0
' as T decreases, but
Sh/e' at v = —,
an analogy can be drawn to the classical
of
limit,
step
0
electron
mains essentially independent of T away f
OOK
gas on the surface of liquid helium,
0
0
which crystallizes into a solid' when the ratio of
this Hall plateau. These features of the da
the electron's average potential energy to therma1.
semble those of the quantized Hall resistan
the zero-resistance state expected exclusiv
energy I'=-e'm'~'n/ekT=137
50 —(c) (n is the electron
1.65K
areal density). pAt finite
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B, quantum effects beoJ 40—
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ing results are evidence for a new electron
0 it30—
4.
15K
charge-density-wave
state at v = —,'. They are consistent with th
(CDW) state' may be possible at considerabl. y 20—
tion that a Wigner solid, or a CDW state w
higher T as a precursor to
Wigner crystallization.10—
Early experiments were
triangular crystal symmetry, is favored a
carried out on the Si inversion layer at the Siwhen the unit cell area of the lattice is a m
1.0
2.0 and 3.0
4.0of the area of a magnetic flux quantum.
SiO, interface. Kawaji and Wakabayashi'
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measureTEMPERATURE
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FIG. 2.structures
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field
(a) the slope
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at -30by
K, the
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theory of Ando and Uemura. '
crystals were sequentially grown on insul
V sec, using I =1 p, A. The Landau level filling
factor is
Subsequently, Kennedy et al. ' observed a shift in
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High temperature superconductivity
Possible High Tc Superconductivity
in the Ba - L a - C u - 0 System
J.G. Bednorz and K.A. Miiller

J.G. Bednorz and K.A. Miiller: B a - L a - C u - O
0.06

oO

~oo 9~ x*

t~ ~

a 9~176176
e~x"!2"

9

o

9 9o
9

9

9

0.04

0.016

9 x

~176 eexx

~

o

9
9

%

99

oo
0%o

99

o e~

ooo~ o
. 9

o

oe

o~

9 x

9x

~

x

x

9 1 4 9 1x4 9

9149 x x
,x

0.012

xx
xx

0.03

IBM Zfirich Research Laboratory, Rfischlikon, Switzerland
Received April 17, 1986

0.020

og

0.05

o

System

o

Metallic, oxygen-deficient compounds in the Ba - L a - C u - O system, with the composition BaxLas-~CusOs(3_y) have been prepared in polycrystalline form. Samples with
x = 1 and 0.75, y > 0, annealed below 900 ~ under reducing conditions, consist of three
phases, one of them a perovskite-like mixed-valent copper compound. Upon cooling,
the samples show a linear decrease in resistivity, then an approximately logarithmic
increase, interpreted as a beginning of localization. Finally an abrupt decrease by up
to three orders of magnitude occurs, reminiscent of the onset of percolative superconductivity. The highest onset temperature is observed in the 30 K range. It is markedly
reduced by high current densities. Thus, it results partially from the percolative nature,
bute possibly also from 2D superconducting fluctuations of double perovskite layers
of one of the phases present.
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I. Introduction

" A t the extreme forefront.of research in superconductivity is the empirical search for new materials"
~.
0.004
[1]. Transition-metal
alloy compounds of A15
(Nb3Sn) and B 1 (NbN) structure have so far shown
the highest superconducting transition temperatures.
Among many A 15 compounds, careful optimization
of N b - Ge thin films near the stoichiometric compot
I
I
Isition of oNb3Ge by Gavalev et al. and Testardi et al.
0
100
200
30(
T (K)
a decade ago allowed them to reach the highest Tc =
23.3 K_=Cu505
reported(a until
Fig. 1. Temperature dependence ofresistivityin Ba~Las
y) now [2, 3]. The heavy Fermion
with
for samples with x ( B a ) = 1 (upper curves, left systems
scale) and
x ( low
B a ) =Fermi energy, newly discovered, are
not expected
to the
reach very high Tc'S [4].
0.75 (lower curve, right scale). The first two cases
also show
Only a small number of oxides is known to exhibit
influence of current density
superconductivity. High-temperature superconduc-

