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Black Holes

A strongly correlated quantum system



Are black holes like metals?
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The Context: Holography

also known as: gauge gravity duality, or AdS/CFT correspondence

Strongly interacting “ Gravity in (at least) one
quantum field theory dimension higher

Conformal fields : Hot radiation



The Vacuum State

My attempt at drawing
anti de-Sitter spacetime
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Heating up the Boundary Theory

Boundary field theory

* Black hole
* Hawking radiation = finite temperature, T



Finite Density Matter

Boundary field theory

e Reissner-Nordstrom black hole
* Hawking radiation = finite temperature, T
* Electric field = chemical potential, 1t



Ohm’s Law

Boundary field theory




Optical Conductivity in d=2
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Optical Conductivity in d=2
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Breaking Translational Invariance

n = ,u(:v, y): spatially varying chemical potential with wavevector k,

A rippled black hole



Optical Conductivity
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Delta function spreads out



Low Frequency Behaviour
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Classical Drude model from general relativity!



DC Conductivity

Can compute analytically:

UDCZng T + 00



DC Conductivity

Can compute analytically: .
charge density
scattering time
2

oDpC — 8—|——PT+OO

energy density pressure



DC Conductivity

Due to scattering of charged stuff

\ Due to “pair creation”

2
ODC = =57 T 00
£+ P/,
holes particles
momentum = €= —=>

electric current we——2p  ————

00 gives charge current with no heat current



DC Conductivity

2

ODC:g+PT+0'0

There are three surprising things about this formula!



DC Conductivity: Surprise 1

The two contributions add

2

UDC:g_I_PT+UO

This is the inverse of Matthiessen’s rule



DC Conductivity: Surprise 2

The first term varies as a power-law in temperature.

2

e g pT Tl

7(T) ~ T2k

There must be low-energy degrees of freedom at finite momentum k



Low-Energy Excitations in a metal

Fermi Surface

Low-energy, finite momentum excitations are the defining property of a metal



Low-Energy Excitations in a black hole

Finite momentum excitations arise in a more exotic way. Consider dispersion relations

E~Fk E ~ k? E~Ek 2>2
AE A A
>k > >
relativistic non-relativistic unusuall

Excitations around the black hole have:

. This is known as
E~k Z —» 00 local criticality.




Low-Energy Excitations in a black hole

E ~ k7 2 — 00
The DC conductivity for such a system is
A

ODC ~ T—2A(l€L)

ugly function depending
on lattice spacing

This agrees with the first term of the black hole calculation

2

opC = 5—|—PT+OO




Friedel Oscillations

In metals, you can see the Fermi surface

low <@@E—] electron energy l:» hlgh
A charged impurity in a metal makes a rippling effect. The wavelength is 2k..

What about for black holes?...



Friedel Oscillations for Black Holes

Place a charged impurity near a black hole. How does the horizon respond?
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But the black hole has complex k.

Is this a lesson for strongly coupled electron systems?



DC Conductivity: Surprise 3

The second term also varies as a power-law in temperature

2
ODC = —5+PT+00
oo(T) ~ T

Expected at Q=0 but surprising at finite charge density
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Pair Creation at Weak Coupling

Q=0 Q#0

— Fermi energy, E;
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Pair Creation at Weak Coupling

Q=0 Q#0

— Fermi energy
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“Pair Creation” at Strong Coupling

Q#0 —= O'Q(T)NT#

Intuition behind this remains unclear.

Is there also a lesson here for strongly coupled electron systems?



Summary of Black Hole Conductivity

Two Processes

Low energy modes at finite momentum
e But not a Fermi surface

* Low energy pair creation even at finite Q



Are there any similarities?
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Strange Properties of Strange Metals
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Lesson 1: Hall Angle

Ox
Druglg m_odel TDC ~ ~ T
(or Fermi liquid theory) o
Experimental data O e o l Ozy 1
on strange metals bC ™ Ope 12

Suggests two time scales at play?

“Over broad regions of doping, the two kinds of relaxation rates, the one for
the conductivity and the one for the Hall rotation, seem to add as inverses:
conductivity is proportional to 1/T + 1/T2. That is, it obeys an anti-Matthiessen law”

P.W. Anderson



Lesson 1: Hall Angle

Drude model
(or Fermi liquid theory)

Experimental data
on strange metals

Black Holes

Og
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If this term dominates DC transport,

we get two tim

e scales



Lesson 2: (In)coherent Transport

There is another interpretation of these two terms”

2
opC = T + 0¢
E+ P
Coherent Transport Incoherent Transport
due to (almost) conserved momentum due to charge diffusion
_ —1
T 1 > T Teg ™ T

which of these processes describes actual materials?

“actually it’s slightly more complicated



LSC

Lesson 2: Incoherent Transport

Suggests incoherent transport

h
Conjecture: there is a quantum bound for diffusion O e

~ kT

Does this explain linear relativity? Evidence far from conclusive



Summary

We're understanding better the conductivity properties of black holes

Are there lessons here for strongly interacting electrons?
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The End

Thank you for your attention



