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Foundations of quantum many body theory:

|. Ground states connected adiabatically to
independent electron states

Metals
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Modern phases of quantum matter:

|. Ground states disconnected from independent
electron states: many-particle entanglement

2. Boltzmann-Landau theory of quasiparticles

Famous example:

The fractional guantum Hall effect of electrons in two
dimensions (e.g. in graphene) in the presence of a
strong magnetic field. The ground state is described
by Laughlin’s wavefunction, and the excitations are
quasiparticles which carry fractional charge.
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Modern phases of quantum matter:

|. Ground states disconnected from independent
electron states: many-particle entanglement

2. No quasiparticles

Only 2 examples:

|. Conformal field theories in spatial dimension d >1

2. Quantum critical metals in dimension d=2
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Superfluid-insulator transition

a Superflud state

Ultracold 8’Rb

atoms - bosons

M. Greiner, O. Mandel, T. Esslinger, T. W. Hinsch, and 1. Bloch, Nature 415, 39 (2002).



U — a complex field representing the
Bose-Einstein condensate of the superfluid
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/D\I!(r, 7) exp (—/d%dr 10, W% + ¢V, 0] + V(‘I’)})

(A= AW+ u (|9]?)

A conformal field theory

in 241 spacetime dimensions (CFT3):
the O(2) Wilson-Fisher CFT3

(W) # 0 (V) =0

Superfluid Insulator




M. Quantum y
\ critical ,




Quantum y
critical

“Boltzmann”
theory of Nambu-
Goldstone and
vortices

Boltzmann

theory of
particles/holes




Conformal field theory in
2+1 dimensions at 7>0

¢ Quantum 7
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Quasiparticle view of guantum criticality (Boltzmann equation):
Transport of O(N) current for a (weakly) interacting CFT3

oQ = e? /h, the quantum unit of conductance

oo = 27 X (1/16) + O(1/N)
in a vector large /N limit

1 o,

K. Damle and S. Sachdev, Phys. Rev. B 56, 8714 (1997). kBT



Quasiparticle view of guantum criticality (Boltzmann equation):
Transport of O(N) current for a (weakly) interacting CFT3

oQ = e? /h, the quantum unit of conductance

oo = 0.523N + ...
in a vector large N limit

hw

S. Sachdev, Phys. Rev. B 57, 7157 (1998) —
W. Witczak-Krempa, P. Ghaemi, T. Senthil, and Yong Baek Kim, ]{j B T
Phys. Rev. B 86, 24102 (2012)
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Traditional CMT

& Identify quasiparti-
cles and their dis-
PErsions

¢ Compute scattering
matrix elements of
quasiparticles

& Input parameters into
a quantum Boltzmann
equation

¢ Compute dissipative
properties at w <
quasiparticle-collision-
rate

Dynamics without quasiparticles

*

*

Start with strongly inter-
acting CFT without quasi-
particles

Using scaling dimensions
and operator product ex-
pansions (OPE) of the CFT,

compute conductivity
at hw > k BT



Basic characteristics of CFT3s

The thermal average of the OPE of two O(2) current
operators yields for w > T

where 01 9 are universal numbers dependent upon OPE
coetficients.

e by depends on a relevant scalar operator with
dimension 3 — 1/v; for the O(2) Wilson-Fisher
CFT3, v = 0.6717(1).

e by, depends on OPE with the energy-momentum
tensor.

E. Katz, S. Sachdey, E. Sorensen, and W.Witczak-Krempa, arXiv:1409.384 |



Quantum Monte Carlo for lattice model of integer currents
(Villain model) in Euclidean time
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Excellent agreement with OPE

E. Katz, S. Sachdey, E. Sorensen, and W.Witczak-Krempa, arXiv:1409.384 |



Quantum Monte Carlo for lattice model of integer currents
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QMC fails for Minkowski frequencies hw < kT’

E. Katz, S. Sachdey, E. Sorensen, and W.Witczak-Krempa, arXiv:1409.384 |
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AdS/CFT correspondence at zero temperature

AdSy

R2 1
Minkowski

The symmetry group
of isometries of AdSy
maps to the group

of conformal sym-
metries of the CF'T3




AdS/CFT correspondence at zero temperature

To fully match the OPE of the current operators, we need
an Finstein-Maxwell- Weyl-scalar theory

1+ ap(@)] FapF° + yL?Copea O F

> + g0, pBp + m?p?

where Cypeq i1s the Weyl tensor. Stability constraints on
this action restrict |y| < 1/12, in agreement with results
from the CFT3. The scalar field ¢ is conjugate to the CFT
operator O with scaling dimension 3 — 1/, which fixes its
mass m. The coupling « is determined by the OPE of the
currents with O.