OOl -~:

0.50

[6]. This large electron-phonon coupling allows a Tc
of 0.7 K [7] with Cooper pairing. The occurrence of
high electron-phonon coupling in another metallic
oxide, also a perovskite, became evident with the discovery of superconductivity in the mixed-valent compound BaPbl_~BixO3 by Sleight et al., also a decade
ago [8]. The highest Tc in homogeneous oxygen-deficient mixed crystals is 13 K with a comparatively low
concentration of carries n = 2-4 x 1021 cm- 3 [9]. Flat
electronic bands and a strong breathing mode with
a phonon feature near 100 cm-1, whose intensity is
proportional to To, exist [10]. This last example indicates that within the BCS mechanism, one may find
still higher Tc's in perovskite-type or related metallic
oxides, if the electron-phonon interactions and the
carrier densities at the Fermi level can be enhanced

Z. Phys.B - CondensedMatter 64, 189-193 (1986)

1. Descendants of the integer quantum
Hall effect
2. Descendants of the fractional quantum
Hall effect
3. Quantum matter without quasiparticles:
strange metals and black holes

1. Descendants of the integer quantum
Hall effect
Protected gapless edge states,
2. Descendants
of the fractional
quantum
while bulk excitations
are “trivial”
Hall effect
3. Quantum matter without quasiparticles:
strange metals and black holes
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The Hall conductance of a two-dimensional

electron gas has been studied in a uniform
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Hall conductance, current-carrying edge states, and the existence
of extended states in a two-dimensional disordered potential

Quantized
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Cambridge,
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02I38

(Received 21 August 1981)
When a conducting layer is placed in a strong perpendicular magnetic field, there exist
current-carrying electron states which are localized within approximately a cyclotron radius of the sample boundary but are extended around the perimeter of the sample. It is
states remain extended and carry a current even
shown that these quasi-one-dimensional
in the presence of a moderate amount of disorder. The role of the edge states in the
quantized Hall conductance is discussed in the context of the general explanation of
Laughlin. An extension of Laughlin's analysis is also used to investigate the existence of
B. I. HAI. PERIN
extended states in a weakly disordered two-dimensional
system, when a strong magnetic
field is present.
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Field Theory of Large-Spin Heisenberg Antiferromagnets: Semiclassically
Quantized Solitons of the One-Dimensional Easy-Axis Neel State

F. D. M. Haldane

Department

of Physics, University of Southern California, I.os Angeles, California 90089
(Received 31 January 1983)

The continuum field theory describing the
dimensional Heisenberg Bntiferromagnet is
When weak easy-axis anisotropy is present,
are obtained and semiclassically quantized.
distinguished.

low-energy dynamics of the large-spin onefound to be the O(3) nonlinear sigma model.
soliton solutions of the equations of motion
Integer and half-integer spin systems are
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Model for a Quantum Hall Eff'ect without Landau Levels:
Condensed-Matter Realization of the "Parity Anomaly"
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condensed-matter lattice model is presented which exhibits a nonzero quantization
of the Hall conductance a" in the absence of an external magnetic field. Massless fermions without
spectral doubling occur at critical values of the model parameters, and exhibit the so-called "parity
anomaly" of (2+1)-dimensional field theories.
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Signatures of Majorana Fermions in
Hybrid Superconductor-Semiconductor
Nanowire Devices
V. Mourik,1* K. Zuo,1* S. M. Frolov,1 S. R. Plissard,2 E. P. A. M. Bakkers,1,2 L. P. Kouwenhoven1†

Majorana fermions are particles identical to their own antiparticles. They have been theoretically
predicted to exist in topological superconductors. Here, we report electrical measurements on
indium antimonide nanowires contacted with one normal (gold) and one superconducting
(niobium titanium nitride) electrode. Gate voltages vary electron density and define a tunnel
barrier between normal and superconducting contacts. In the presence of magnetic fields on the
order of 100 millitesla, we observe bound, midgap states at zero bias voltage. These bound states
remain fixed to zero bias, even when magnetic fields and gate voltages are changed over
1considerable ranges. Our 1observations support the hypothesis
2
1,2
of Majorana fermions in nanowires
coupled to superconductors.

