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Quantum theory of
electrons:
ordinary metals
and
strange metals




Hydrogen atom
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Velocity (v)

Nucleus

= 1071V meters <

The motion of the electron around the proton is not described by
the same theory as the motion of the planets around the sun.

It 1s described by the quantum theory
of Schrodinger and Heisenberg (1925).



Each copper atom donates its outermost electron
These electrons move freely throughout the crystal and carry current



Statistical interpretation of entropy

S:kglogW

Density of quantum states D(FE) = exp(S(F)/kp)

Ludwig Boltzmann
20 February 1844 - September 5, 1906
Vienna, Austria



Boltzmann equation (1872)
Dilute classical gas

Molecular chaos: successive collisions are statistically independent
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Quantum Boltzmann (Landau) equation
Dense gas of electrons

Neglects quantum interference (entanglement)
between successive collisions
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Current flow with electrons in Copper
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Flow of electrons described by Boltzmann equation =
typical scattering time 7 ~ 1/T%, resistivity p(T') = p(0) + AT

h
kT

The time 7 1s much longer than a limiting ‘Planckian time’
The long scattering time implies that individual electrons are well-defined.

The motion of electrons is ‘ballistic’ or ‘integrable’
up to the long time 7, after which it is chaotic.
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Linear-in temperatureresistivity froman
isotropic Planckian scattering rate
G. Grissonnanche,Y. Fang,A. Legros, S.Verret, F. Laliberte, C. Collignon, J. Zhou, D. Graf, P. Goddard,

L. Taillefer, B. |. Ramshaw
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Nature 595, 667-672 (2021)
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Linear-in temperatureresistivity froman Nature 595, 667-672 (2021)
isotropic Planckian scattering rate

G. Grissonnanche,Y. Fang,A. Legros, S.Verret, F. Laliberte, C. Collignon, J. Zhou, D. Graf, P. Goddard,
L. Taillefer, B. |. Ramshaw
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Questions

e Needed: A theory for current flow in a ‘strange metal’ with
an entangled soup of electrons.
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Questions

e Needed: A theory for current flow in a ‘strange metal’ with
an entangled soup of electrons.

¢ Needed: theory for collision time in resistivity ~ h/(kgT).

e Needed: theory for the appearance of superconductivity in
such a ‘strange metal’.



Quantum entanglement
of

a pair of electrons



The most remarkable new i1dea 1n the quantum theory is the
principle of superposition:
a physical system can be in a
superposition of two (or more) distinct states.




Molecules

Hydrogen atom: .

Covalent bond

Hydrogen molecule:
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Quantum Entanglement

Einstein, Podolsky, Rosen (1935)
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Quantum Entanglement

Einstein, Podolsky, Rosen (1935)

Measurement of one
electron instantaneously
determines the state of the
other electron very far away
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Measurement of one
electron instantaneously
determines the state of the
other electron very far away




Che New Aork Eimes
Sorry, Einstein. Quantum Study Suggests
‘Spooky Action’ Is Real.

By JOHN MARKOFF OCT. 21, 2015

In a landmark study, scientists at Delft University of Technology in the
Netherlands reported that they had conducted an experiment that they say proved
one of the most fundamental claims of quantum theory — that objects separated by

great distance can instantaneously affect each other’s behavior.

Part of the laboratory setup for an
experiment at Delft University of
Technology, in which two
diamonds were set 1.3 kilometers
apart, entangled and then shared
information.




Complex
quantum

entanglement

in
black holes




Black Holes

Objects so dense that light 1s
oravitationally bound to them.

2G M

2

Horizon radius R =

GG Newton’s constant, ¢ velocity of light, M mass of black hole
For M = earth’s mass, R ~ 9mm/!