R. C. Myers, S. Sachdev, and A. Singh, Physical Review D 83, 066017 (2011)
D. Chowdhury, S. Raju, S. Sachdev, A. Singh, and P. Strack, Physical Review B 87, 085138 (2013).
E. Katz, S. Sachdev, E. Sorensen, and W. Witczak-Krempa, arXiv:1409.3841
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AdS/CFT correspondence at non-zero temperatures

AdS4-Schwarzschild black-brane

vy e—

R A CFT3

at a non-zero
temperature:

3h
kr'l = ——.
B 47 R

Black-brane at
Hawking
temperature 1




AdS/CFT correspondence at non-zero temperatures

AdS4-Schwarzschild black-brane

y e—————————

R A CFT3

at a non-zero

temperature:

3h
M= ——.
g 47 R

Black-brane at Fom A A A e e A e A e "

Hawking :  Friction of CFT3 =
temperature T waves falling into
black brane




Conductivity of Einstein-Maxwell theory

Relo(w)]

w/2xT

C. P. Herzog, P. Kovtun. S. Sachdev, and D. T. Son, Physical Review D 75, 085020 (2007)



Numerical solution of Einstein-Maxwell-VVeyl-scalar
theory + OPE info from OMC

0.60:—"'I"'I"'|"'|-_:
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E. Katz, S. Sachdey, E. Sorensen, and W.Witczak-Krempa, arXiv: 1409.384 |



Numerical solution of Einstein-Maxwell-VVeyl-scalar
theory + OPE info from OMC
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E. Katz, S. Sachdey, E. Sorensen, and W.Witczak-Krempa, arXiv:1409.384 |
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High temperature
superconductors
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T. Wu, H. Mayafire, S. Kramer, M. Horvatic, C. Berthier, W.N. Hardy, R. Liang,
D.A. Bonn, and M.-H. Julien, Nature 477, 191 (2011).
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YBCO at optimal
doping has resistivity
p(T) ~T.

Yoichi Ando, Seiki Komiya,

Kouji Segawa, S. Ono, and

Y. Kurita, Phys. Rev. Lett.
93, 267001 (2004)
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[SU(Z) gauge theory for underlying quantum critical point]

Write the electron operator ¢, (o =7,/ are spin indices)

O ()ea(e)

where R is a SU(2) matrix which determines the orienta-
tion of the local antiferromagnetic order, and v+ are spin-
less fermions which carry the global electron U(1) charge.

This parameterization is invariant under a SU(2) gauge
transformation

(10N (NS . i
(1&)%(](@&) . R — RU

S. Sachdev, M. A. Metlitski, Y. Qi, and C. Xu, Phys. Rev. B 80, 155129 (2009)




[SU(Z) gauge theory for underlying quantum critical point]

Assume field R is non-critical.

e Fermion v, transforming as a gauge SU(2) fun-
damental, with dispersion ¢y from the band struc-
ture, at a non-zero chemical potential: has a
“large” Fermi surface.

e A SU(2) gauge boson.

o A real Higgs field, H, transforming as a gauge
SU(2) adjoint, carrying lattice momentum (7, 7).
Condensation of the Higgs breaks SU(2) — U(1),
and transforms the large Fermi surface to a small
Fermi surface.

S. Sachdev, M. A. Metlitski, Y. Qi, and C. Xu, Phys. Rev. B 80, 155129 (2009)



[SU(Z) gauge theory for underlying quantum critical point]

4 )
e The quantum critical theory is the Higgs transi-

tion where the gauge “symmetry” breaks from
SU(2) down to U(1), in the presence of a Fermi
surface of fermions carrying fundamental SU(2)

charges.
\_ J

S. Sachdev, M. A. Metlitski, Y. Qi, and C. Xu, Phys. Rev. B 80, 155129 (2009)



[SU(Z) gauge theory for underlying quantum critical point]

4 )
e The quantum critical theory is the Higgs transi-

tion where the gauge “symmetry” breaks from
SU(2) down to U(1), in the presence of a Fermi
surface of fermions carrying fundamental SU(2)

charges.
\_ J

e The Higgs condensation does not give the fermions
a ‘“‘mass’; instead it reconstructs the Fermi sur-
face from large to small.

