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expansion (OPE) between the currents and operators which acquire a non-zero expectation value
at T > 0. Such results are found to be in excellent agreement with quantum Monte Carlo studies
of the O(2) Wilson-Fisher CFT. Results for the conductivity and other observables are also
obtained in vector 1/N expansions. We match these large @ results to the corresponding
correlators of holographic representations of the CFT: the holographic approach then allows us to
extrapolate to small iw/(kp T). Other holographic studies implicitly only used the OPE
between the currents and the energy-momentum tensor, and this yields the correct leading large
@ behavior for a large class of CFTs. However, for the Wilson-Fisher CFT a relevant "thermal"
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without a previously needed ad hoc rescaling of the T value. We also establish sum rules obeyed
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Fermi
surface

Ordinary metals: the Fermi liquid

e Fermi surface separates empty
and occupied states in mo-
mentum space.

e Area enclosed by Fermi sur-
face = O. Momenta of low
energy excitations fixed by

density of all electrons.

e Long-lived electron-like quasi-
particle excitations near the
Fermi surface: lifetime of quasi-

> Kz particles ~ 1/T%.

(Thermal conductivity) — m2k7

— = L
T (Electrical conductivity) 3e? ’



» Wiedemann-Franz law in a Fermi liquid:
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Key properties of a strange metal

e No quasiparticle excitations

e Shortest possible “collision time”, or
more precisely, fastest possible local

h
kgl

equilibration time ~

e Continuously variable density, O
(conformal field theories are usually

at fixed density, Q@ = 0)
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J. Crossno et al. arXiv:1509.04713; Science, to appear

Strange metal in graphene
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Quasiparticle transport in metals:

e Focus on infinite number of (near) conserva-
tion laws (momenta of quasiparticles on the
Fermi surface) and compute how they are
slowly violated by the lattice or impurities



Transport in strange metals

e There are no quasiparticles, and so the Fermi
surface is not a central actor in transport
(although a Fermi surface can be precisely
defined in some cases).



Transport in strange metals

e There are no quasiparticles, and so the Fermi
surface is not a central actor in transport
(although a Fermi surface can be precisely
defined in some cases).

e Focus on relaxation of total momentum (in-
cluding contributions of the Fermi surface (if
present) and all critical bosons) by the lat-
tice or 1mpurities




Transport in Strange Metals

universal constraints on transport

[Hartnoll, others] hyd rOdyna o ‘ [Donos, Gauntlett 1506]

[Lucas, Sachdev PRB]

long time dynamics;

few conserved quantities “‘renormalized IR fluid”
emerges
perturbative ‘
: limit
memory matrix R holography
[Lucas JHEP]

appropriate microscopics Dynamics of charged
for cuprates black hole horizons

figure from |[Lucas, Sachdev, Physical Review B91 195122 (2015)]

S. A. Hartnoll, P. K. Kovtun, M. Miiller, and S. Sachdev, PRB 76, 144502 (2007)



Prediction for transport in the graphene strange metal

Recall that in a Fermi liquid, the Lorenz ratio L. = k/(Tc), where
k 1s the thermal conductivity, and o is the conductivity, is given by
L = 7°k% /(3e?).

For a strange metal with a “relativistic” Hamiltonian, hydrody-
namic, holographic, and memory function methods yield
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Q Q
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where H 1s the enthalpy density, Tipp 1s the momentum relaxation time
(from impurities), while 0 = 0@, an intrinsic, finite, “quantum criti-
cal” conductivity. Note that the limits Q — 0 and 73, — 00 do not
commute.

S. A. Hartnoll, P. K. Kovtun, M. Miiller, and S. Sachdev, PRB 76, 144502 (2007)
M. Miiller and S. Sachdev, PRB 78, 115419 (2008)
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Relativistic hydrodynamics

» hydrodynamics when [ > lee, t > tee

» long time dynamics governed by conservation laws:
0,T" = J, (F&Y)",  §,J" =0.
dynamics of relaxation to equilibrium

> expand TH”, JH in perturbative parameter l..0,, :

THY = Pn*" + (e + P)utu”

I = Qut — g PP (D1 %apT — U )
PHY = phV 4 by

Qf = Tt — ;]
New (and only) transport co-efficient, o¢:

>
“quantum critical” conductivity at Q = 0.

S.A. Hartnoll, P. K. Kovtun, M. Muller, and S. Sachdev, PRB 76, 144502 (2007)



Translational symmetry breaking

Momentum relaxation by an external source h coupling to the operator O

H = HO—/ddwh(az)O(az).

Leads to an additional term in equations of motion:

1t
0,TH = ... G

Timp

S.A. Hartnoll, P. K. Kovtun, M. Miller, and S. Sachdev, PRB 76, 144502 (2007)
A. Lucas and S. Sachdev, PRB 91, 195122 (2015)



Translational symmetry breaking

Momentum relaxation by an external source h coupling to the operator O
H = Hy-— /ddx h(x)O(x).