V. Mourik,1* K. Zuo, * S. M. Frolov, S. R. Plissard, E. P. A. M. Bakkers,

A

ll elementary particles have an antiparticle of opposite charge (for example,
an electron and a positron); the meeting of a particle with its antiparticle results in
the annihilation of both. A special class of particles, called Majorana fermions, are predicted
to exist that are identical to their own antiparticle (1). They may appear naturally as ele-

L. P. Kouwenhoven †

mentary particles or emerge as charge-neutral
and zero-energy quasi-particles in a superconductor (2, 3). Particularly interesting for the
realization of qubits in quantum computing are
pairs of localized Majoranas separated from each
other by a superconducting region in a topological phase (4–11).
On the basis of earlier and later semiconductorbased proposals (6, 7), Lutchyn et al. (8) and
Oreg et al. (9) have outlined the necessary ingredients for engineering a nanowire device that
should accommodate pairs of Majoranas. The
starting point is a one-dimensional (1D) nanowire made of semiconducting material with
strong spin-orbit interaction (Fig. 1A). In the
presence of a magnetic field B along the axis

Majorana fermions are particles identical to their own antiparticles. They have been theoretically
predicted to exist in topological superconductors. Here, we report electrical measurements on
indium antimonide nanowires contacted with one normal (gold) and one superconducting
(niobium titanium nitride) electrode. Gate voltages vary electron density and define a tunnel
barrier between normal and superconducting contacts. In the presence of magnetic fields on the
order of 100 millitesla,
bound,
states at zero bias voltage. These bound states
Kavli we
Instituteobserve
of Nanoscience, Delft
University ofmidgap
Technology,
2600 GA Delft, Netherlands. Department of Applied Physics,
remain fixed to zero Eindhoven
bias, University
even ofwhen
fields and gate voltages are changed over
Technology,magnetic
5600 MB Eindhoven,
Netherlands.
considerable ranges. *These
Ourauthors
observations
support the hypothesis of Majorana fermions in nanowires
contributed equally to this work.
†To whom correspondence should be addressed. E-mail:
coupled to superconductors.
l.p.kouwenhoven@tudelft.nl
1

2

A

V (µV)

dI/dV (2e2/h)

www.sciencemag.org SCIENCE VOL 336 25 MAY 2012
mentary particles or emerge as charge-neutral
ll elementary particles have an antiparticle of opposite charge (for example, and zero-energy quasi-particles in a superconan electron and a positron); the meet- ductor
A 0.5
B (2, 3). Particularly interesting for the
490 mT
400
of qubits in quantum computing are
ing of a particle with its antiparticle results in realization
the annihilation of both. A special class of par- pairs of localized Majoranas separated from each
ticles, called Majorana fermions, are predicted other by a superconducting region in a topolog200
(4–11).
to exist that are identical to their own anti- ical phase
On the basis of earlier and later semiconductorparticle (1). They may appear naturally as ele0.3
based proposals (6, 7), Lutchyn et al. (8) and
Oreg et0 al. (9) have outlined the necessary in0 mT
1
Kavli Institute of Nanoscience, Delft University of Technology,
gredients for engineering a nanowire device that
2600 GA Delft, Netherlands. 2Department of Applied Physics,
should accommodate pairs of Majoranas. The
Eindhoven University of Technology, 5600 MB Eindhoven,
-200 point is a one-dimensional (1D) nanostarting
Netherlands.
wire made of semiconducting material with
0.1 *These authors contributed equally to this work.
strong spin-orbit interaction (Fig. 1A). In the
†To whom correspondence should be addressed. E-mail:
-400 of a magnetic field B along the axis
presence
l.p.kouwenhoven@tudelft.nl