S. Sachdev, M. A. Metlitski, Y. Qi, and C. Xu, Phys. Rev. B 80, 155129 (2009)



[SU(Z) gauge theory for underlying quantum critical point]

4 )
e The quantum critical theory is the Higgs transi-

tion where the gauge “symmetry” breaks from
SU(2) down to U(1), in the presence of a Fermi
surface of fermions carrying fundamental SU(2)

charges.
\_ J

e The Higgs condensation does not give the fermions
a ‘“‘mass’; instead it reconstructs the Fermi sur-
face from large to small.

e The quantum phase transition has no gauge-
invariant “order parameter’, and it does not
break any global symmetries.

S. Sachdev, M. A. Metlitski, Y. Qi, and C. Xu, Phys. Rev. B 80, 155129 (2009)
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A CFT




r R
Holography A CFT in
d spatial
dimensions
Y,
A
L g
V' <
2 1 2 2 2
ds® = 2( dt* + dr® + dx?)
r

This is the metric of anti-de Sitter space AdSg.s.



Apply a chemical potential

V'




Holography of a non-Fermi liquid

(
A non-Fermi

liquid at
density (Q)

ectric flux

Er = (Q)

The most general metric with scale-invariance at long distances/times

o 1 dt” 20/(d—0) ;.2 )
dS — 74261(2‘—1)/(61—9) I T d’l" —|—de

r2

L. Huijse, S. Sachdey, B. Swingle, Physical Review B 85,035121 (2012)




Holography of a non-Fermi liquid

Y Computation of resistivity in gravitational theory
yields zero resistance at all temperatures,

p(T)=0"

S.A. Hartnoll, P. K. Kovtun, M. Muller, and S. Sachdey, Physical Review B 76, 144502 (2007)



Holography of a non-Fermi liquid

Y Computation of resistivity in gravitational theory
yields zero resistance at all temperatures,

p(T) =01
v This can be understood by

—

— (Conservation of total momentum, P,

— Non-zero value of x jp = (P:J) when (Q) # 0
(J is the O(2) current).

i.e. Momentum drags current.

S.A. Hartnoll, P. K. Kovtun, M. Muller, and S. Sachdey, Physical Review B 76, 144502 (2007)



Holography of a non-Fermi liquid

To relax momentum, add a random perturbation coupling to the
operator O:

S — 54 /ddeTh(T)O(T, 7) with A(r) = 0 and h(r)h(r’) = h26%(r — r')

S. A. Hartnoll, P. K. Kovtun, M. Miiller, and S. Sachdev, Phys. Rev. B 76, 144502 (2007)
A.Lucas, S. Sachdev, and K. Schalm, Phys. Rev. D 89, 066018 (2014)



Holography of a non-Fermi liquid

To relax momentum, add a random perturbation coupling to the
operator O:

Solution of gravitational equations for small hg yields the resistivity

,O(T) N hg T2(1+A—z)/z 7

where A is the dimension of (0. This agrees precisely with the
memory function computation on a field theory with the operator

O, and with y;p # 0!

S. A. Hartnoll, P. K. Kovtun, M. Miiller, and S. Sachdev, Phys. Rev. B 76, 144502 (2007)
S. A. Hartnoll and D. Hofman, Phys. Rev. Lett. 108, 241601 (2012)
A.Lucas, S. Sachdev, and K. Schalm, Phys. Rev. D 89, 066018 (2014)



Holography of a non-Fermi liquid

The memory-tunction result for the resistivity
for current along angle v

1 d?k Im GZ . (w, k
p(T) = —— lim 5 k* cos? (O — V) 0.0 K .
X3 p w0 (27) W

S. A. Hartnoll, P. K. Kovtun, M. Miiller, and S. Sachdev, Phys. Rev. B 76, 144502 (2007)
S. A. Hartnoll and D. Hofman, Phys. Rev. Lett. 108, 241601 (2012)
A.Lucas, S. Sachdev, and K. Schalm, Phys. Rev. D 89, 066018 (2014)



