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Ultracold 8"Rb atoms - ],o.gsons

a Superfluid state . / w \

M. Greiner, O. Mandel, T. Esslin . W. Hénsch, and I. Bloch, Nature 415, 39 (2002).




The insulator:
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Excitations of the insulator:

Particles ~

Density of particles = density of holes =
“relativistic” field theory for ):
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S= [ drdr (1000 + AT + sl + Sl
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Conformal field theory:
Wilson-Fisher fixed point
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Antiferromagnetism in the cuprate superconductors

Cay 9oNag 10CuO,Cl, Bi; 25ry 5Cag gDy 2CU,0,




$=1/2 Heisenberg antiferromagnets on the square lattice

H=J) 8;-8;-Q > (Si-S;—1)(Sk-Si—1)

(i7) (igkl)

For small ()

Order parameter ® = (—1)'S;
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Low energy field theory

Initial guess

S = /dQT'dT [(@@)2 +A(V®)? + s®? + u (@2)2}




$=1/2 Heisenberg antiferromagnets on the square lattice

H=J7Y8;-8-Q> (SiS;—1)(Sk-Si—1)
(i) (ijkl)

Low energy field theory

Initial guess
S = /dQT'dT {(@@)2 +A(V®)? + s®? + u (@2)2}

Incorrect: predicts a state for s > s. with no
broken symmetries, a gap to all excitations, and a
low energy S = 1 quasiparticle of ® quanta.

There is no such state for the S = 1/2 antifer-
romagnet




$=1/2 Heisenberg antiferromagnets on the square lattice

H=J) 8;-8;-Q > (Si-S;—1)(Sk-Si—1)

(i7) (igkl)

Low energy field theory

Use CP* parameterization in terms of complex scalars z,
with ® = 2} o aB23

1
I = % (euu)\auA)\)2

S, :/dzrdT [](8M——iAu)za\2+slzal2+u(|za{2)2 =
0




$=1/2 Heisenberg antiferromagnets on the square lattice

H=J» S;-8;—-Q > (Si-S;j—1)(Sk-S1— 1)

(i3)

Phase diagram

Higgs phase: Néel order
<ZOé> 7£ 07 <(I)> 7£ 0

(igkl)

Coulomb phase

Gapless photon A,
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$=1/2 Heisenberg antiferromagnets on the square lattice

H=J» S;-8;—-Q > (Si-S;j—1)(Sk-S1— 1)

(i3)

Phase diagram

Higgs phase: Néel order
<ZOé> 7£ 07 <(I)> 7£ 0

S, = /dQTd’T[‘(8M—7;A,u>2a|2—|—S’Zo¢|2+u(|za’2)2+

(igkl)

Coulomb phase
Gapless photon A,

No broken symmetry ?

Ry S

C




The Coulomb phase has a conserved ‘topological’ current:
J, = 6,000, A
We can write this current in terms of a real scalar x
Ju = OuXx

The continuous shift symmetry y — x + constant is spontaneously broken in the
Coulomb phase, and the massless x particle (i.e. the photon) is the Goldstone
boson of this shift symmetry.




The Coulomb phase has a conserved ‘topological’ current:
J b = E'U/,, )\6“14 P
We can write this current in terms of a real scalar x

Ju = Oux

The continuous shift symmetry y — x + constant is spontaneously broken in the
Coulomb phase, and the massless x particle (i.e. the photon) is the Goldstone
boson of this shift symmetry.

Key observations:

e Berry phase (i.e. single spin Wess-Zumino) terms imply that the continuous
shift symmetry is an enlargement of the Z4 spatial rotation symmetry of the
square lattice. So this spatial rotation symmetry is spontaneously broken in
the Coulomb phase.

e The monopole operator

2
V =exp <2L2X>
€0

is equivalent to the valence bond solid (VBS) operator, and (V') # 0

N. Read and S. Sachdev, Phys. Rev. Lett. 62, 1694 (1989).




$=1/2 Heisenberg antiferromagnets on the square lattice

H=J) Si-8;=Q» (S8 —3)(Sk Si—17)

(i7) (igkl)

Phase diagram

or
Higgs phase: Néel order “Coulomb” phase: VBS order,
(za) # 0, (®) # 0. Monopole (V') # 0
S
SC
1
S, = /d2rd7[\(8u—iAM)za|2—|—s]za|2+u(|za]2)2—#@(6“,,)\8,,14)\)2
0