-400

-200

0

V (µV)

200

400

-0.25

0

0.25

0.5

of the nanowire (i.e., a Zeeman field), a gap is
opened at the crossing between the two spinorbit bands. If the Fermi energy m is inside this
gap, the degeneracy is twofold, whereas outside
the gap it is fourfold. The next ingredient is to
connect the semiconducting nanowire to an
ordinary s-wave superconductor (Fig. 1A). The
proximity of the superconductor induces pairing
in the nanowire between electron states of opposite momentum and opposite spins and induces
a gap, D. Combining this twofold degeneracy
with an induced gap creates a topological superconductor (4–11). The condition for a topological phase is EZ > (D2 + m2)1/2, with the Zeeman
energy E = gmBB/2 (g is the Landé g factor, mB
is the Bohr magneton). Near the ends of the
wire, the electron density is reduced to zero, and
subsequently, m will drop below the subband
energies such that m2 becomes large. At the points
in space where EZ = (D2 + m2)1/2, Majoranas arise
as zero-energy (i.e., midgap) bound states—one
1003
at eachREPORTS
end
of the wire (4, 8–11).
Despite their zero charge and energy, Majoranas can be detected in electrical measurements. Tunneling spectroscopy from a normal
conductor
into the end of the wire should re(2e2/h)
veal a state at zero energy (12–14). Here, we
0.3
report the observation of such zero-energy peaks
and show that they rigidly stick to zero energy
while changing B and gate voltages over large
0.2
ranges. Furthermore,
we show that this zerobias peak (ZBP) is absent if we take out any
of the necessary ingredients of the Majorana
proposals; 0.1
that is, the rigid ZBP disappears for
zero magnetic field, for a magnetic field parallel to the spin-orbit field, or when we take
out the superconductivity.
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We present evidence that the ground state of the frustrated Heisenberg antiferromagnet in two dimensions is well described by a fractional quantum Hall wave function for bosons. This is compatible with
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A large-N expansion technique based on symplectic [Sp(N)] symmetry for frustrated magnetic syswith first-, second-, and
tems is proposed and applied to the square-lattice quantum antiferromagnet
third-neighbor antiferromagnetic
coupling. In addition to disordered states similar to those in unfrustrated systems, phases with incommensurate coplanar spin correlations and unconfined bosonic spinons
are found. The occurrence of "order from disorder" is discussed. Neither chirally ordered nor spinnematic states are found.
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Gapped Spin-1/2 Spinon Excitations in a New
Kagome Quantum Spin Liquid Compound
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States with bulk topological order are described by
theories with emergent gauge fields.
Z2 topological order as the Higgs phase of a SU(2) gauge theory
We start with the Hubbard model
X
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X
†
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The exact path integral of HU in the “spin-fermion” form has action S =
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We rewrite the path integral as a SU(2) gauge theory by transforming
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We rewrite the path integral as a SU(2) gauge theory by transforming
to a rotating reference frame
ci (⌧ ) = Ri (⌧ ) i (⌧ )
Here, the unitary 2 ⇥ 2 matrices Ri (⌧ ) are the bosonic spinon, and the
i (⌧ ) the 2-component fermionic chargon operators. This parameterization
introduces an additional redundancy leading to an emergent local SU(2)
gauge invariance,
Ri (⌧ ) !

†
Ri (⌧ )Vi (⌧ ),
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We introduce the Higgs field via
~ i (⌧ ) = R† (⌧ )~ Ri (⌧ ) · ~ i (⌧ )
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So the Higgs field is the local magnetic moment in the rotating frame of
reference.