Quantum Entanglement across a black hole horizon
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Quantum Entanglement across a black hole horizon

Black hole
horizon
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Quantum Entanglement across a black hole horizon

There is quantum entanglement

between the inside and outside of
a black hole

Black hole
horizon



Quantum Entanglement across a black hole horizon

Hawking (1975) used other arguments to show
that black hole horizons have a temperature
(The entanglement reasoning: to an outside

observer, the state of the electron inside the black
hole cannot be known, and so the outside
electron is in a random state. )

Black hole
horizon



e Black holes have an entropy and a temperature,
TH — th/(Sﬂ'GMkB)

e The entropy is proportional to their surface area.

S = AkBCS/(4Gh)

J. D. Bekenstein, PRD 7,2333 (1973)
S.W. Hawking, Nature 248, 30 (1974)
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e Black holes have an entropy and a temperature,
Ty = he’ /(8nGMkp).

e The entropy is proportional to their surface area.

S = AkBCS/(4Gh)

J. D. Bekenstein, PRD 7,2333 (1973)
S.W. Hawking, Nature 248, 30 (1974)

Remarkable teatures:

e Entropy is finite.
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e Black holes have an entropy and a temperature,
Ty = he’ /(8nGMkp).

e The entropy is proportional to their surface area.

S = AkBCS/(4Gh)

e They relax to thermal equilibrium in a time
~ 8mGM/c?

J. D. Bekenstein, PRD 7,2333 (1973)
S.W. Hawking, Nature 248, 30 (1974)

C.V. Vishveshwara, Nature 227, 936 (1970)

Remarkable teatures:

e Entropy is finite.

e [intropy is not
proportional to volume

T.B. BAKKER / DR.].PVAN DER SCHAAR



e Black holes have an entropy and a temperature,
Ty = he’ /(8nGMkp).

e The entropy is proportional to their surface area.

S = AkBCS/(4Gh)

e They relax to thermal equilibrium in a time
~ 8TGM/c® = h/(kgTy) which is Planckian!

J. D. Bekenstein, PRD 7,2333 (1973)
S.W. Hawking, Nature 248, 30 (1974)

C.V. Vishveshwara, Nature 227, 936 (1970)

Remarkable teatures:

e Entropy is finite.

e [intropy is not
proportional to volume
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Black Holes Obey Information-Emission

Li m itS April 22,2021 « Physics 14,s47  -Christopher Crockett
G. Carullo, D. Laghi, J.Veitch,W. Del Pozzo, Phys. Rev. Lett. 126, 161102 (2021)

An analysis of the gravitational waves emitted from black hole mergers confirms that black holes are the fastest

known information dissipaters. 5
- ) | GW events likelihoods
' " —— Population distribution
i / 7 Average likelihood
i / / N 4 A Bekenstein — Hod bound

a)
<
Q‘Z-
Gravity wave
observations of 1-
8 different black holes
show a relaxation time N I —
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Questions

e Is the semi-classical theory of Hawking meaningul, and can we compute quan-
tum corrections to Sgr?

T.B. BAKKER / DR.].PVYAN DER SCHAAR



Questions

e Is the semi-classical theory of Hawking meaningul, and can we compute quan-
tum corrections to Sgr?

e (Can the resulting entropy be understood ‘holographically’ as that of a unitary
quantum system in one lower spatial dimension with a finite number of states”

\ | ' ,
T.B. BAKKER / DR.].PVYAN DER SCHAAR



Questions

e Is the semi-classical theory of Hawking meaningul, and can we compute quan-
tum corrections to Sgr?

e (Can the resulting entropy be understood ‘holographically’ as that of a unitary
quantum system in one lower spatial dimension with a finite number of states”

e The unitary quantum system cannot have particle-like excitations if it is to
reproduce the rapid Planckian dynamics at the rate kgT'/h.
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Questions

Is the semi-classical theory of Hawking meaningul, and can we compute quan-
tum corrections to Sgr?

Can the resulting entropy be understood ‘holographically’ as that of a unitary
quantum system in one lower spatial dimension with a finite number of states”

The unitary quantum system cannot have particle-like excitations if it is to
reproduce the rapid Planckian dynamics at the rate kgT'/h.