Similar phase diagram for N' = 4 SQED with 2 matter hypermultiplets
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Conformal field theory:
Wilson-Fisher fixed point

Superfluid
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Wave oscillations of the
condensate (classical Gross-
Pitaevski equation)

> Quantum -
critical




Dilute Boltzmann gas of
particle and holes

> Quantum -
\ critical ,




CFT at T=0

M. Quantum y
\ critical ,
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O-Quantum critical point (T — O) ~ SH r—
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D. B. Haviland, Y. Liu, and A. M. Goldman,
Phys. Rev. Lett. 62, 2180 (1989)
T (K)

M. P. A. FiSher, PhyS Rev. Lett. 65, 923 (1990) FIG. 1. Evolution of the temperature dependence of the

sheet resistance R(7) with thickness for a Bi film deposited
onto Ge. Fewer than half of the traces actually acquired are
shown. Film thicknesses shown range from 4.36 to 74.27 A,




Density correlations in CFTs at T >0

Two-point density correlator, y(k,w)

— W

Kubo formula for conductivity o(w) = ]linf(l) 7 x(k,w)
For all CFT2s, at all Aw/kgT
4e? vk? 4e* Kv
= K 2 =
x(k, w) h = v2k2 —w? ’ olw] h —iw

where K is a universal number characterizing the CFT2 (the level
number), and v is the velocity of “light”.




Density correlations in CFTs at T >0

Two-point density correlator, y(k,w)

— W

Kubo formula for conductivity o(w) = ]linf(l) 7 x(k,w)
For all CFT3s, at hw > kT
4e? k? 4e?
X(k’,CU) — h K\/’Usz — : O'(CU) - T

where K is a universal number characterizing the CFT3, and v is
the velocity of “light”.




Density correlations in CFTs at T >0

Two-point density correlator, y(k,w)

(F,w)

—1W
Kubo formula for conductivity o(w) = ]lirr(l) —z X

However, for all CFT3s, at hw < kT, we have the Einstein re-
lation

9 4e?
a(w) = 4e DXC — T@l@g

Dk?
Dk? — jw

x(k,w) = 4de*x.

where the compressibility, y., and the diffusion constant D
obey

kBT hv2

X= Tho)2 2 kgT

with ©; and ©, universal numbers characteristic of the CFT3
K. Damle and S. Sachdev, Phys. Rev. B 56, 8714 (1997).

O




Density correlations in CFTs at T >0

In CFT3s collisions are “phase” randomizing, and lead to
relaxation to local thermodynamic equilibrium. So there
is a crossover from collisionless behavior for Aiw > kgT', to
hydrodynamic behavior for hw < kgT'.

( 4 2
%—K C hw> kT
o(w) = 4
4e?
\ 761@2 , hw < kT

and in general we expect K # 0,0, (verified for Wilson-
Fisher fixed point).

K. Damle and S. Sachdev, Phys. Rev. B 56, 8714 (1997).
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SU(N) SYM3 with N/ = 8 supersymmetry

e Has a single dimensionful coupling constant, g, which flows
to a strong-coupling fixed point ¢ = ¢* in the infrared.

e The CFT3 describing this fixed point resembles “critical spin
liquid” theories.

e This CFT3 is the low energy limit of string theory on an
M2 brane. The AdS/CFT correspondence provides a dual
description using 11-dimensional supergravity on AdS, x S7.

e The CFT3 has a global SO(8) R symmetry, and correlators
of the SO(8) charge density can be computed exactly in the
large N limit, even at T' > 0.




Collisionless to hydrodynamic crossover of SYM3

Iy (k,w)/k? | /Im\/k? — w?

1.