So the Higgs field is the local magnetic moment in the rotating frame of
Z2 topological order as the Higgs phase of a SU(2) gauge theory
reference.
Phases with topological order are obtained by entering a Higgs phase
~ =
where hHi
6 0, while maintaining hRi = 0. Any such phase will preserve
spin-rotation invariance. The vanishing of hRi arises from large fluctuations
in the local rotating reference frame, and so we are considering states with
local magnetic order whose orientation undergoes large quantum fluctuations. However, the magnitude of the local magnetic order remains large,
~ =
and this is captured by the Higgs field with hHi
6 0.
~ i i breaks SU(2) down to
A non-collinear spatial configuration of hH
SO(3) ⌘ S3 /Z2 . This leads to a phase with Z2 topological order, which
has stable, topological, finite energy vortex (“vison”) excitations.
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Pseudogap
metal
at low p

SM

FL

Many indications that
this metal behaves like
a Fermi liquid, but with
Fermi surface size p
and not 1+p.
If present at T=0, a
metal with a size p
Fermi surface (and
translational symmetry
preserved) has bulk
topological order

1. Descendants of the integer quantum
Hall effect
2. Descendants of the fractional quantum
Hall effect
3. Quantum matter without quasiparticles:
strange metals and black holes

High temperature superconductivity
Possible High Tc Superconductivity
in the Ba - L a - C u - 0 System
J.G. Bednorz and K.A. Miiller

J.G. Bednorz and K.A. Miiller: B a - L a - C u - O
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Metallic, oxygen-deficient compounds in the Ba - L a - C u - O system, with the composition BaxLas-~CusOs(3_y) have been prepared in polycrystalline form. Samples with
x = 1 and 0.75, y > 0, annealed below 900 ~ under reducing conditions, consist of three
phases, one of them a perovskite-like mixed-valent copper compound. Upon cooling,
the samples show a linear decrease in resistivity, then an approximately logarithmic
increase, interpreted as a beginning of localization. Finally an abrupt decrease by up
to three orders of magnitude occurs, reminiscent of the onset of percolative superconductivity. The highest onset temperature is observed in the 30 K range. It is markedly
reduced by high current densities. Thus, it results partially from the percolative nature,
bute possibly also from 2D superconducting fluctuations of double perovskite layers
of one of the phases present.
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I. Introduction

" A t the extreme forefront.of research in superconductivity is the empirical search for new materials"
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[1]. Transition-metal
alloy compounds of A15
(Nb3Sn) and B 1 (NbN) structure have so far shown
the highest superconducting transition temperatures.
Among many A 15 compounds, careful optimization
of N b - Ge thin films near the stoichiometric compot
I
I
Isition of oNb3Ge by Gavalev et al. and Testardi et al.
0
100
200
30(
T (K)
a decade ago allowed them to reach the highest Tc =
23.3 K_=Cu505
reported(a until
Fig. 1. Temperature dependence ofresistivityin Ba~Las
y) now [2, 3]. The heavy Fermion
with
for samples with x ( B a ) = 1 (upper curves, left systems
scale) and
x ( low
B a ) =Fermi energy, newly discovered, are
not expected
to the
reach very high Tc'S [4].
0.75 (lower curve, right scale). The first two cases
also show
Only a small number of oxides is known to exhibit
influence of current density
superconductivity. High-temperature superconduc-

OOl -~:

0.50

[6]. This large electron-phonon coupling allows a Tc
of 0.7 K [7] with Cooper pairing. The occurrence of
high electron-phonon coupling in another metallic
oxide, also a perovskite, became evident with the discovery of superconductivity in the mixed-valent compound BaPbl_~BixO3 by Sleight et al., also a decade
ago [8]. The highest Tc in homogeneous oxygen-deficient mixed crystals is 13 K with a comparatively low
concentration of carries n = 2-4 x 1021 cm- 3 [9]. Flat
electronic bands and a strong breathing mode with
a phonon feature near 100 cm-1, whose intensity is
proportional to To, exist [10]. This last example indicates that within the BCS mechanism, one may find
still higher Tc's in perovskite-type or related metallic
oxides, if the electron-phonon interactions and the
carrier densities at the Fermi level can be enhanced

Z. Phys.B - CondensedMatter 64, 189-193 (1986)

Quantum matter with quasiparticles:
• Quasiparticles are additive excitations:
The low-lying excitations of the many-body system
can be identified as a set {n↵ } of quasiparticles with
energy "↵
E=

P

↵

n↵ " ↵ +

P

↵,

F↵ n ↵ n + . . .