Can we compute the evolution of the entropy as the black hole evaporates?”
Is it that of an evaporating unitary quantum system?



Sachdev-Ye-Kitaev
Model



A solvable model of multi-particle
entanglement which accounts for quantum
interference between successive collisions:

leading to a metal with no
particle-like excitations
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August Kekule, theory of the benzene molecule, 1865




Kekule’s dream

Kekulé spoke of the creation of the theory. He said
that he had discovered the ring shape of the benzene molecule
after having a reverie or day-dream of a snake seizing its own tail”

>x<Wikipedia
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The SYK model

Sachdey, Ye (1993); Kitaev (2015)




The SYK model

Sachdey, Ye (1993); Kitaev (2015)

O

e

Place electrons randomly on some sitesy % X



The SYK model

Sachdey, Ye (1993); Kitaev (2015)
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The SYK model

Sachdey, Ye (1993); Kitaev (2015)




N non-interacting electrons in random potential

p(w) — (Single particle energy EO)

% Za (S(QJ B 504) . level spacing ~ 1/N )




N non-interacting electrons in random potential
D(FE) = Z 0(F — F;); Eo+ E; = Many body eigenvalue

For random

Energy, in units of ¢ matrix model:

occupation
number

Number

Many-body density of states




N non-interacting electrons in random potential
D(FE) = Z 0(F — F;); Eo+ E; = Many body eigenvalue

For random

Energy, in units of ¢ @(E) ~ €S(E) A matrix model:
_ 6\/2N7E bEog+ B =

o > 0 Nafa
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N non-interacting electrons in random potential
D(FE) = Z 0(F — F;); Eo+ E; = Many body eigenvalue

For random

Energy, in units of ¢ @(E) ~ 68<E) A matrix model:
_ 6\/2nyE bEog+ B =

o > 0 Nafa

S(T%O):N”yT) n, = 0,1,

occupation

number

7 D(E) ~ N

Number Number

Many-body density of states




The SYK model
D(FE) = Z o(F — F;); Eo+ E; = Many body eigenvalue

Energy, in units of U

Number

Many-body density of states




The SYK model
D(FE) = Z o(F — F;); Eo+ E; = Many body eigenvalue

Energy, in units of U (D(E) ~ €S(E) R
1.5

Nsog++2N~E

1.0

S(T ;O) = N(so +17),

Number

Many-body density of states
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1.0

The SYK model

D(FE) = Z O0(F — FE;); FEy+ E; = Many body eigenvalue

Number

Energy, in units of U (D(E) ~ €S(E)

~

— €

Nsog++2N~E

VT),

Many-body density of states

(so = 0.464848 . .

A. Georges, O. Parcollet, and

S. Sachdey,
\ PRB 63, 134406 (200”




The SYK model
D(FE) = Z o(F — F;); Eo+ E; = Many body eigenvalue

Energy, in units of U (D(E) ~ €S(E) R

Nsog++2N~E

=€
1.0 S(T'— 0) = N(so +77T),

0.5 (D(E) ~ A
) : —140 2€NS() \/ZNA)/EJ

No particle-like decomposition:
wavefunctions change chaotically
/  from one state to the next.

—0.5

1.0 | - 7
146 (50 = 0.464848 .. )
E() A. Georges, O. Par;:.osl!dec::l,‘| 32:
Number Number _ PRB 63, 134406 (200”

Many-body density of states




The SYK model

Universal Planckian time dynamics

e Observables have Planckian time scaling
‘Green’s function’ G(w,T) ~ w™Y2F(hw/kgT).

e The low energy theory is expressed in terms of
a ‘tlme reparameterization mode’.
Similar to: Einstein’s general relativity is expressed
in terms of curvature of spacetime
(a ‘spacetime reparameterization mode’).