3w
AnT

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




Collisionless to hydrodynamic crossover of SYM3
Iy (k,w)/k

1.0
0.25 0.5 0.75 1 1.25 1.5 1.75 2
RO
AT

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




Universal constants of SYM3

k T ( 2
Yo = 20, 1 K , hw > kT
(h”U)Q h
. o(w) = 1
D = kBT@Q \ %@1@2 C hw < kT
! \/§N3/2 |
K =
3
o 3m2\V/2N3/2
1 p—
9
o 3
2 _ _—
82

C. Herzog, JHEP 0212, 026 (2002)

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




Electromagnetic self-duality

e Unexpected result, K = ©,0-.

e This is traced to a four-dimensional electromagnetic
self-duality of the theory on AdS,. In the large N
limit, the SO(8) currents decouple into 28 U(1) cur-

rents with a Maxwell action for the U(1) gauge fields
o1l AdS4

e This special property is not expected for generic CFT'3s.

e Open question: Does K = ©:0, hold beyond the
N — oo limit 7 In other words, does this “self-
duality” survive in the full M theory.
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Dope the antiferomagnets with charge carriers of density x
by applying a chemical potential

Cay 9oNag 10CuO,Cl, Bi; 25r; gCag gDy 2CU,0,
S —







Nernst measurements
AT /

tor
gupercondyc >







Nernst measurements
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/ Nernst measurements
AT

Scanning tunnelling microscopy




STM studies of the underdoped superconductor

Cay 9oNag 10CuO,Cl, Bi; 25r; gCag gDy 2CU,0,
S —




Topograph
Cay 9oNag 10CuO,Cl, Bi; 25ry 5Cag gDy 2CU,0,

Y. Kohsaka et al. Science 315, 1380 (2007)




dI/dV Spectra
Cay 9oNag 10CuO,Cl, Bi; 25ry 5Cag gDy 2CU,0,
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Intense Tunneling-Asymmetry (TA)
variation are highly similar
Y. Kohsaka et al. Science 315, 1380 (2007)




Topograph
Cay 9oNag 10CuO,Cl, Bi; 25ry 5Cag gDy 2CU,0,

Y. Kohsaka et al. Science 315, 1380 (2007)




Tunneling Asymmetry (TA)-map at E=150meV
Cay 9oNag 10CuO,Cl, Bi; 25ry 5Cag gDy 2CU,0,

Y. Kohsaka et al. Science 315, 1380 (2007)




Tunneling Asymmetry (TA)-map at E=150meV
Cay 9oNag 10CuO,Cl, Bi; 25ry 5Cag gDy 2CU,0,

_ .»-._- r.:";: | ww;»

Y. Kohsaka et al. Science 315, 1380 (2007)




Tunneling Asymmetry (TA)-map at E=150meV
Cay 9oNag 10CuO,Cl, Bi; 25ry 5Cag gDy 2CU,0,

Indistinguishable bond-centered TA contrast

with disperse 4a,-wide nanodomains
Y. Kohsaka et al. Science 315, 1380 (2007)




TA Contrast is at oxygen site (Cu-O-Cu bond-centered)

R map (150 mV) ] C01.88N00.12CU02C|2, 4 K
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Y. Kohsaka et al. Science 315, 1380 (2007)




TA Contrast is at oxygen site (Cu-O-Cu bond-centered)

R map (150 mV) ] C01.88N00.12CU02C|2, 4 K
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Evidence for VBS order - a valence bond supersolid

S. Sachdev and N. Read, Int. J. Mod. Phys. B 5,219 (1991).







Introduce a
AT coupling g to
induce a
transition to a
VBS insulator

Insulator
x=1/8




Proposed generalized phase diagram




For experimental applications, we must move away from the ideal CFT

A chemical potential w S - Superﬂwd
o - CFT
* A magnetic field B Commensurate -
0- Mott insulator -,
In the gravity dual theory, these — 0 o~ ~ o 9
perturbations correspond to elec- P o )
tric and magnetic charges on the / ’ Supe luid
blaCk hO].e — B // ,0 >/ O/ -
e.g.
2 = 2 2 4
S:/d rdr {10 — wyl” +* |(V —id)g| — gl + Sl




In the hydrodynamic regime, hw < kp1', we can use classical prin-
ciples involving relaxation to local equilibrium to understand these
perturbations.

The variables entering the hydrodynamic theory are

e the external magnetic field F'*¥,

0 0 O
F# =10 0 B |,
0 —-B 0
e T'MY the stress energy tensor, e J#, the current,
e p, the local number density, e ¢, the local energy
density,
e P, the local pressure, e ut, the local velocity, and

® 0(, a universal conductivity, which is the single transport
co-efficient.