Leads to an additional term in equations of motion:

1
0,TH = ... IS

Timp

“Memory function” methods yield an explicit expression for 7imp:

S.A. Hartnoll, P. K. Kovtun, M. Miller, and S. Sachdev, PRB 76, 144502 (2007)
A. Lucas and S. Sachdev, PRB 91, 195122 (2015)



AdS/CFT correspondence at zero temperature

: 1 d(d+1
Einstein gravity Sg = / d2x/—g [2_%2 <R+ ( )>]

AdSg.o
Minkowski

2
ds® = <£> [er — dt* + dfz}

r



AdS/CFET correspondence at non-zero temperature

1 d(d+1
Einstein gravity Sg = /dd+2x\/—g [2_/432 (73+ (d + )>]

CFTd_|_1 at
Hawking
temperature I’

/ of horizon

AdS-Schwarzschild
Minkowski

R \
]’ <«

Entropy density of CFTy,1, S ~ T
Bekenstein-Hawking entropy density, Sgp ~ T¢




Charged black branes

o 1 dld+1) R?
Einstein-Maxwell theory Seum = / A uy/—g [ <R+ | = _2F2>]

2k2

Quantum matter on
the boundary with

a variable charge
density Q of a global
U(1) symmetry.

e

AdS-Reissner-Nordstrom
T <

Realizes a strange metal: a state with an unbroken global U(1)
symmetry with a continuously variable charge density, O, at
I' = 0 which does not have any quasiparticle excitations.

A. Chamblin, R. Emparan, C.V.Johnson,and R. C. Myers, 99



Charged black branes

Quantum matter on
the boundary with

a variable charge
density Q of a global
U(1) symmetry.

e

More general theories have “hyperscaling violating metric”

2 1 dt” 20/(d—0) ;.2 )
ds :fr_Q TQd(z—l)/(d—H) - r dr —|—d371 at 7=0

C. Charmousis, B. Gouteraux, B. S. Kim, E. Kiritsis and R. Meyer, JHEP 1011, 151 (2010).
N. Tizuka, N. Kundu, P. Narayan and S. P. Trivedi, JHEP 1201, 94 (2012).
L. Huijse, S. Sachdev, B. Swingle, Phys. Rev. B 85, 035121 (2012)



Inhomogeneous charged black branes

Add a source term,

/ddm h(x) O(x)
e

Weakly disordered charged black branes yield results identical to

those obtained from memory functions and holography

e G.T. Horowitz, J.E. Santos, and D. Tong, JHEP 1207, 168 (2012), JHEP 1211, 102 (2012).
e D. Vegh, arXiv:1301.0537. e M. Blake, D. Tong, and D. Vegh, PRL 112, 071602 (2013).

e M. Blake and D. Tong, PRD 88, 106004 (2013). e A. Lucas, S. Sachdev, and K. Schalm, PRD
89, 066018 (2014). e A. Lucas, JHEP 1503, 071 (2015). e R. A. Davison and B. Goutéraux,
arXiv:1505.05092; arXiv:1507.07137. e M. Blake, arXiv:1505.06992; arXiv:1507.04870.



Prediction for transport in the graphene strange metal

Recall that in a Fermi liquid, the Lorenz ratio L. = k/(Tc), where
k 1s the thermal conductivity, and o is the conductivity, is given by
L = 7°k% /(3e?).

For a strange metal with a “relativistic” Hamiltonian, hydrody-
namic, holographic, and memory function methods yield
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where H 1s the enthalpy density, Tipp 1s the momentum relaxation time
(from impurities), while 0 = 0@, an intrinsic, finite, “quantum criti-
cal” conductivity. Note that the limits Q — 0 and 73, — 00 do not
commute.

S. A. Hartnoll, P. K. Kovtun, M. Miiller, and S. Sachdev, PRB 76, 144502 (2007)
M. Miiller and S. Sachdev, PRB 78, 115419 (2008)
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Comparison to theory with a single momentum relaxation time 7jyyp.

Best fit of density dependence to thermal conductivity does not capture
the density dependence of electrical conductivity

A. Lucas, J. Crossno, K.C. Fong, P. Kim, and S. Sachdev, arXiv:1510.01738, PRB to appear



Non-perturbative treatment of disorder

Note
n=090

Figure 3: A cartoon of a nearly quantum critical fluid where our hydrodynamic description of
transport is sensible. The local chemical potential u(x) always obeys |u| < kT, and so the
entropy density s/kp is much larger than the charge density |n|; both electrons and holes are
everywhere excited, and the energy density € does not fluctuate as much relative to the mean.
Near charge neutrality the local charge density flips sign repeatedly. The correlation length of
disorder £ is much larger than [, the electron-electron interaction length.

Numerically solve the hydrodynamic equations in the presence of a
x-dependent chemical potential. The thermoelectric transport properties

will then depend upon the value of the shear viscosity, 7.

A. Lucas, J. Crossno, K.C. Fong, P. Kim, and S. Sachdev, arXiv:1510.01738, PRB to appear
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of a space-dependent chemical potential.
Best fit of density dependence to thermal conductivity now gives a better fit to

the density dependence of the electrical conductivity (for n/s ~ 10). The T
dependencies of other parameters also agree well with expectation.

A. Lucas, J. Crossno, K.C. Fong, P. Kim, and S. Sachdev, arXiv:1510.01738, PRB to appear




Quantum matter without quasiparticles

e No quasiparticle excitations

e Shortest possible “collision time”, or more precisely, fastest

h
possible local equilibration time ~ ——
kgT

e Continuously variable density, O
(conformal field theories are usually at fixed density, Q@ = 0)

e Theory built from hydrodynamics/holography
/memory-functions/strong-coupled-field-theory

e Lixciting experimental realization in graphene.