• Note: The electron liquid in one dimension and the fractional
quantum Hall state both have quasiparticles; however, the quasiparticles do not have the same quantum numbers as an electron.

Quantum matter with quasiparticles:

• Quasiparticles eventually collide with each other. Such
collisions eventually leads to thermal equilibration in
a chaotic quantum state, but the equilibration takes
a long time. In a Fermi liquid, this time is of order
2
~EF /(kB T ) as T ! 0, where EF is the Fermi energy.

Quantum matter without quasiparticles:

• No quasiparticle decomposition
of low-lying states
• Rapid thermalization

Local thermal equilibration or
phase coherence time, ⌧' :
• There is an lower bound on ⌧' in all manybody quantum systems as T ! 0,
⌧'

~
C
,
kB T

where C is a T -independent constant.
• Systems without quasiparticles have
~
⌧' ⇠
,
kB T
K. Damle and S. Sachdev, PRB 56, 8714 (1997)
S. Sachdev, Quantum Phase Transitions, Cambridge (1999)
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A simple model of a metal with quasiparticles
1
H=
(N )1/2

N
X

†
tij ci cj

+ ...

†
ci c j

†
cj ci

i,j=1

ci cj + cj ci = 0 ,
+
1 X †
ci ci = Q
N i

=

ij

tij are independent random variables with tij = 0 and |tij |2 = t2

Fermions occupying the eigenstates of a
N x N random matrix

A simple model of a metal with quasiparticles
p
Let "↵ be the eigenvalues of the matrix tij / N .
The fermions will occupy the lowest N Q eigenvalues, upto the Fermi energy
E
.
The
density
F
P
of states is ⇢(!) = (1/N ) ↵ (! "↵ ).

⇢(!)

EF

!

A simple model of a metal with quasiparticles
There are 2N many
body levels with energy
Many-body
level spacing
⇠2 N

Quasiparticle
excitations with
spacing ⇠ 1/N

E=

N
X

n↵ " ↵ ,

↵=1

where n↵ = 0, 1. Shown
are all values of E for a
single cluster of size
N = 12. The "↵ have a
level spacing ⇠ 1/N .

The Sachdev-Ye-Kitaev (SYK) model
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Entangle electrons pairwise randomly

The Sachdev-Ye-Kitaev (SYK) model

This describes both a strange metal and a black hole!

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

1
H=
(2N )3/2

N
X

† †
Jij;k` ci cj ck c`

µ

†
ci ci

i

i,j,k,`=1

ci cj + cj ci = 0

X

†
ci c j

,
+
1 X †
Q=
ci ci
N i

†
cj ci

=

ij

Jij;k` are independent random variables with Jij;k` = 0 and |Jij;k` |2 = J 2
N ! 1 yields critical strange metal.

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

The Sachdev-Ye-Kitaev (SYK) model
There are 2N many body levels
with energy E, which do not
admit a quasiparticle
decomposition. Shown are all
values of E for a single cluster of
Many-body
size N = 12. The T ! 0 state
level spacing ⇠
has an entropy SGP S with

2

N

=e

N ln 2

SGP S
N

=
<

G ln(2)
+
= 0.464848 . .
⇡
4
ln 2

where G is Catalan’s constant,
Non-quasiparticle for the half-filled case Q = 1/2.
excitations with
GPS: A. Georges, O. Parcollet, and S. Sachdev,
PRB 63, 134406 (2001)
spacing ⇠ e SGP S
W. Fu and S. Sachdev, PRB 94, 035135 (2016)