The dependence of €, P, g on T and v follows from simple scaling
arguments




Lorentz invariance and positivity of entropy production lead to the
hydrodynamic equations of motion and constitutive relations:

S.A. Hartnoll, P.K. Kovtun, M. Miller, and S. Sachdev, Phys. Rev. B 76 144502 (2007)




Lorentz invariance and positivity of entropy production lead to the
hydrodynamic equations of motion and constitutive relations:

OpJ" = 0 “« Conservation laws/equations of motion
8,uTw/ — F“VJV

S.A. Hartnoll, P.K. Kovtun, M. Miller, and S. Sachdev, Phys. Rev. B 76 144502 (2007)




Lorentz invariance and positivity of entropy production lead to the
hydrodynamic equations of motion and constitutive relations:

o, Jt = 0
0,T"" = FHI],
™ = (e + P)utu” + Pg"”

JE =yt \

Constitutive relations which follow from Lorentz
transformation to moving frame

S.A. Hartnoll, P.K. Kovtun, M. Miller, and S. Sachdev, Phys. Rev. B 76 144502 (2007)




Lorentz invariance and positivity of entropy production lead to the
hydrodynamic equations of motion and constitutive relations:

o, Jt = 0
0,T"" = FHI],
™ = (e + P)utu” + Pg"”

O, T
put + og(g"” + utu") [(—&/u + Fau?) + pt—

] T
Single dissipative' term allowed by requirement of

positive entropy production. There is only one
Independent transport co-efficient

JI«L

S.A. Hartnoll, P.K. Kovtun, M. Miller, and S. Sachdev, Phys. Rev. B 76 144502 (2007)




For experimental applications, we must move away from the ideal CFT

A chemical potential n

* A magnetic field B
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For experimental applications, we must move away from the ideal CFT

A chemical potential n

R ‘Superfluid-
\ p <0

* A magnetic field B

Commensurate -
0- Mott insulator @w” — - - - - -

e An iImpurity scattering rate
1/tim (Its T dependence
follows from scaling
arguments)

p=70

) Superfluid
g . op >0
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Lorentz invariance and positivity of entropy production lead to the
hydrodynamic equations of motion and constitutive relations:

oJt' = 0
0,T"" = FMJ,+ . (08 + utuy) T Y u
imp
T = (e + P)u*u” + Pg"”
v v A 8uT
JE = put +og(g" + utu?) | (—Oup+ Foaut) + W=

S.A. Hartnoll, P.K. Kovtun, M. Miller, and S. Sachdev, Phys. Rev. B 76 144502 (2007)




From these relations, we obtained results for the transport co-efficients,
expressed in terms of a “cyclotron” frequency and damping:

2e B pv? B?y?
g T =0Q 9
c(e + P) c’(e + P)

We =—

Longitudinal conductivity

(w 44/ Timp) (w + ¥y + wZ /¥ + 4/ Timp)

(w =+ 7y + /Timp ) ? — w?

Ozx — 0Q

S.A. Hartnoll, P.K. Kovtun, M. Miller, and S. Sachdev, Phys. Rev. B 76 144502 (2007)




From these relations, we obtained results for the transport co-efficients,
expressed in terms of a “cyclotron” frequency and damping:

2e B pv? B?y?
. T =0Q 9
c(e + P) c’(e + P)

We =—

Longitudinal conductivity

o W 1 Timp) (W + 17 + w3 /Y + 4/ Timp)
e (w17 + 1/ Timp)? — w2
4 2,.2,.2 1
— 00+ b as B — 0

(e + P) (—iw + 1/Timp)

S.A. Hartnoll, P.K. Kovtun, M. Miller, and S. Sachdev, Phys. Rev. B 76 144502 (2007)




From these relations, we obtained results for the transport co-efficients,
expressed in terms of a “cyclotron” frequency and damping:

2e B pv? B?y?
g T =0Q 9
c(e + P) c’(e + P)

We =—

Hall conductivity

2epc ’72 + wg — 21yw + 2’7/7'imp
o = —
Y B | (WHiy+i/Timp)? — w2
4epv? 8e3p3vt
= B|og — + 5 —
e+ P)(1/Timp —tw) (e + P)?(1/Timp — tw)
as B — 0

S.A. Hartnoll, P.K. Kovtun, M. Miller, and S. Sachdev, Phys. Rev. B 76 144502 (2007)




From these relations, we obtained results for the transport co-efficients,
expressed in terms of a “cyclotron” frequency and damping:

2e B pv? B?y?
a — 0
c(e + P) T=9 21 p)
Thermal conductivity
(BT [+ P\? TR/t 1 i)
@\ 4e2 kgTp (W2/v 4+ 1/Timp)? + w?