Holography of a non-Fermi liquid

The memory-tunction result for the resistivity
for current along angle v

1 d?k Im GZ . (w, k
p(T) = —— lim 5 k* cos? (O — V) 0.0 1) .
X3 p w0 (27) W

Gravity + Holography “know” about

e classical hydrodynamics

S. A. Hartnoll, P. K. Kovtun, M. Miiller, and S. Sachdev, Phys. Rev. B 76, 144502 (2007)
S. A. Hartnoll and D. Hofman, Phys. Rev. Lett. 108, 241601 (2012)
A.Lucas, S. Sachdev, and K. Schalm, Phys. Rev. D 89, 066018 (2014)



Holography of a non-Fermi liquid

The memory-tunction result for the resistivity
for current along angle v

1 d?k Im GZ . (w, k
p(T) = —— lim 5 k* cos? (O — V) 0.0 1) .
X3 p w0 (27) W

Gravity + Holography “know” about

e classical hydrodynamics

e quantum corrections beyond hydrodynamics

S. A. Hartnoll, P. K. Kovtun, M. Miiller, and S. Sachdev, Phys. Rev. B 76, 144502 (2007)
S. A. Hartnoll and D. Hofman, Phys. Rev. Lett. 108, 241601 (2012)
A.Lucas, S. Sachdev, and K. Schalm, Phys. Rev. D 89, 066018 (2014)
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[SU(Z) gauge theory for underlying quantum critical point]

e Fermion v, transforming as a gauge SU(2) fun-
damental, with dispersion €k from the band struc-
ture, at a non-zero chemical potential: has a
“large” Fermi surface.

e A SU(2) gauge boson.

e A real Higgs field, H, transforming as a gauge
SU(2) adjoint, carrying lattice momentum (7, 7).
Condensation of the Higgs breaks SU(2) — U(1),
and transforms the large Fermi surface to a small
Fermi surface.

S. Sachdev, M. A. Metlitski, Y. Qi, and C. Xu, Phys. Rev. B 80, 155129 (2009)



(SU(Z) gauge theory for underlying quantum critical point]

/ Main assumption: \

All points on the Fermi surface have a
rapid relaxation to local thermal
equilibrium by processes which conserve a
suitably defined momentum.

Relaxation of the momentum occurs at a

\ slower rate. /

S. A. Hartnoll, R. Mahajan, M. Punk and S. Sachdev, Phys. Rev. B 89, 155130 (2014)
A. Patel and S. Sachdev, arXiv:1408.6549




[SU(Z) gauge theory for underlying quantum critical point]

The resistivity of this strange metal is not
determined by the scattering rate of charged
excitations near the Fermi surface, but by the

dominant rate of momentum loss by any
excitation, whether neutral or charged, or
fermionic or bosonic.

S. A. Hartnoll, R. Mahajan, M. Punk and S. Sachdev, Phys. Rev. B 89, 155130 (2014)
A. Patel and S. Sachdev, arXiv:1408.6549



[SU(Z) gauge theory for underlying quantum critical point]

The resistivity of this strange metal is not
determined by the scattering rate of charged
excitations near the Fermi surface, but by the

dominant rate of momentum loss by any
excitation, whether neutral or charged, or
fermionic or bosonic.

There is a dominant contribution p(T') ~ T by
the coupling of long-wavelength disorder to the
gauge-invariant operator O ~ H?.

S. Sachdev, M. A. Metlitski, Y. Qi, and C. Xu, Phys. Rev. B 80, 155129 (2009)
A. Patel and S. Sachdev, arXiv:1408.6549



@ Quantitative predictions for transport in 2+
dimensional CFTs obtained by combining the

operator product expansion, quantum Monte Carlo,
and the dynamics of black branes.




@ Quantitative predictions for transport in 2+|
dimensional CFTs obtained by combining the
operator product expansion, quantum Monte Carlo,
and the dynamics of black branes.

@ Lessons from Holography: transport in non-Fermi
liquids is dominated by momentum relaxation of low
energy, neutral, bosonic modes, and not by charged
fermionic excitations near the Fermi surface.




@ Quantitative predictions for transport in 2+|
dimensional CFTs obtained by combining the
operator product expansion, quantum Monte Carlo,
and the dynamics of black branes.

@ Lessons from Holography: transport in non-Fermi
liquids is dominated by momentum relaxation of low
energy, neutral, bosonic modes, and not by charged
fermionic excitations near the Fermi surface.

@ Proposed theory of linear-T resistivity in strange
metals involving a Higgs transition in a SU(2) gauge
theory of Fermi surface reconstruction.