SYK and black holes
Black hole
horizon

T

⇣

2

~x

The SYK model has “dual” description
in which an extra spatial dimension, ⇣, emerges.
The curvature of this “emergent” spacetime is described
by Einstein’s theory of general relativity

SYK and black holes
Bekenstein-Hawking
black hole entropy
AdS2 ⇥ T2
ds2 = (d⇣ 2 dt2 )/⇣ 2 + d~x2
Gauge field: A = (E/⇣)dt
⇣=1

S=

Z

charge
density Q

⇣
4

d x

p

✓

ĝ R̂ + 6/L

T

GPS
entropy

2

~x
2

1
F̂µ⌫ F̂ µ⌫
4

◆

SS, PRL 105, 151602 (2010)

The BH entropy is proportional to the size of T2 , and hence the surface area of
the black hole. Mapping to SYK applies when temperature ⌧ 1/(size of T2 ).

SYK and black holes
Black hole quasi-normal
modes relax to thermal equilibrium in a time ⇠ ~/(kB TH ),
where TH is the Hawking
temperature.

⇣

⌧' ⇠ ~/(kB T )

T

2

~x
SS, PRL 105, 151602 (2010)

The SYK model has “dual” description
in which an extra spatial dimension, ⇣, emerges.
The curvature of this “emergent” spacetime is described
by Einstein’s theory of general relativity

SYK and AdS2
Equilibrium and non-equilibrium⇤ dynamics
described by a theory with SL(2,R) invariance,
and e↵ective Schwarzian action, S[h(⌧ )], of a
time reparameterization ⌧ ! h(⌧ ).
⇣=1

⇣

T

2

AdS2 ⇥ T
ds2 = (d⇣ 2 dt2 )/⇣ 2 + d~x2
Gauge field: A = (E/⇣)dt
2

~x

A. Kitaev, unpublished; J. Maldacena, D. Stanford, and Zhenbin Yang, arXiv:1606.01857;
K. Jensen, arXiv:1605.06098; J. Engelsoy, T.G. Mertens, and H.Verlinde, arXiv:1606.03438
*A. Eberlein,V. Kasper, S. Sachdev, and J. Steinberg, arXiv:1706.07803

SYK and AdS2
Equilibrium and non-equilibrium⇤ dynamics
described by a theory with SL(2,R) invariance,
and e↵ective Schwarzian action, S[h(⌧ )], of a
time reparameterization ⌧ ! h(⌧ ).

⇣

⇣=1

T

2

AdS2 ⇥ T
ds2 = (d⇣ 2 dt2 )/⇣ 2 + d~x2
Gauge field: A = (E/⇣)dt
2

SL(2,R) is the isometry group of AdS2 :
ds2 = (d⌧ 2 + d⇣ 2 )/⇣ 2 is invariant under

~x

a(⌧ + i⇣) + b
⌧ + i⇣ =
c(⌧ + i⇣) + d
0

with ad

0

bc = 1.
A. Kitaev, unpublished; J. Maldacena, D. Stanford, and Zhenbin Yang, arXiv:1606.01857;
K. Jensen, arXiv:1605.06098; J. Engelsoy, T.G. Mertens, and H.Verlinde, arXiv:1606.03438
*A. Eberlein,V. Kasper, S. Sachdev, and J. Steinberg, arXiv:1706.07803
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1. Descendants of the integer quantum
Hall effect
2. Descendants of the fractional quantum
Hall effect
Bulk topological excitations which cannot
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3. Quantum matter without quasiparticles:
strange metals and black holes
• Is there a connection between
strange metals and black holes?
Yes, the SYK model leads to an explicit duality mapping.
• Why do they have the same
local equilibration time ⇠ ~/(kB T )?
Strange metals don’t have
quasiparticles and thermalize rapidly;
General relativity leads to black hole quasi-normal modes,
whose decay time ⇠ ~/(kB TH ),
where TH is the Hawking temperature.
• Theoretical predictions for strange metal
transport in graphene agree well with experiments