D. Chowdhury, A. Georges, O. Parcollet, S. Sachdey, arXiv: 2109.05037, review article




From the

SYK model
to
charged black holes




Reissner-Nordstrom black hole of
Einstein-Maxwell theory
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Horizon
G
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r AdS, x S5*

141 Boundary
dimensional graviton

spacetime

—

Dimensional reduction from 3+1 dimensions
to 1+1 dimensions (AdSs) at low energies!

total
charge O

3+1
dimensional
spacetime




Reissner-Nordstrom black hole of
Einstein-Maxwell theory

4 )

Horizon
G

_J

V AdS, x S5*

spacetime

—

Dimensional reduction from 341 dimensions
to 1+1 dimensions (AdSs) at low energies!
Is there a mapping to a quantum system in 0+1 dimensions?

total
charge O

J3+1

1+1 Boundary | |
dimensional oraviton | dimensional

spacetime




Reissner-Nordstrom black hole of
Einstein-Maxwell theory

4 )

¢ Horizon total
g charge O

V AdS, x S5*

1+1 Boundary | S+l
dimensional oraviton | dimensional

. spacetime
Spacetime

—

Yes!
The low energy theory of a charged black hole is exactly
the low energy theory of time reparameterizations of the SYK model.




Many-body density of states
D(FE) = Z o(F — F;); Eo+ E; = Many body eigenvalue

4 )
Energy, in units of U (D(E) ~ €S(E) R D(E) ~ 2" Sinh(\/QNVE)
— 3 U
J
1.0 S(T'— 0) = N(so +77T), /

0.5 (D(E) ~ h
—1.40 N
0 2e" 0 \/2NVE
o particle-like decomposition:
—0.5 wavefunctions change chaotically
. ,é from one state to the next.
—1.0 _ /
146 (s =0.464848 ..
EO A. Georges, O. Par;:.osl!dectl,‘| 32:
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Complex SYK model



Many-body density of states

D(FE) = Z o(F — F;); Eo+ E; = Many body eigenvalue
Same entropy ; - ~
and Energy, in units of U KD(E) ~ GS(E) R D(E) ~ 2e 70 Sinh(\/QN/VE)
(coarse-grained) — 3 U
density of states = elNsotv2aNa kb S(T) = Nlso +9T) = 5 In (T)
in. a modgl of S(T — 0) = N(sq ”YT)) - / )
interacting
(fermionic) KD(E) N )
qubits with a = 1 40 N
discrete ' 2770 \/ZN”yEJ
spectrum!

o particle-like decomposition:

wavefunctions change chaotically
from one state to the next.

(so = 0.464848 . .

A. Georges, O. Parcollet, and
S. Sachdey,

Number Number _ PRB 63, 134406 (200”

Complex SYK model

=
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Summary

e SYK: a solvable model without particle-like excita-
tions, exhibiting thermalization and many-body chaos
in a time of order A/(kgT'), independent of micro-
scopic energy scales.



Summary

e SYK: a solvable model without particle-like excita-
tions, exhibiting thermalization and many-body chaos
in a time of order A/(kgT'), independent of micro-
scopic energy scales.

o Low energy theory of time reparameterizations is the
theory of the boundary graviton in 141 dimensional
quantum gravity on AdSs.



Summary

e The semiclassical entropy of Einstein gravity is re-
produced by a unitary quantum system with a dis-
crete spectrum. Further work along these lines has
led to progress on the Page curve describing the time
evolution of the entropy of an evaporating black hole.




Summary

e The semiclassical entropy of Einstein gravity is re-
produced by a unitary quantum system with a dis-
crete spectrum. Further work along these lines has
led to progress on the Page curve describing the time
evolution of the entropy of an evaporating black hole.

e Linear-/' resistivity arises from spatially random
interactions in a two-dimensional quantum-critical
metal. =1

Aavishkar Patel, Haoyu Guo, llya Esterlis, S.S. arXiv: 2203.04990