1 (et P\ [ v(@2/y + 1 rimp)
7Q ° kpTB (We /7 +1/Timp)? + W

We =—

Rzxx

S.A. Hartnoll, P.K. Kovtun, M. Miller, and S. Sachdev, Phys. Rev. B 76 144502 (2007)




From these relations, we obtained results for the transport co-efficients,
expressed in terms of a “cyclotron” frequency and damping:

2e B pv? B?y?
) — 0
c(e + P) T=9 21 p)
Thermal conductivity
k3T (e+ P\°
JQ(462)(I€BT[)) —las B —0
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7Q ° kpTB (We /7 +1/Timp)? + W

We =—

Rzxx

S.A. Hartnoll, P.K. Kovtun, M. Miller, and S. Sachdev, Phys. Rev. B 76 144502 (2007)




From these relations, we obtained results for the transport co-efficients,
expressed in terms of a “cyclotron” frequency and damping:

2e B pv? B?y?

) — 0
c(e + P) T=9 21 p)
Thermal conductivity

o(4) (om) (G iRar e

1 5., (cle+P) i
anBT( P ) —lasp—0

We =—

Rzxx

S.A. Hartnoll, P.K. Kovtun, M. Miller, and S. Sachdev, Phys. Rev. B 76 144502 (2007)




From these relations, we obtained results for the transport co-efficients,
expressed in terms of a “cyclotron” frequency and damping:

~ 2eBpv? ~ B*?
T e+ P) 0 T et P

Nernst signal

o k_B e+ P wc/nmp
N=\ 2 ) \ksTp) | (W2/7+ 1/Timp)2 + w2

kB
— =43.0861V /K
2e uv/

S.A. Hartnoll, P.K. Kovtun, M. Miller, and S. Sachdev, Phys. Rev. B 76 144502 (2007)




From these relations, we obtained results for the transport co-efficients,
expressed in terms of a “cyclotron” frequency and damping:

2e B pv? B?v?

T et+rP) ' T e+ P

Transverse thermoelectric co-efficient

_ 2 Timp \ - P2 4 PoPey p(kpT)? /20T,
( h )Oéa;y:q)sB(kBT)z( TT p> p-+ +P(_32 )° I/ 27 Tymp |
2ekp h CIDEJFP(/{BT)G + B p* (27 Timp / h)?

where

B = Bg¢o/(hw)? ;  p=7p/(lw)*.

S.A. Hartnoll, P.K. Kovtun, M. Miller, and S. Sachdev, Phys. Rev. B 76 144502 (2007)
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S.A. Hartnoll, P.K. Kovtun, M. Miller, and S. Sachdev, Phys. Rev. B 76 144502 (2007)
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uv LSCO - Theory
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S.A. Hartnoll, P.K. Kovtun, M. Miller, and S. Sachdev, Phys. Rev. B 76 144502 (2007)




LSCO - Theor
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Similar to velocity estimates by
A.V. Balatsky and Z-X. Shen, Science 284, 1137 (1999).

S.A. Hartnoll, P.K. Kovtun, M. Miller, and S. Sachdev, Phys. Rev. B 76 144502 (2007)




To the solvable supersymmetric, Yang-Mills theory CFT, we add
A chemical potential w

* A magnetic field B

After the AdS/CFT mapping, we obtain the Einstein-Maxwell
theory of a black hole with

* An electric charge
* A magnetic charge

The exact results are found to be in precise accord with
all hydrodynamic results presented earlier

S.A. Hartnoll, P.K. Kovtun, M. Miller, and S. Sachdev, Phys. Rev. B 76 144502 (2007)




THEORETICAL PHYSICS

A black hole full of answers

Jan Zaanen

A facet of string theory, the currently favoured route to a ‘theory of
everything', might help to explain some properties of exotic matter phases —
such as some peculiarities of high-temperature superconductors.
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Conclusions

Condensed matter systems realize several interesting CFT 3s.
Collisionless-to-hydrodynamic crossover in CFT3s at T>0.

Exact solutions via black hole mapping have yielded first exact
results for transport co-efficients in interacting many-body
systems, and were valuable in determining general structure of
hydrodynamics.

Theory of VBS order and Nernst effect in curpates.




